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Preface

The Amazon basin is considered a treasure trove of biodiversity, which has yet to be

fully explored. The basin is also an important provider of a number of ecosystem

services, both provisioning and supporting. These two facets often clash as provi-

sioning services that require land cover change can radically change the capacity of

natural ecosystems to maintain their supporting services. A well-known example is

the much-debated impact of forest conversion to grazing and cropland that may

impact the regional transport of moisture from the Amazon basin to south-western

Brazil and the Plata basin in Argentina, currently contributing an estimated 20–

25% of precipitation in these areas. Along with water, carbon sequestration by the

native forest is thought to be offsetting anthropogenic CO2 emissions at both

regional and global scales. However, it is important that none of these or any

other monetisable ‘services’ are taken for granted as their ‘delivery’ is function of

short-term climate variation, itself likely to be influenced by anthropogenic green-

house gas emissions. For example, the more or less neutral carbon balance at the

basin scale can be tipped to make the forest a carbon source in extreme drought

years, which are often combined with increased fire occurrence. The frequency of

such extreme years is projected to increase. The Amazon forest is unique in the

strong coupling between forest functioning and climate. Many of the biological

processes in the forest influence precipitation and radiation balance, making this

coupling very unique in the ecosystems of our planet.

Amazonia, notwithstanding national sovereignties, is a world heritage asset, be it

for its biodiversity or for its many services to humankind. This includes cultural

services such as the scientific research presented in this book, which contributes to

an ever-increasing body of scientific knowledge on the Amazon (still

disproportionally small when compared with the vastness of the region). Today, it

is imperative to use this knowledge to inform decisions on land use and develop-

ment in Amazonia (and the policy incentives behind them). Such decisions,

irrespective of the scale in question, require careful consideration and the partici-

pation of interdisciplinary teams of experts to help comply with national and

international commitments to maintain the integrity of the remaining natural

v



ecosystems so that future generations may also experience the joy that Amazonia

offers and the responsibilities that its conservation demands.

The editors would like to express their sincere gratitude to all authors of the

chapters in this book for their contributions. We are indebted to Andrea

Schlitzberger, commissioning editor, for her encouragement in organising this

book and for her help during the process. We thank Detlef Schultze for his

comments and the large number of colleagues who acted as chapter reviewers.

Campinas, Brazil Laszlo Nagy

Manaus, Brazil Bruce R. Forsberg

S~ao Paulo, Brazil Paulo Artaxo
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Part I

Introduction



Chapter 1

Interactions Between Biosphere,

Atmosphere, and Human Land Use

in the Amazon Basin: An Introduction

Laszlo Nagy, Paulo Artaxo, and Bruce R. Forsberg

1.1 The Amazon Basin

The Amazon basin, with its nearly 6 million km2 extent (Fig. 1.1) is about 60% of

the size of the continental United States or Europe taken together with eastern Russia

to the Ural Mountains. Of the total area of the basin, 75% is covered by lowland

evergreen rainforest types and the rest is composed of a mixture of seasonal forest,

savanna, and various montane forests, alpine formations, and an increasing propor-

tion of grazed/cultivated land, estimated at over 7% (Eva et al. 2002).

The history of the Amazon rainforest is thought to span ca. 55 M years, during

which time large changes in the geomorphology, soils, climate, and biota of the

basin have taken place (Hoorn et al. 2010). The last major change in climate

occurred after the end of the last glacial maximum, when the earth’s climate was

much drier and cooler than it is today. After this point, the global climate became

gradually warmer, continuing through the last century where average air tempera-

tures have increased sharply due to human activities (Malhi et al. 2014). The threat

of accelerated global warming and the incomplete knowledge about the integrated

effect of the complex mosaic of terrestrial and aquatic ecosystems in the

Amazon on the atmosphere were the driving motive for the establishment of an
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ambitious research programme, known as the Large-scale Biosphere–Atmosphere

(LBA) experiment, in 1998.

Given the vast extension of Amazonia (ca. 5% of the total land surface of the

Earth) and its large potential influence on tropical weather systems, it could affect

energy, water, and carbon balances, regionally in South America and perhaps

globally too. The fundamental question that arises in relation to global change,

land use being the primary driver in tropical forests, and also in relation to

forecasting climate change is how Amazonia, until recently little perturbed (but

see e.g. Balée 1998; Denevan 2001), functions as an entity and what environmental

Fig. 1.1 The term Amazonia has been used in a number of ways by researchers and this multi-

authored book is no exception. The thick line indicates the outline of the Amazon river basin,

i.e. the catchment area of the Amazon river system. Horizontal hatching indicates the Amazon

biogeographic provinces after Navarro and Maldonado (2002): Loreto, Acre and Madre dos Dios,

Rio Negro and high Orinoco, Roraima and the lower Amazon, the Amazon delta region, and

Madeira and Tapajos. Vertical hatching indicates Brazilian Amazonia, the so-called ‘Amazonia
Legal’, with cross-hatching indicating the intersection of areas of Brazilian Amazonia with the

Amazonian biogeographic provinces of Navarro and Maldonado (2002) which are of lowland

evergreen rainforest; the vertically hatched area is biogeographically different, with original

vegetation cover being largely eastern cerrado (savanna) and seasonal forest occurring between

the evergreen forest and savanna. Within Brazilian Amazonia the heavier outline indicates the

boundary of the state of Amazonas. The unhatched areas in the south and west include the

biogeographic provinces of the western cerrado, Beni (wet savannas), the northern tip of the

Chaco and of the Bolivian-Tucuman province, and of the xeric puna that extends south into north-

west Argentina; along the slopes of the Andes the evergreen montane forests (‘yungas’) and above
the treeline the alpine vegetation (‘puna’ in Bolivia and Peru and ‘páramo’ in Ecuador and

Colombia)

4 L. Nagy et al.



services it contributes both regionally and globally. More precisely, how will land

use change in the Amazon affect the biogeochemistry of terrestrial and aquatic

ecosystems and their interactions with the atmosphere. In addition, how forecast

climate change (increase in temperature and drying, increased frequency of extreme

weather/climate events) will modify the functioning of both remaining natural

ecosystems and increasing anthropogenic systems (Fig. 1.2). The final and most

important question concerns future plans for land use and conservation in the

Amazon: can a governance framework be found to optimise the benefit at the

planetary level derived from functions and services that the various ecosystems of

Amazonian biosphere and their interaction with atmosphere provide? Before this

last point can be tackled, one needs scientific evidence that quantifies these

Fig. 1.2 Human land use in the Amazon basin produces ecosystems with reduced structural and

functional properties (Malhi et al. 2014). Such (agro-)ecosystems have very different rates of

exchanges of energy and matter along the soil–plant–atmosphere continuum. The main focus of

research within LBA has been on biosphere–atmosphere interactions: exchanges with the atmo-

sphere (1); aerosol and cloud formation; resource uptake, use, and storage by vegetation; (2)
internal recycling (litterfall, root turnover, root exudates, canopy leaching); decomposition of

organic matter; mineralisation and nutrient mobility/retention in the soil; (3) export via microbial

gas emissions; BVOC formation (see e.g. Jardine and Jardine 2016); and (4) leaching (mineral

nutrients, DOC). Erosion, fire, and harvest are important components for establishing the balance

of elemental cycles, but these factors are often poorly quantified. (copyright L. Nagy—Courtesy of

the integration and application network, University of Maryland Center for Environmental Science

(ian.umces.edu/symbols/))

1 Interactions Between Biosphere, Atmosphere, and Human Land Use in the. . . 5



environmental functions and services. This is what LBA set out to do in 1998. In its

current second phase, LBA is continuing the science in that vein with an increasing

focus on the impact of human interventions on ecosystem functions, the use of

environmental services, and feedbacks between the socio-economic and biophysi-

cal domains in this complex socio-ecological system.

1.2 The LBA Projects 1998–2007

The main topics of the large number of publications produced by LBA projects

have concerned carbon stored in forest biomass and the soil, and climatic and

atmospheric properties, including the emission of greenhouse gases from terrestrial

and aquatic ecosystems and the release of aerosol-forming compounds and particles

from biomass burning (Fig. 1.3). Along with many data-driven projects, much

modelling effort has also been expended in the fields of atmospheric and meteoro-

logical sciences, terrestrial and aquatic ecosystems, and land use.

Many aspects of global change impacts in Amazonia were treated in a book that

closed Phase 1 of the LBA ‘Amazonia and Global Change’ (Keller et al. 2009)
including natural emissions of volatile organic compounds from plants and their

role in oxidative balance and particle formation (Kesselmeier et al. 2009), emis-

sions from biomass burning and the long-range transport of smoke and its regional

and remote impacts (Longo et al. 2009), the composition and role of aerosol

particles in the radiation balance, cloud formation and nutrient cycles (Artaxo

et al. 2009), modelling regional and remote climate impact of deforestation (Silva

Dias et al. 2009), the role of vegetation—climate feedbacks in climate change and in

regional and global impacts (Marengo et al. 2009), sources and sinks of trace gases

in the Amazon forest and Cerrado ‘biomes’ (Bustamante et al. 2009), the effects of

drought in lowland evergreen rainforests (Meir et al. 2009), and the effects of

climate variability and deforestation on surface water yield (Heil Costa et al. 2009).

Fig. 1.3 Word cloud generated in TagCrowd (http://tagcrowd.com/) by using the titles and

keywords of ISI journal articles from the LBA database of publications between 1998 and 2012.

The size of the lettering is proportional to the frequency at which the words appeared

6 L. Nagy et al.
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1.3 This Book

This book presents an overview of recent work, focusing on climate change and

impacts of land use in the socio-ecological system of the Amazon, with a focus on

the biophysical components (Table 1.1). Targeting an interdisciplinary audience,

this new book also complements the research undertaken by LBA, reporting work

carried out in the Amazon basin by various research programmes funded by the

Ministry of Science, Technology and Innovation of the Brazilian Government

(climate, Rede Clima; various thematic topics, National Institutes of Science and

Technology, INCTs; and the Forest Dynamics in Forest Fragments project,

PDBFF).

Biosphere–Atmosphere Exchanges The biological bases of emissions of volatile

organic compounds (BVOC) from plants and their potential functional role in the

Amazon basin are exposed by Jardine and Jardine (2016). Their findings point to

the necessity of a better understanding of two-way exchanges between vegetation

(biosphere) and atmosphere and the inclusion of this two-way relationship in earth

system models. In addition, it is of considerable interest how BVOC production is

species/vegetation type specific and how the production of various compounds will

change with climate change and land use change. For example, it has been dem-

onstrated how vastly palm oil plantations are different in their magnitude of BVOC

production in south-east Asia (MacKenzie et al. 2011).

Climate Extremes and Changes in Hydrology Field observations and numerical

models have indicated that large-scale deforestation decreases evapotranspiration,

thereby increasing sensible heat flux and water yield and discharge in many places,

particularly at the agricultural frontier of south-eastern Brazilian Amazonia. Accel-

erating greenhouse gas emissions are expected to increase the intensity and fre-

quency of droughts, causing further disruption to the energy and water cycles in the

basin (Marengo et al. 2009; Coe et al. 2016). The last 10 years have been

characterised by intense climatic and hydrological variations in parts of the Ama-

zon region, with extreme impacts, such as droughts and large-scale floods. These

events have been linked to natural climate variability and have had impacts on the

socio-ecological system. The number of fires has increased during the years of

drought, and the resulting smoke has had a negative impact on the health of local

populations. Model projections suggest that such extremes may happen more

frequently and with more intensity in the future and that the impacts of human

activities, mainly in the form of changes in land use, can aggravate these extremes

and enhance their impact on populations (Marengo et al. 2016). It is worth noting

that a rain exclusion experiment (�50%) designed to simulate extreme long-term

(12 years) soil drought (but without accompanying atmospheric drought) in

Caxiuan~a, Pará, Brazil, has shown an interesting trajectory of forest response.

The initial effects of rain exclusion that caused tree mortality (Meir et al. 2009)

and a reduction in primary production appear to have diminished after 12 years,

1 Interactions Between Biosphere, Atmosphere, and Human Land Use in the. . . 7



Table 1.1 An overview of the content of the chapters that make up the book and the geographical

coverage of each of them

Chapter Topic Geography

Methods/Approaches/

Keywords

Nagy

et al.

Introduction Amazon basin The Amazon basin; Large-

scale Biosphere–Atmo-

sphere programme; the

structure of the book

Coe

et al.

Hydrology and

energy balance

Amazon basin Review of cycling of

energy and water

Marengo

et al.

Climate and its

extremes

Amazon basin; Brazilian

Amazonia; northern central

South America

Review of extreme events

and climate modelling in

relation to extreme events

Arag~ao
et al.

Fire Brazilian Amazonia Review of remote sensing,

modelling, experimental

burning, forecasting

Jardine

and

Jardine

Biogenic volatile

compounds

Local case studies, primary

forest near Manaus

Experimental/instrumental

investigation

Grace Greenhouse gas

(GHG) balance

Amazon basin Synthesis of GHG

accounting

Gloor Overall carbon

balance

Northern South America

between the Atlantic Ocean

and the Andes, including the

Amazon basin/Brazilian

Amazonia

Synthesis of aircraft-based

measurement of atmo-

spheric CO2 concentrations

Melack Aquatic systems and

their carbon balance

Amazon basin Review of developments in

studying the carbon cycle in

aquatic and seasonally

flooded environments

Araújo

et al.

Primary net ecosys-

tem exchange pro-

ductivity and water

availability

Three locations in Brazilian

Amazonia

Micrometeorology/flux

tower data (eddy covari-

ance, carbon, seasonality,

inter-annual NEE)

Higuchi

et al.

Forest biomass and

carbon stored

Amazonas State New data from sample

plots; destructive sampling

and allometric equations

Buscardo

et al.

Biogeochemistry

and vegetation

diversity

Amazon basin Analysis of published data

per forest type; statistics of

components of C, N, P

cycles

Quesada

and Lloyd

Forest vegetation—
soil

Amazon basin Review of primary forest

vegetation—soil interac-

tions; permanent sample

plots (RAINFOR)

Kruijt

et al.

Dynamic vegetation

modelling

Brazilian Amazonia Review of ongoing model-

ling activities

Ometto

et al.

Recent land use

history

Brazilian Amazonia Review of land use and land

cover change (1960–2010)

(continued)
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when comparing gross and net primary production between control and rain

excluded plots (da Costa et al. 2014).

The Carbon Cycle and Carbon Balance—Multi-Scale Measurements
and Estimates Grace (2016) reviews the approaches and methods used to charac-

terise the carbon balance of the Amazon basin: (i) the ‘bottom-up’ approach, using
repeat census data from field plots (e.g. Phillips et al. 2016; Galbraith et al. 2014)

and remote sensing, and (ii) the ‘top-down’ approach, using aircraft-based mea-

surements at the planetary boundary layer. Plot data provide ‘insights’ into pro-

cesses that aircraft data cannot provide, but upscaling data from the plot scale to the

entire basin involves many assumptions and uncertainties. To do this, it is necessary

to estimate the carbon fluxes associated with deforestation, forest degradation,

logging, and other activities and processes separately and then sum them

up. Reviewing data derived from plots, Grace (2016) estimated a carbon balance

close to zero. In other words, the loss of carbon to the atmosphere through

deforestation is balanced by the growth of primary and secondary forests in a

‘normal’ year. Extreme events such as the droughts experienced in 2005 or 2010

can make the basin a strong source of CO2. Aircraft flights have provided a more

direct measure of the carbon balance. Flights need to be made several times a year,

and the atmosphere profiles obtained over the Amazon basin need to be compared

to the measured concentration of CO2 in the air at the Atlantic edge of the basin.

Such measurements showed that terrestrial vegetation was a sink in a normal year,

but the region as a whole was about neutral because of carbon loss through burning

(e.g. Gatti et al. 2014; Gloor 2016). In general, the results from aircraft profiles do

not show much difference in the estimates from those derived from plots.

Table 1.1 (continued)

Chapter Topic Geography

Methods/Approaches/

Keywords

Fearnside Land use impact on

carbon

sequestration

Brazilian Amazonia Review of land use and land

use change impacts on

greenhouse gas emissions

Laurence

et al.

Fragmentation Local, primary forest frag-

ments near Manaus

Updated review on habitat

fragmentation and climate

impacts on biodiversity and

ecosystem services; perma-

nent surveillance plots

(PDBFF)

Vieira

et al.

Land use dynamics

and sustainability

Brazilian Amazonia, with

focus on the State of Pará

Policy assessment for eco-

logical and economic

sustainability

Artaxo

et al.

Concluding chapter Perspectives for Amazonia

in transformation

As indicated in the third and fourth columns, different authors have used different concepts of

Amazonia and applied a variety of methods for estimating the variables reported. This has

inevitably resulted in some variation in values reported across the chapters in this book, especially

with regard to the carbon cycle

1 Interactions Between Biosphere, Atmosphere, and Human Land Use in the. . . 9



Carbon dioxide and methane emissions to the atmosphere from aquatic ecosys-

tems, including wetlands, are an important component of the carbon cycle in the

Amazon basin. Most of the carbon dioxide loss from wetlands is probably derived

from atmospheric CO2 fixed photosynthetically by angiosperms in aquatic envi-

ronments. More research is needed on the carbon balance in seasonally flooded

forests and in aquatic ecosystems dominated by floating herbaceous plants. In

addition, quantifying the area of all water courses and their carbon dioxide emis-

sions needs to be undertaken (Melack et al. 2009a, b; Melack 2016) so that the

contribution of aquatic ecosystems to the greenhouse gas (GHG) balance at the

basin scale can be made more reliable.

A study comparing net ecosystem exchange (NEE) in three locations across the

Brazilian Amazonia challenges the general view that Amazon forest ecosystems are

water limited in the dry season (1–3 months with <100 mm rainfall). Araújo

et al. (2016) showed that forests appear to have high/increasing levels of photosyn-

thetic capacity in the dry season. This pattern is also reflected in the inter-annual

fluctuations in NEE and evapotranspiration (ET), with annual NEE being nega-

tively correlated with annual rainfall and ET being largely related to the annual

course of solar radiation.

The portion of NEE that turns into biomass (above- and below-ground) and stores

carbon over the vast area of Amazonas State (1.5 M km�2) is addressed by Higuchi

et al. (2016). They sampled over 1800 plots in non-flooded (terra firme) primary forests

at 18 sites and applied an allometric equation, developed after destructive sampling and

adapted to each site based on dominant tree height. They estimatedmean above-ground

(149.9� 8.8 Mg C ha�1) and total carbon stocks (159.8� 9.2 Mg C ha�1). This adds

yet another important estimate of Amazonian forest carbon stocks—a somewhat

lower figure than most published estimates. The extensive data on coarse root

biomass carbon are a welcome new contribution and the values presented for many

sites challenge the generally used but hardly ever measured value (21% of the value

of that above-ground). If the presented inter-site variation in below-ground carbon

ranges of 2–20% of above-ground biomass is accepted, efforts are required to

establish the underlying causes of this variation so that uncertainties in future

estimates of carbon sequestration by theAmazon biome can be adequately addressed.

Environmental Variation and Global Change Tropical forests, including those in

the Amazon basin, play a role in the global carbon balance and hydrological cycle

that affects the pace and nature of climate change. Understanding ecosystem

processes, such as the internal carbon cycle, alternative trajectories of succession

in secondary forests, and the impacts of disturbance on forest structure, is essential

to better understanding of the functioning of the tropical forests of the Amazon

basin and to predict how they will respond to global environmental change (Gal-

braith et al. 2014). Climate change and biodiversity are linked by feedback mech-

anisms, for example, how different plant species respond to climate change and the

resulting changes in species composition can determine whether a forest sequesters

or releases carbon. The characteristics of winner species (with advantageous
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adaptation characteristics in terms of morphology, physiology, and genetics) in

response to environmental changes can either exacerbate or mitigate the impacts of

climate change (Phillips et al. 2016).

An area that until now has received relatively little consideration is how biodi-

versity losses—whether because of climate change or through forest conversion to

agriculture—could affect the functioning of Amazonian ecosystems and the provi-

sioning of ecosystem services. The progress made by the Brazilian Research

Programme for Biodiversity (PPBio) in understanding the spatial distribution of

biodiversity and the relationship between forest ecosystems and environmental

variability in the Amazon basin can contribute to this in the future. As relationships

between Amazon forest ecosystems and environmental variation (topography, soil,

hydrology) show strong spatial and temporal variability (e.g. Buscardo et al. 2016;

Quesada and Lloyd 2016), maintenance of the PPBio long-term ecological research

(LTER) sites should be a priority for understanding the functioning of biodiversity

and the impacts of climate change on the ecosystems of the Amazon basin.

Fire has become a widely used tool for clearing natural vegetation and for

maintaining pastures in the Amazon region. The incidence and intensity of these

fires increases during extreme droughts, which have become more frequent in the last

decade (major droughts occurred in 2005 and 2010). Recently, eastern Amazonia has

been heavily affected by forest fires, while before 2013–2014, most of the forest fires

occurred in the region called arc of deforestation. Understanding the temporal and

spatial patterns of fire and its consequences on forest structure, species composition,

and the carbon cycle is critical for minimising the impacts of global change on

Amazon ecosystems and human populations. Arag~ao et al. (2016) review the current

state of knowledge about the spatial and temporal patterns of fire incidence in the

Amazon basin, their relationship with land use and land cover, and their responses to

climate, including regular seasonal droughts. They identify research priorities to better

understand the long-term consequences of fire in the Amazon biome.

The quantification of the impact of fire on the carbon balance in the Amazon

basin is fundamental (Gatti et al. 2014; Arag~ao et al. 2016; Gloor 2016; Grace 2016;
Fearnside 2016). The impact of fire on the transport and deposition of nutrients,

aerosol formation (SAMBBA, Artaxo et al. 2009; Longo et al. 2009), and human

health (Reddington et al. 2015) is also of great importance, as is its impact on

changes in the distribution of precipitation and the frequency of extreme drought

events (Arag~ao et al. 2016; Marengo et al. 2016).

Water relations, temperature dependence, CO2 and nutrient relations, growth

and mortality patterns, and fire make up the main issues in contemporary modelling

of the carbon balance and dynamics of Amazonian terrestrial vegetation (Kruijt

et al. 2016). Despite remarkable advances, a number of issues appear limiting

progress. As for water relations, a better understanding and empirical underpinning

of different ‘strategies’ that plants use to prevent or compensate water stress are

required. Future models must include the temperature sensitivity of primary pro-

duction and respiration in current and predicted future tropical conditions.
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To simulate realistic responses to rising CO2 levels, it is essential that models

incorporate the dynamic dependence of CO2 exchange on soil nutrient availability,

including feedbacks between vegetation change and nutrient availability. Finally,

all realistic models must incorporate the complex influence of fire.

One of the major scientific challenges is to incorporate such dynamic vegetation

models into complex socio-ecological models, including the generation and use of

environmental services, and the behaviour of the socio-economic subsystem (pol-

icy, use, and feedback loops), in response to changes in the availability of environ-

mental services caused by climate change.

Land Use and Human Dimensions—Integrating Considerations Between Biophys-
ical and Social Aspects In the recent past, parts of the Amazon basin and the

majority of Brazilian Amazonia that lies outside of the basin (see Fig. 1.1) have

experienced a conversion to agriculture that totalled 18% and which has not only

affected the environment but had large-scale impacts on society. Deforestation has

impacted biodiversity, soil structure, and the hydrological regime and, through a

positive feedback, has probably caused changes in local and regional climate

(Ometto et al. 2016). Deforestation and associated GHG emissions have declined

substantially since their peak in 2004, but an increase is expected again due to the

implementation of infrastructure projects already planned and through the recent

weakening of the Brazilian Forest Law (Fearnside 2016). Along with deforestation,

increased attention should be paid to GHG emissions from forest degradation

caused by logging and the use of fire, which are growing.

The ecological impacts of forest fragmentation have been investigated at a long-

term research site (Forest Dynamics in Forest Fragments project, PDBFF), run by the
Smithsonian Institute and the National Institute of Amazon Research (INPA) over the

last 35 years in 11 forest fragments, 1–100 ha in size, which have experienced a wide

variety of environmental changes. Edge effects have been a dominant ‘driver’ of the
dynamics of the fragments, strongly affectingmicroclimate, treemortality, and carbon

storage. The vegetation matrix surrounding the fragments changed considerably over

time (from grassland to a mosaic of abandoned pastures and secondary forest), and

this, in turn, strongly influenced the dynamics of the fragments and their fauna. Rare

extreme weather events and key global change factors significantly influenced the

structure and dynamics of the forest across the study area, both in forest fragments and

intact forest nearby. The main factors of large-scale changes seem likely to interact

synergistically with habitat fragmentation (Laurance et al. 2016).

The search for sustainable development in order to conserve and maintain

ecosystem functions and services in the Brazilian Amazon has led to a series of

public policy decisions and legislative actions regarding land use. ‘Socio-environ-
mentalism’ emerged in the 1980s in Brazil to address the negative impacts of forest

conversion and poorly planned infrastructure projects on biological and cultural

diversity. However, the rapid development of agribusiness in large parts of the

region, along with a large number of major infrastructural development projects,

including mega-dams, major roads, and large mining projects, continues to generate

12 L. Nagy et al.



conflicts with traditional populations and smallholders, in addition to causing major

ecological impacts on Amazonian ecosystems and landscapes (Vieira et al. 2016).

The construction of appropriate frameworks to consider the socio-economic system

as part of an integrated socio-ecological system is a priority to help predict the

outcomes of the impacts of land use and climate change along with society’s
responses to these changes in today’s and tomorrow’s Amazonia.

We hope that after reading this book, the reader will engage in furthering

research in Amazonia, whatever their interest, to contribute to maintaining the

region’s planetary functions, as well as its natural and cultural diversity, charm,

and enchantment.
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CA, Nagy L (2016) The biogeochemistry of the main forest vegetation types in Amazonia. In:

Nagy L, Forsberg B, Artaxo P (eds) Interactions between biosphere, atmosphere and human

land use in the Amazon basin. Springer, Heidelberg, pp 223–265

Bustamante MMC, Keller M, Silva DA (2009) Sources and sinks of trace gases in Amazonia and

the Cerrado. In: Keller M, Bustamante M, Gash J, Silva Dias P (eds) Amazonia and global

change. American Geophysical Union, Washington, DC, pp 337–354

CoeMT,MacedoMN, Brando PM, Lefebvre P, Panday P, Divino S (2016) The hydrology and energy

balance of the Amazon basin. In: Nagy L, Forsberg B, Artaxo P (eds) Interactions between

biosphere, atmosphere and human land use in the Amazon basin. Springer, Heidelberg, pp 33–51

da Costa ACL et al (2014) Ecosystem respiration and net primary productivity after 8–10 years of

experimental through-fall reduction in an eastern Amazon forest. Plant Ecol Divers 7:7–24.

doi:10.1080/17550874.2013.798366

Denevan WM (2001) Cultivated landscapes of native Amazonia and the Andes. Oxford University

Press, Oxford

Eva HD, de Miranda EE, Di Bella CM, Gond V et al (2002) A vegetation map of South America.

European Commission, Luxembourg

Fearnside P (2016) The impact of land use on carbon stocks and fluxes in Brazilian Amazonia:

implications for policy. In: Nagy L, Forsberg B, Artaxo P (eds) Interactions between biosphere,

atmosphere and human land use in the Amazon basin. Springer, Heidelberg, pp 385–405

Galbraith D, Malhi Y, Arag~ao L, Baker T (2014) The ecosystem dynamics of Amazonian and

Andean forests. Plant Ecol Divers 7:1–6. doi:10.1080/17550874.2013.826744

1 Interactions Between Biosphere, Atmosphere, and Human Land Use in the. . . 13

http://dx.doi.org/10.1080/17550874.2013.798366
http://dx.doi.org/10.1080/17550874.2013.826744


Gatti LV et al (2014) Drought sensitivity of Amazonian carbon balance revealed by atmospheric

measurements. Nature 506:76–80. doi:10.1038/nature12957

Gloor E (2016) Climate and the Amazonian carbon balance. In: Nagy L, Forsberg B, Artaxo P

(eds) Interactions between biosphere, atmosphere and human land use in the Amazon basin.

Springer, Heidelberg, pp 99–115

Grace J (2016) The Amazon carbon balance: an evaluation of methods and results. In: Nagy L,

Forsberg B, Artaxo P (eds) Interactions between biosphere, atmosphere and human land use in

the Amazon basin. Springer, Heidelberg, pp 77–97

Heil Costa M, Coe MT, Loup Guyot J (2009) Effects of climatic variability and deforestation on

surface water regimes. In: Keller M, Bustamante M, Gash J, Silva Dias P (eds) Amazonia and

global change. American Geophysical Union, Washington, DC, pp 543–553

Higuchi N, Suwa R, Higuchi FG, Lima AJN, Santos J, Noguchi H, Kajimoto T, Ishizuka M (2016)

Overview of forest carbon stocks study in Amazonas State, Brazil. In: Nagy L, Forsberg B,

Artaxo P (eds) Interactions between biosphere, atmosphere and human land use in the Amazon

basin. Springer, Heidelberg, pp 169–187

Hoorn C et al (2010) Amazonia through time: Andean uplift, climate change, landscape evolution,

and biodiversity. Science 330:927–931. doi:10.1126/science.1194585

Jardine K, Jardine A (2016) Biogenic volatile organic compounds in Amazonian forest ecosys-

tems. In: Nagy L, Forsberg B, Artaxo P (eds) Interactions between biosphere, atmosphere and

human land use in the Amazon basin. Springer, Heidelberg, pp 17–31

Keller M, Bustamante MMC, Gash J, Dias PS (2009) Amazonia and global change. American

Geophysical Union, Washington, DC

Kesselmeier J, Guenther A, Hoffmann T, Piedade MT, Warnke J (2009) Natural volatile organic

compound emissions from plants and their roles in oxidant balance and particle formation. In:

Keller M, Bustamante M, Gash J, Silva Dias P (eds) Amazonia and global change. American

Geophysical Union, Washington, DC, pp 183–206

Kruijt B, Meir P, Johnson M, Rammig A, Fauset S, Baker T, Galbraith D, von Randow C,

Verbeeck H (2016) Modelling Amazonian carbon budgets and vegetation dynamics in a

changing climate. In: Nagy L, Forsberg B, Artaxo P (eds) Interactions between biosphere,

atmosphere and human land use in the Amazon basin. Springer, Heidelberg, pp 331–366

Laurance WF, Camargo JLC, Fearnside PM, Lovejoy TE, Williamson GB, Mesquita RCG, Meyer CFJ,

Bobrowiec PED, Laurance SGW (2016) An Amazonian forest and its fragments as a laboratory of

global change. In: Nagy L, Forsberg B, Artaxo P (eds) Interactions between biosphere, atmosphere and

human land use in the Amazon basin. Springer, Heidelberg, pp 407–439

Longo KM, Freitas SR, Andreae MO, Yokelson R, Artaxo P (2009) Biomass burning in Amazo-

nia: emissions, long-range transport of smoke and its regional and remote impacts. In:

Keller M, Bustamante M, Gash J, Silva Dias P (eds) Amazonia and global change. American

Geophysical Union, Washington, DC, pp 207–232

MacKenzie AR, Langford B, Pugh TAM, Robinson N, Misztal PK, Heard DE, Lee JD, Lewis AC,

Jones CE, Hopkins JR, Phillips G, Monks PS, Karunaharan A, Hornsby KE, Nicolas-Perea V,

Coe H, Gabey AM, Gallagher MW, Whalley LK, Edwards PM, Evans MJ, Stone D, Ingham T,

Commane R, Furneaux KL, McQuaid JB, Nemitz E, Seng YK, Fowler D, Pyle JA, Hewitt CN

(2011) The atmospheric chemistry of trace gases and particulate matter emitted by different

land uses in Borneo. Philos Trans R Soc Lond B: Biol Sci 366:3177–3195

Malhi Y, Gardner TA, Goldsmith GR, Silman MR, Zelazowski P (2014) Tropical forests in the

Anthropocene. Annu Rev Environ Resour 39:125–159

Marengo J, Nobre CA, Betts RA, Cox PM, Sampaio G, Salazar L (2009) Global warming and

climate change in Amazonia: climate-vegetation feedback and impacts on water resources. In:

Keller M, Bustamante M, Gash J, Silva Dias P (eds) Amazonia and global change. American

Geophysical Union, Washington, DC, pp 273–292

Meir P et al (2009) The effects of drought on Amazonian rain forests. In: Keller M, Bustamante M,

Gash J, Silva Dias P (eds) Amazonia and global change. American Geophysical Union,

Washington, DC, pp 429–449

14 L. Nagy et al.

http://dx.doi.org/10.1038/nature12957
http://dx.doi.org/10.1126/science.1194585


Melack JM, Novo EMLM, Forsberg BR, Piedade MTF, Maurice L (2009a) Floodplain ecosystem

processes. In: Keller M, Bustamante M, Gash J, Silva Dias P (eds) Amazonia and global

change. American Geophysical Union, Washington, DC, pp 525–541

Melack JM, Victoria RL, Tomasella J (2009b) Surface waters in Amazonia: key findings and

perspectives. In: Keller M, Bustamante M, Gash J, Silva Dias P (eds) Amazonia and global

change. American Geophysical Union, Washington, DC, pp 485–488

Melack J (2016) Aquatic ecosystems. In: Nagy L, Forsberg B, Artaxo P (eds) Interactions between

biosphere, atmosphere and human land use in theAmazon basin. Springer,Heidelberg, pp 117–145

Nagy L, Artaxo P, Forsberg B (2016) Interactions between biosphere, atmosphere, and human land

use in the Amazon basin: an introduction. In: Nagy L, Forsberg B, Artaxo P (eds) Interactions

between biosphere, atmosphere and human land use in the Amazon basin. Springer, Heidel-

berg, pp 3–14

Navarro G, Maldonado M (2002) Geografı́a Ecológica de Bolivia. Vegetación y Ambientes

Acuaticos. Fundación Simón I, Pati~no, Cochabamba

Ometto JP, Sousa-Neto ER, Tejada G (2016) Land use, land cover and land use change in the Brazilian

Amazon (1960–2013). In: Nagy L, Forsberg B, Artaxo P (eds) Interactions between biosphere,

atmosphere and human land use in the Amazon basin. Springer, Heidelberg, pp 369–383

Quesada CA, Lloyd J (2016) Soil–vegetation interactions in Amazonia. In: Nagy L, Forsberg B,

Artaxo P (eds) Interactions between biosphere, atmosphere and human land use in the Amazon

basin. Springer, Heidelberg

Reddington CL et al (2015) Air quality and human health improvements from reductions in

deforestation-related fire in Brazil. Nat Geosci 8:768–771. doi:10.1038/ngeo2535, http://

www.nature.com/ngeo/journal/v8/n10/abs/ngeo2535.html#supplementary-information

Silva Dias MA, Avissar R, Silva Dias P (2009) Modeling the regional and remote climatic impact

of deforestation. In: Keller M, Bustamante M, Gash J, Dias PS (eds) Amazonia and global

change. American Geophysical Union, Washington, DC, pp 251–260

1 Interactions Between Biosphere, Atmosphere, and Human Land Use in the. . . 15

http://dx.doi.org/10.1038/ngeo2535
http://www.nature.com/ngeo/journal/v8/n10/abs/ngeo2535.html#supplementary-information
http://www.nature.com/ngeo/journal/v8/n10/abs/ngeo2535.html#supplementary-information


Part II

Biosphere–Atmosphere Interactions



Chapter 2

Biogenic Volatile Organic Compounds

in Amazonian Forest Ecosystems

Kolby Jardine and Angela Jardine

2.1 Introduction

Biogenic volatile organic compounds (BVOCs) are produced directly within plants

via biochemical pathways associated with primary and secondary metabolic pro-

cesses. Although non-volatile metabolites are typically bound within specific cel-

lular organelles in lipids or aqueous phases, BVOC volatile metabolites can readily

partition between these phases and the intracellular airspace (Fall 2003). Thus,

many BVOCs may freely exchange among cellular organelles, cells, and tissues,

contributing to an integration of whole organism carbon and energy metabolism.

Moreover, exchange of the intracellular airspace with the atmosphere may help

coordinate the metabolisms of different plants within an ecosystem in response to

environmental and biological factors (Yan and Wang 2006). In addition, land–

atmosphere exchange of VOCs integrates local and regional atmospheric chemistry

with plant metabolism (Jardine et al. 2011a).

The emerging field of volatile ecosystem metabolomics integrates the volatile

component into the chemical, physical, and biological processes involved in the

processing of metabolites within the land–atmosphere interface including potential

perturbations of the system by anthropogenic activities (e.g. VOC emissions from
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biomass and fossil fuel burning). The power of volatile metabolomics comes from

the fact that many cellular processes leave unique chemical fingerprints (bio-

markers) behind in the atmosphere (e.g. BVOCs, such as volatile isoprenoids,

organic acids, alcohols, esters, aldehydes, ketones, aromatics, sulphides, nitriles).

Therefore, volatile metabolomics provides non-invasive techniques to study plant

metabolism from a variety of spatial and temporal scales. The application of these

methods in the tropics may improve our mechanistic understanding of how envi-

ronmental and biological variables associated with climate and land use change

affect the carbon and energy metabolism of natural and managed forests.

Tropical ecosystems cycle more carbon than any other biome (~1.4 versus

0.5 Pg C year�1 for temperate ecosystems (Sarmiento et al. 2010)) and are esti-

mated to account for nearly 80% of global BVOC emissions (Levis et al. 2003).

The Amazon basin is a major tropical source of BVOCs to the global atmosphere

(Greenberg et al. 2004), yet less is known about BVOCs from its vegetation than

from that in other regions of the world (Guenther 2013). This is due to a number of

factors, among which are the extremely high tree species diversity (ter Steege

et al. 2013; Macarthur 1965) and difficulties in conducting and sustaining remote

field studies with highly sensitive analytical chemistry instrumentation for even

short periods of time. What we do know about Amazonian BVOCs primarily results

from a few important short-term plant enclosure studies, above-canopy measure-

ments, and aircraft observations (Kesselmeier et al. 2002; Karl et al. 2007; Jardine

et al. 2011b).

Historically, BVOCs have been studied with respect to their significant impacts

on the chemistry and physics of the atmosphere, which remains an active area of

research (e.g. Artaxo et al. 2009). The focus of this chapter is towards developing a

mechanistic understanding of BVOC dynamics within plants and ecosystems. First

is a brief overview of BVOC production within plants followed by an introduction

to the field of volatile metabolomics. Next, examples of Amazonian plant and

ecosystem functional roles of several BVOCs are discussed. The chapter ends

with suggested directions for Amazonian BVOC research including detailed plant

VOC emission surveys, the identification of new BVOCs, and the characterisation

of potential BVOC ecosystem–atmosphere bidirectional exchange (i.e. emission

and consumption by vegetation).

2.2 BVOC Biosynthesis in Plants

During photosynthesis, plants assimilate atmospheric carbon dioxide (CO2) into

primary metabolites which are essential components required for growth and

development. Primary metabolites can be used as substrate for the biosynthesis of

new biomass including proteins, nucleic acids, carbohydrates, and lipids or can be

used as a carbon and energy source during respiration (Bourgaud et al. 2001;

Tegeder and Weber 2008). Secondary metabolites are a diverse set of compounds

which are intricately involved in many physiological and ecological processes
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within plants (Weng et al. 2012). For example, secondary metabolites have been

identified as plant defences against abiotic and biotic stresses and chemical com-

munication within and between species (Weng et al. 2012; Jardine et al. 2008; Karl

et al. 2008; Pophof et al. 2005). Both primary and secondary metabolic pathways

within plants create intermediates with sufficient vapour pressures to be directly

emitted into the atmosphere in the gas phase as BVOCs.

Plant metabolic pathways involved in BVOC biosynthesis occur in and across a

number of cellular organelles including the cytosol, chloroplast, mitochondria, and

peroxisome (Fig. 2.1). Some BVOCs, such as isoprene, are strictly light dependent

with a strong connection to recently assimilated carbon (Jones and Rasmussen

1975). In contrast, instantaneous emissions of other BVOCs, such as methanol,

are much less light dependent and can be produced at night (Fall and Benson 1996;

Harley et al. 2007).

Key substrates (i.e. glyceraldehyde-3-phosphate, phosphoenol pyruvate, pyru-

vate, and acetyl-CoA) can be produced independently within plant compartments or

can be transported across compartmental boundaries. For example, pyruvate is a

Fig. 2.1 A simplified representation of the flow of carbon in the cytosol, chloroplast, and

mitochondria, which produce classes of biogenic volatile organic compounds (BVOCs) in photo-

synthetic cells during primary and secondary metabolism
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central substrate in the biosynthesis of BVOC classes such as volatile isoprenoids

(isoprene, monoterpenes, sesquiterpenes), oxygenated VOCs (acetaldehyde, etha-

nol, acetic acid, acetone, volatile acetate esters), and fatty acid oxidation products

(green leaf volatiles, e.g. Z-3-hexenol, Z-3-hexenal). Pyruvate is also a product of

glycolysis and photosynthesis and a key substrate in photorespiration and mito-

chondrial respiration.

Acetyl CoA is another central substrate, which integrates primary and secondary

metabolic processes as well as signalling and regulatory mechanisms. It is used as

the primary substrate of mitochondrial respiration for the biosynthesis of lipids

including fatty acids and isoprenoids and can be produced through a fermentation-

like process involving the activation of acetic acid (Jardine et al. 2013). In addition

to many non-volatile organic compounds (e.g. fatty acids, some amino acids,

flavonoids, phenolics) (Oliver et al. 2009), acetyl CoA provides substrate for a

large array of BVOCs including volatile isoprenoids, oxygenated VOCs, fatty acid

oxidation products, and volatile acetate esters (e.g. methyl acetate, ethyl acetate).

2.3 Volatile Metabolomics

The emerging field of volatile metabolomics is the study of the gas phase compo-

nent of the chemical, physical, and biological processes involved in the production

of metabolites within an ecosystem, allowing for a molecular understanding of

biogeochemical cycles. This field aims to combine traditional biochemical pathway

studies involving destructive tissue sampling and metabolite extraction and analysis

with non-invasive atmospheric analytical chemistry techniques used for the iden-

tification and quantification of BVOCs within and above forest canopies to gain

new insights into within-plant carbon and energy allocation to primary and second-

ary metabolic processes. For example, plant BVOC exchange fluxes using enclo-

sures and ambient BVOC concentrations and fluxes within and above forest

canopies can be made in situ in real time and used as biomarkers of carbon

allocation processes such as photosynthesis, photorespiration, respiration, and

fermentation (Jardine et al. 2010b; Loreto et al. 2007; Kesselmeier et al. 1997;

Bracho-Nunez et al. 2012), cell wall expansion and growth (Harley et al. 2007),

acetyl-CoA and fatty acid biosynthesis and degradation (Fall et al. 1999; Jardine

et al. 2012b), and signalling and defence against abiotic and biotic stresses

(Niinemets 2010; Karl et al. 2008; Jardine et al. 2014).

For example, Jardine et al. (2010b) used positional 13C-labelled pyruvate to trace

the metabolic pathways responsible for the biosynthesis of volatile isoprenoids and

oxygenated VOCs in real time for individual mango leaves (Mangifera indica).
While the metabolic pathways leading to isoprenoid biosynthesis are well

documented, those leading to the production of oxygenated VOCs are still uncer-

tain. In their study, leaves fed with the pyruvate-2-13C solution resulted in large

enrichments (13C/12C) of both 13C-labelled isoprenoids and oxygenated VOCs

(up to 266% for sesquiterpenes and 154% for acetaldehyde for example).
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However, when mango leaves were fed with pyruvate-1-13C, 13C labelling of

BVOCs was greatly reduced. Positional pyruvate labelling was then used to dem-

onstrate that the C2,3 atoms of pyruvate are directly utilised for the biosynthesis of

volatile and non-volatile metabolites and biopolymers. However, the C1 of pyruvate

has a completely different fate and is decarboxylated to CO2, representing a new

source of CO2 not previously considered in studies of plant CO2 sources and sinks

(Jardine et al. 2013). Thus, BVOCs can be used to track cellular processes that

imprint a unique chemical fingerprint on the atmosphere surrounding individual

plants. When applied at the ecosystem level, volatile metabolomics has the poten-

tial to advance mechanistic understanding of BVOC biosynthesis as a function of

changing environmental conditions.

2.4 BVOCs as Biomarkers of Lipid Peroxidation Under

Oxidative Stress

Lipids serve numerous critical functions in plant biology including providing

membrane structure and participating in the light reactions of photosynthesis,

antioxidant, and signalling processes. Saturated lipids are extremely resistant to

oxidation within plants and the environment, where plant alkanes with ages greater

than one billion years have been detected in lake sediments (Oro et al. 1965). In

contrast, unsaturated lipids including isoprenoids and fatty acids are highly suscep-

tible to oxidisation with their pools rapidly turned over in oxidising conditions.

Moreover, the oxidative power of the lower atmosphere is strongly influenced by

the emission of unsaturated volatile lipids from vegetation, especially isoprenoids

and reactive volatile lipids which can be emitted at high rates from many plants

fuelling atmospheric chemistry through photo-oxidation reactions (Monson 2002).

Reactive oxygen species (ROS) including singlet oxygen (1O2), superoxide

anion (O2
�), hydrogen peroxide (H2O2), and the hydroxyl radical (OH) are contin-

uously generated in plants by the incomplete reduction of oxygen (O2). While ROS

concentrations within plants are generally kept low by ROS quenching and scav-

enging systems, excessive ROS accumulation can result in extensive oxidation of

plant lipids (Apel and Hirt 2004; Jardine et al. 2010a). While traditionally described

as the ‘Oxygen Paradox’ where ROS are a toxic by-product of aerobic metabolism,

ROS-lipid signalling is now recognised as an integral component of plant response

to abiotic and biotic stress as well as regulation of growth, development, and

programmed cell death (Suzuki et al. 2011; Mittler et al. 2011).

In a changing global climate with increasing air pollution and rapid land use

changes, plants are exposed to a wide variety of biotic (e.g. microbes, insects) and

abiotic (e.g. thermal, radiative, drought) stressors. In plant tissues, these stressors

can cause the accumulation of ROS, which if left unchecked can overwhelm

cellular antioxidant defences including enzyme-mediated ROS quenching reac-

tions, internal systems for ROS scavenging, and defence gene activation (Møller
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2001). This can lead to extensive ROS-mediated oxidation of important compo-

nents, such as nucleic acids, proteins, and lipids leading to cell death (Apel and Hirt

2004). Therefore, plants with a diverse suite of antioxidant defences may better

tolerate stressful environmental conditions occurring in response to local and global

changes in climate.

The oxidation of plant fatty acids via non-enzymatic (Durand et al. 2009; Mene-

Saffrane et al. 2009) and enzymatic (Andreou and Feussner 2009; Gigot et al. 2010;

Heiden et al. 2003) mechanisms produces a broad range of oxidation product bio-

markers termed oxylipins. The accumulation of ROS in plant tissues initiates fatty

acid (e.g. α-linolenic acid) peroxidation, yielding a large array of ‘oxidative stress’
biomarkers. Lipid peroxidation generates a number of products, which have been

extensively used as quantitative indicators of oxidative damage in plants (Gutteridge

1995; Shulaev and Oliver 2006). For example, 4-hydroxy-2-nonenal (HNE),

4-hydroxy-2-hexenal (HHE), and malondialdehyde are widely used as biomarkers

of non-enzymatic lipid peroxidation (Hartley et al. 1999; Halliwell and Gutteridge

1999; Long and Picklo 2010). However, the extraction from plant tissues,

derivatisation, and compound-specific analysis (GC-MS or HPLC) of these reactive

carbonyl compounds remains a challenge due to their trace abundances, high reac-

tivity, water solubility, and volatility (Shibamoto 2006). Nonetheless, a number of

classes of lipid peroxidation products have been identified including hydrocarbons,

ketones, furans, alkanals, 2-alkenals, 2,4-alkadienals, 2-hydroxyalkanals,

4-hydroxy-2-alkenals, and dicarbonyls (Kawai et al. 2007; Steeghs et al. 2006;

Frankel et al. 1989; Mark et al. 1997; Moseley et al. 2003; Nielsen et al. 1997).

Given the volatile nature of many of these biomarkers, it is interesting to

speculate on the potential of detecting them in atmospheric samples as

non-invasive indicators of oxidative stress at a variety of temporal and spatial

scales. Numerous volatile oxylipins have been recently observed as direct emis-

sions from plants under oxidative stress generated by freeze–thaw treatment of

tropical leaves (Table 2.1). These include alkanals (e.g. propanal, butanal, pentanal,

Table 2.1 Example of isoprene (bold) and fatty acid peroxidation biomarkers from plants under

oxidative stress
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hexanal), 2-alkenals (e.g. 2-propenal, 2-butenal, 2-pentenal, 2-hexenal), 2-alkenes

(e.g. 2-propene, 2-butene, 2-pentene, 2-hexene), 2,4-alkadienals

(e.g. 2,4-hexadienal), furans and furanones (e.g., tetrahydrofuran, 2-ethyl furan),

and dicarbonyls (e.g. malondialdehyde, gyloxal, methyl glyoxal, and diacetyl). In

addition, the enzymatic peroxidation of plant fatty acids by lipoxygenase enzymes

can lead to the formation and emission of characteristic oxidation products known

as green leaf volatiles (GLVs) via the lipoxygenase pathway (Loreto and Schnitzler

2010; Hatanaka 1993; Fall et al. 1999). In this pathway, the formation of the classic

6-carbon (C6) GLVs in plants is initiated by the ubiquitous type 2 lipoxygenase

enzymes (13-LOX) in chloroplasts which catalyse the oxygenation of α-linolenic
acid (the dominant fatty acid in the aerial tissues of most plants) to form

13-hydroperoxy linolenic acid (HPLA) (Andreou and Feussner 2009). HPLA can

be degraded (catalysed by hydroperoxide lyase) to form the primary GLV (Z)-3-

hexenal which is then reduced and acetylated to form the corresponding alcohol

(Z)-3-hexen-1-ol and acetate ester (Z)-3-hexen-1-yl acetate, respectively (D’Auria
et al. 2007).

The emissions of GLVs from plants have been documented during processes

known to be associated with ROS accumulation including programmed cell death

during senescence (Holopainen et al. 2010) and a wide variety of biotic and abiotic

stresses including pathogen attack (Jansen et al. 2009), high ambient ozone con-

centrations (Heiden et al. 2003; Beauchamp et al. 2005), herbivory (Arimura

et al. 2009), desiccation (De Gouw et al. 2000), high light and temperature (Loreto

et al. 2006), mechanical wounding (Fall et al. 1999), and freeze–thaw events (Fall

et al. 2001). Thus, both enzymatic and non-enzymatic lipid peroxidation mecha-

nisms lead to the formation of characteristic fatty acid peroxidation biomarkers that

may be detectable as gas-phase emissions from plant tissue under stress at the

ecosystem scale. Although not yet reported from Amazonian ecosystems, these and

other lipid peroxidation biomarkers may be emitted under environmental extremes

associated with changes in land use and climate and are therefore prime candidates

for ecosystem scale volatile metabolomics studies (Kawai et al. 2007; Steeghs

et al. 2006; Frankel et al. 1989; Mark et al. 1997; Moseley et al. 2003; Nielsen

et al. 1997).

The five-carbon molecule, isoprene, is estimated to be the most abundant and

well-studied BVOC emitted from terrestrial ecosystems (Rasmussen and Khalil

1988). Isoprene is a biomarker of photosynthesis and concentrations are known to

positively correlate with light and temperature (Fig. 2.2) (Monson and Fall 1989).

As reviewed by Vickers et al. (2009), a rich literature exists demonstrating the role

of isoprene as a photosynthesis protector from oxidative stress caused by high

temperature and light. Isoprene has also been shown to quench ozone and hydrogen

peroxide (Loreto and Velikova 2001), singlet oxygen (Velikova et al. 2004), and

nitric oxide (Velikova et al. 2005), suggesting an antioxidant role for isoprene.

Recently, investigations using mango leaves and branches (Mangifera indica) as
well as ambient air samples from an enclosed tropical mesocosm and a central

Amazon forest support the role of antioxidant properties of isoprene (Jardine

et al. 2012a, 2013). Observations of temperature-stressed leaves from isoprene-
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emitting plants showed production of first-generation oxidation products of iso-

prene: methyl vinyl ketone (MVK), methacrolein (MAC), and 3-methyl furan

(3-MF). The authors suggested that the emissions of isoprene oxidation products

increased with temperature stress due to direct chemical reactions with ROS or, in

other words, in-plant oxidation of isoprene (Fig. 2.3).

To a large extent, the oxidative power of the lower atmosphere is controlled by

ecosystem emissions of biogenic VOCs, especially those that contain carbon–

carbon double bonds, such as volatile isoprenoids, which are readily available for

oxidation through reaction with hydroxyl radicals, ozone, and nitrate radicals

(Monson 2002). However, current models cannot adequately describe atmospheric

oxidant levels in biogenically dominated areas like the Amazon basin (Lelieveld

et al. 2008). The discovery of significant primary emissions of isoprene oxidation

products in the central Brazilian Amazon (Jardine et al. 2012a) may reduce

previous estimates of the effect of VOCs on the oxidising power of the troposphere

and increase the role of leaves as a source for at least the first-generation products of

VOC oxidation to the atmosphere. These findings may have important implications

for characterising the oxidising capacity of the atmosphere and its impacts on

atmospheric chemistry and climate. Understanding lipid production and oxidation

dynamics within plants may be critical for predicting ecosystem response to the

increasing temperature and light as a result of a changing climate. Investigating

these mechanistic processes is complex, because of the very broad scale over which

lipid production is influenced and over which they react. For example, isoprene

Fig. 2.2 A snapshot of the diurnal patterns of isoprene concentration variations over a 3-day

period measured from a tower in a central Amazon forest. The x-axis represents time, while the y-
axis shows measurement heights from 2 m above the ground to 10 m above the canopy. The colour
scale ranges from minimum (blue) to maximum (black) concentrations. The vertical gradients

show clear sources within the under-canopy (10–17 m) and canopy (30 m) layers corresponding

with maximum temperature and light at midday and minimum concentrations at night. A sudden

drop in concentration at all heights occurring during a rain event which decreased temperatures

and light and likely diminished ecosystem photosynthesis is also observable
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starts at the subcellular level in chloroplasts and ultimately impacts key atmo-

spheric processes, which in turn modify global climate, which in turn influences

isoprene production in the biosphere. Investigation therefore requires a mixture of

expertise and collaborating disciplines.

2.5 BVOC Bidirectional Biosphere–Atmosphere Exchange

There is a growing consensus that a large number of oxygenated compounds are

both emitted and consumed by plants and that bidirectional exchange occurs

between tropical forests and the atmosphere (Jardine et al. 2008, 2011a; Karl

et al. 2005; Ganzeveld et al. 2008; Andreae et al. 1988). The compensation point

is the point at which the ambient air mixing ratio of a BVOC results in a net zero

flux, where consumption and emission are balanced.

A recent study focused on methanol and acetone Ganzeveld et al. (2008) showed

that a commonly applied algorithm to simulate global acetone and methanol

biogenic exchanges substantially overestimates ambient concentrations and emis-

sion strengths (compared with observations). In contrast, the use of a compensation

point approach simulated ambient concentrations and exchange dynamics that were

Fig. 2.3 A simplified schematic showing the production of isoprene and its oxidation products

methyl vinyl ketone and methacrolein in plants as well as their emission to the atmosphere
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much more comparable to observations. Another example comes from studies

focused on gas-phase formic acid (FA) and acetic acid (AA) (Kesselmeier 2001;

Gabriel et al. 1999; Andreae et al. 1988; Talbot et al. 1990), which are found

ubiquitously in the atmosphere (Paulot et al. 2011). Jardine et al. (2011a) conducted

a study in a central Amazon forest ecosystem comparing ratios of FA to AA (FA:

AA) providing the first ecosystem scale evidence for the bidirectional FA and AA

exchange between the forest canopy and the atmosphere and further estimated an

ecosystem compensation point for each acid. While traditionally viewed strictly as

emission sources to the atmosphere, these recent works demonstrate that plants can

act as both a source and sink for BVOCs, especially those that are intermediates in

metabolic pathways. Thus, in order to improve simulations of biosphere–atmo-

sphere fluxes and atmospheric concentrations of oxygenated VOCs in Earth System

Models, development of modelling approaches that embrace the bidirectional

exchange of BVOCs warrants further investigation.

2.6 Conclusions

Studies of biogenic volatile organic compounds within the Amazon have been

conducted for nearly 30 years (Rasmussen and Khalil 1988; Andreae et al. 1988);

however, we are still at the forefront of our understanding of what BVOCs are

emitted from vegetation, the metabolic pathways that produce them within plants,

their functional roles in terrestrial ecosystems, and how these roles may change

under a changing climate. Some of the basic yet extremely important questions to

address with respect to BVOCs in the Amazon are: (i) What are the identities,

concentrations, and fluxes of BVOC emissions from individual tree species and

whole ecosystems? (ii) What are the functional biological roles of BVOCs and what

roles will they play under future land use and climate change? (iii) What controls

the amount of assimilated carbon allocated to the production and emission of

BVOCs in relation to non-volatile metabolites and respiratory processes?

Addressing these questions requires intensive observations at both the plant

species and ecosystem scales within the Amazon basin. As highly sensitive analyt-

ical chemistry tools become available, the identification and quantification of novel

BVOCs is also emerging. The promising area of research, volatile metabolomics, is

beginning to provide non-invasive methodologies to develop a mechanistic under-

standing of BVOC metabolism and therefore may lead to new understanding of the

functional roles of BVOCs at the plant and ecosystem scales. In turn, improvements

in Earth System Models can further our ability to predict changes in BVOC impacts

on atmospheric chemistry and climate.
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Chapter 3

The Hydrology and Energy Balance

of the Amazon Basin

Michael T. Coe, Marcia N. Macedo, Paulo M. Brando, Paul Lefebvre,

Prajjwal Panday, and Divino Silvério

3.1 Introduction

The Amazon basin (Fig. 3.1) is the world’s largest river basin, with an area of about
6.65� 106 km2 and average annual rainfall of 2200 mm year�1 [Tropical Rainfall

Monitoring Mission (TRMM); Huffman et al. 2007]. Between 50 and 75% of

this precipitation is returned to the atmosphere via evapotranspiration

(ET) (Shuttleworth 1988; Malhi et al. 2002; D’Almeida et al. 2006; Lathuillière

et al. 2012), and the remainder is exported from the basin as river discharge. The

discharge of the Amazon River represents almost 20% of total global river run-off

(Coe et al. 2007)—a volume three times that of the world’s second largest river, the
Congo, and greater than the sum of the discharge of the next nine largest rivers by

volume. The Amazon also supports a vast area of wetlands and seasonally flooded

forests (Fig. 3.1), totalling c. 800,000 km2 (Melack and Hess 2010; Melack

et al. 2009).

Deforestation and degradation are already causing significant changes to the

energy and water cycles in the southeastern Amazon (Davidson et al. 2012; Coe

et al. 2013). Projections of future deforestation, even under conditions of strong
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D. Silvério
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governance, suggest that 20–30% or more of the Amazon basin could be deforested

within the next 40 years (Soares-Filho et al. 2006). Together these deforestation

pressures have the potential to significantly alter the energy and water cycles and

ultimately affect regional and global climate (Wang and Eltahir 2000; Saad

et al. 2010; Snyder 2010; Butt et al. 2011; Knox et al. 2011; Spracklen

et al. 2012, Bagley et al. 2014). Global climate change is likely to exacerbate the

effects of deforestation, driving further changes to the water and energy cycles in

the near future. Although uncertainty about its specific impacts on the Amazon

remain high, increasing atmospheric greenhouse gases are expected to increase

temperatures, drought frequency, and drought intensity and may cause significant

disruptions to the cycling of energy and water in the Amazon (e.g. Malhi

et al. 2009).

This chapter reviews the current state of our knowledge of the hydrology and

energy balance of the Amazon basin. It describes the mean conditions, as well as the

spatial and temporal variability of the energy and water cycles, examines how

anthropogenic influences have affected the hydrology of the Basin, and evaluates

the scale of potential future changes to Amazon basin hydrology in the twenty-first

century.

Fig. 3.1 The Amazon River and wetlands system. The river system (dark blue) is provided by the
Brazilian National Water Agency. Wetlands (pale blue) are from Melack and Hess (2010)
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3.2 Current Conditions

The Amazon basin (Fig. 3.1) is the planet’s largest and most intense land-based

convective centre, exerting strong influences on atmospheric circulation both

within and outside the tropics. This convective system (Fig. 3.2) is driven by high

net surface radiation (Rnet), which is the sum of the absorbed solar shortwave and

net longwave radiation fluxes to the land surface. Incoming solar radiation is

absorbed, reflected, or transmitted by the surface, which includes the land, vegeta-

tion, and water. The net downward longwave flux is the sum of the longwave

radiation absorbed by the land surface from the atmosphere and that emitted from

the land surface back to the atmosphere. Over the long term, Rnet is balanced

(Fig. 3.2) by the fluxes of latent heat (ET, the energy released by evaporation

from the soil and plant surfaces and by plant transpiration) and sensible heat (H, the
flux of heat between the land surface and the atmosphere). Similarly, incoming

precipitation over the basin is balanced by the evaporative flux of water to the

atmosphere (ET) and river discharge, which returns excess water to the oceans

(Fig. 3.2).

3.2.1 Mean Conditions and Spatial Variability

The Amazon basin receives a relatively large amount of incoming solar energy, due

to its proximity to the equator, averaging 20 Mj m�2 throughout the year (Pereira

et al. 2006). The mean reflectance (albedo) of the extensive forest in the basin is

about 13% (von Randow et al. 2004; Culf et al. 1995), which results in a surface

absorption of 10–14 Mj m�2 day�1 of incoming solar energy (da Rocha et al. 2009;

Souza et al. 2011; Andrade et al. 2009). The persistent presence of clouds (which

increase albedo) during the wet season and their relative absence during the dry

season generally result in less incoming solar radiation during the wet season.

Between December and February, due to the southerly position of the sun and

pervasive cloud cover in the northern basin, the southeastern Amazon receives

proportionally more energy than the rest of the Basin (Pereira et al. 2006; da Rocha

et al. 2009).

Precipitation in the Amazon basin varies from <1600 mm year�1 in the south-

eastern region to more than 2800 mm year�1 in the northwestern region (Fig. 3.3a).

Whereas the northwestern basin receives relatively constant rainfall throughout the

year, precipitation in the southeastern basin is strongly seasonal (Fig. 3.3d), with

peak rainfall occurring in January and a long dry season centred on July. The lower

mean annual precipitation and longer dry season (4–5 months with <100 mm

rainfall, Fig. 3.3a, d), typical of the south and southeastern portions of the Basin,

are associated with seasonal shifts in the position of the Intertropical Convergence

Zone (ITCZ).
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Evapotranspiration (Fig. 3.3b) is the predominant pathway by which net incom-

ing radiation (Rnet) and precipitation are transferred from the land surface back to

the atmosphere (Fig. 3.2; Zeng et al. 1999; Nepstad et al. 2004; Arag~ao et al. 2007;
da Rocha et al. 2009; Lathuillière et al. 2012). The relatively low albedo of

vegetated surfaces results in high Rnet (Bonan 2002). The deep-rooted evergreen

vegetation, relatively high leaf area index, generally abundant soil moisture, and

high Rnet associated with tropical forests result in high rates of ET (Fig. 3.3b) to

meet high photosynthetic demand (e.g. Nepstad et al. 1994; Bonan 2002; Oliveira

et al. 2005; Spracklen et al. 2012). In forested landscapes, ET averages about

75–110 mm month�1 (5.6–8.3 Mj m�2 day�1) and is relatively constant throughout

the year (e.g. Malhi et al. 2002; D’Almeida et al. 2006; Lathuillière et al. 2012),

even in the south and southeastern Amazon, where there is a prolonged (i.e. 4–6

month; Juárez et al. 2007) dry season (Fig. 3.3b, d). Flux tower measurements at

Fig. 3.2 Schematic of the linked water and energy cycles. In the hydrologic cycle, incoming

precipitation (P) is balanced by outgoing evapotranspiration (ET) and run-off (R). In the energy

cycle, incoming net radiation (Rnet, the sum of the short- and longwave fluxes) is balanced by

outgoing sensible (Hs) and latent (ET) heat fluxes. Left: Undisturbed forest example. ET from

vegetation and land surfaces accounts for about 77% of the incoming P and Rnet, with the

remainder of the P and Rnet going to run-off and Hs, respectively. Right: Deforested example.

Deforestation decreases Rnet relative to the forested value due to increased upward longwave

radiation and albedo. ET decreases because the plants that replace forest have lower annual mean

water demands. P may not change significantly because the large-scale atmospheric circulation

may not be adversely affected. As a result of these responses, the Bowen ratio (Hs/ET), run-off (R)
and discharge (D) increase, compared to an undisturbed landscape (left)
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various locations in the Amazon indicate that approximately 77% of the Rnet of

undisturbed forests is converted to latent heat via evapotranspiration (Fig. 3.2;

Priante-Filho et al. 2004; da Rocha et al. 2009; von Randow et al. 2004).

North of about 12� S, there is a tendency towards an ET maximum during the

early dry season consistent with increased incoming radiation (because of

decreased cloudiness) and abundant soil moisture. A weak minimum in ET during

the late dry season generally occurs in these regions as soil moisture decreases

(e.g. Costa et al. 2010). In the southeastern basin—where the dry season is partic-

ularly long and the vegetation shifts to drought deciduous species—the ET

decreases early in the dry season and may be less than half of that of the wet season

ET (Costa et al. 2010; Lathuillière et al. 2012). The sensible heat flux (Hs) increases

proportionally to the ET decrease during the dry season. In total, the ET flux in

undisturbed forests and savanna regions is equivalent to between 40 and 75% of the

incoming precipitation (Fig. 3.3a, b), with higher values relative to precipitation in

Fig. 3.3 Summary of Amazon basin hydrological variables. (a) Annual mean rainfall (mm year�1)

from 2001 to 2010, calculated from the Tropical Rainfall MonitoringMission monthly precipitation

data (TRMM 3B43 v7, Huffman et al. 2007). (b) Annual mean evapotranspiration (ET, mm year�1)

from 2001 to 2010, calculated from the Moderate Resolution Imaging Spectroradiometer (MODIS)

ET data (MOD16, Mu et al. 2011). (c) Percent observed tree cover in 2010 fromMODIS vegetation

continuous fields data (MOD44B, DiMiceli et al. 2011). (d) Mean dry season length, calculated

from TRMM monthly mean rainfall as the number of months with <100 mm month�1 of rainfall
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the water-limited areas of the southern and southeastern basin (Malhi et al. 2002;

D’Almeida et al. 2006; Costa et al. 2010).

The fraction of incoming precipitation that is not returned to the atmosphere via

ET is eventually exported to the oceans as river discharge. The mean annual

discharge of the Amazon at Óbidos (in Pará, Brazil), the furthest downstream

gauged location, is about 175,000 m3 s�1 (1192 mm m�2 year�1 for the 4.6� 106

km2 area upstream of Óbidos) over the period of observation (1968–2010). More

than 75,000 m3 s�1 of the Amazon flow upstream of Óbidos comes from the

western reaches of the basin via the Solimões River, which drains the Andes

Mountains and the western lowlands. Four major tributary systems contribute

>8000 m3 s�1 each to the flow of the mainstem Amazon upstream of Óbidos,

two in the northern portion of the basin (Japurá and Negro) and two in the southern

portion of the basin (Purus and Madeira). Approximately 20,000 m3 s�1 of addi-

tional flow is added by three major tributaries downstream of Óbidos (Tapajós,

Xingu, and Tocantins/Araguaia). Peak discharge in the mainstem Amazon occurs in

June, with a flood wave that averages 10–18 m in amplitude (Richey et al. 1986).

The timing of the peak flow in the early dry season is consistent with the relatively

long travel time (3–4 months) of waters from the major western and southern

tributaries (Foley et al. 2002).

3.2.2 Temporal Variability

The two major modes of temporal variations of the Amazon energy and water

balance (Botta et al. 2002) are strongly linked to sea surface temperature (SST) in

the adjacent oceans (Marengo et al. 2008a, b, 2011a, b). The first mode operates on

a sub-decadal timescale and is associated with short-term variations in SST in the

tropical Pacific, the so-called El Ni~no/Southern Oscillation (ENSO). The second

mode is a 28-year cycle that is likely driven by variations in SST in the tropical

North Atlantic (Marengo et al. 2008a, b, 2011a, b; Botta et al. 2002; Foley

et al. 2002). Together, these two modes explain the bulk of the observed climato-

logical variability in the Amazon (Botta et al. 2002; Marengo et al. 2008a, b).

Warm SST anomalies in the eastern Pacific during the El Ni~no phase of ENSO

tend to cause increased net solar radiation (due to reduced cloudiness), increased

land surface temperature, reduced rainfall, and droughts in Amazonia. Cold SST

anomalies in the eastern Pacific (La Ni~na) are generally associated with a cloudier,

cooler, and wetter Amazon, particularly towards the end of the year (Foley

et al. 2002; Zeng et al. 2008; Espinoza et al. 2009; da Rocha et al. 2009; Marengo

et al. 2011a). Anomalously high rainfall and cooler temperatures during La Ni~na
events are concentrated particularly in the north and northeast of the Amazon

region and are associated with many large-scale floods (Marengo 1992; Poveda

and Mesa 1993; Ronchail et al. 2002; Espinoza et al. 2009). El Ni~no events are

associated with drier and warmer conditions and decreased discharge, particularly

from the northern and western tributaries (Marengo and Tomasella 1998), and

40 M.T. Coe et al.



decreased flood height and inundated area on the mainstem Amazon River (Foley

et al. 2002). During severe El Nino events, such as 1997/1998, much of the Amazon

experiences reduced precipitation, increased forest fires, reduced river discharge,

and disrupted river transportation.

Despite its demonstrated importance as a driver of short-term climatological

variability in the Amazon, ENSO events explain <40% of the variation in rainfall

in northern Amazonia (Marengo and Tomasella 1998) and are not always the best

predictor of extreme events in the region (Marengo et al. 2008a, b, 2011b).

Anomalously warm SST in the tropical North Atlantic is associated with a more

northern mean position of the ITCZ and, therefore, reductions in mean rainfall,

particularly in the southern portions of the Basin. These tropical North Atlantic SST

anomalies explain the greatest amount of variation in observed precipitation and are

associated with some of the strongest droughts and lowest discharge rates and river

levels in the historical record (e.g. 1926, 1963, 2005, 2010; Marengo et al. 2008a, b,

2011a, b; Gloor et al. 2013).

3.3 Anthropogenic Influences

Land cover/land use change and climate change due to increasing atmospheric

greenhouse gases are among the most important anthropogenic drivers of change in

the Amazon today (Malhi et al. 2009). Research indicates that both of these factors

will likely increase land surface temperatures, decrease rainfall, and increase

drought frequency and intensity in the Amazon (e.g. Malhi et al. 2009; Davidson

et al. 2012; Coe et al. 2013).

3.3.1 Land Cover and Land Use Change

Deforestation in the Brazilian Amazon averaged 19,625 km2 year�1 from 1996 to

2005, dropped to 10,660 km2 year�1 from 2006 to 2010, and dropped even further

from 2011 to 2014, reaching 5400 km2 year�1 (INPE 2015). Most of the newly

deforested area was converted to pastures and croplands, particularly in the states of

Mato Grosso, Pará, and Rondônia. The Brazilian cattle herd has grown substantially

over the past two decades and today—at over 200 million heads of cattle—it is the

world’s largest commercial cattle herd (McAlpine et al. 2009). Likewise, soybean

cultivation in Brazil has increased dramatically over the last decade. Today Brazil

is the world’s largest producer and exporter of soybeans, with over 94,000 km2 of

soybeans planted in the Legal Amazon in 2013 (IBGE 2015). Despite recently

reduced rates of forest clearing (Ometto et al. 2011; Meyfroidt and Lambin 2011;

Macedo et al. 2012), deforestation is expected to continue to expand as global

demand for soy, beef, and other agricultural commodities continues to rise (Soares-

Filho et al. 2006; Gibbs et al. 2010).
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3.3.1.1 Vegetation Controls on Water/Energy Balance

Most of the Amazon basin is dominated by moist tropical rainforest, including

many regions with a strong dry season (Fig. 3.3c, d). For example, in the southeast

of the Amazon, evergreen forests predominate in regions where the dry season

averages <100 mm month�1 for three or more consecutive months (Fig. 3.3d). In

the extreme southeast, where the dry season extends for 4–6 months, there is a shift

to the savanna vegetation more typical of the Cerrado biome, but it represents a

relatively small portion of the Amazon watershed (Fig. 3.3c, d).

One single large tree can transfer as much as 500 l of soil water per day to the

atmosphere via evapotranspiration. Together, the millions of trees that grow in the

Amazon transfer ~7400 km3 of water to the atmosphere each year (Salati and Nobre

1991), more water than New York City would consume over 4500 years. This

striking characteristic of tropical forests is largely associated with their capacity to

absorb large amounts of solar radiation and to return most of this energy back to the

atmosphere as latent heat (primarily) and sensible heat (secondarily) (da Rocha

et al. 2004). What allows forests to absorb more solar energy than most ecosystems

around the world is the low albedo of forest canopies, coupled with the high amount

of solar radiation inherent to tropical regions (Hasler and Avissar 2007). Forests

take advantage of the water stored in the deep soils of the Amazon, partitioning

more energy into latent than sensible heat. Because of the domination of the energy

balance by water fluxes (ET), the Amazon is often referred to as a green ocean.

Although the Amazon landscape may appear uniformly green at first glance,

there is still a high spatial variability in canopy properties that affect ET across the

basin (Fig. 3.3b). Two major environmental processes appear to control most of this

spatial variability (Hasler and Avissar 2007). The first relates to solar radiation

(Fisher et al. 2009). While tropical regions receive substantial amounts of energy

throughout the year, wetter portions of the basin can be so cloudy that during rainy

months the available net radiation is reduced (by as much as 13%, da Rocha

et al. 2009; Souza et al. 2011), thus driving less ET.

The second environmental process controlling spatial variability relates to soil

water availability (da Rocha et al. 2004; Hasler and Avissar 2007). In regions with a

strong dry season, trees may cope with soil water stress by investing a greater

proportion of net primary productivity to growing fine roots, performing hydraulic

lift (Oliveira et al. 2005), and even assimilating water by their leaves (Nepstad

et al. 2002). In so doing, trees are able to evapotranspire large amounts of water

even during dry climatic conditions (Fisher et al. 2009). But when soil and plant

water stress becomes too large, many trees and lianas of the Amazon close their

stomata and shed leaves, which reduces ET and increases sensible heat flux

(Nepstad et al. 2004). Thus, synergies between climate and forest structure and

functioning control much of the observed spatial variability in the water and energy

balance in the Amazon.
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3.3.1.2 Land Use Impacts on the Water/Energy Balance

Deforestation and land management practices influence the surface energy and

water balance in two predominant ways. First, they change how incoming precip-

itation and radiation are partitioned among sensible and latent heat fluxes, run-off,

and river discharge (Fig. 3.2; Costa and Foley 1997; Bonan et al. 2004; D’Almeida

et al. 2007; Coe et al. 2009, 2011; Panday et al. 2015). Second, they can alter

precipitation patterns at regional and continental scales (Butt et al. 2011; Costa and

Foley 2000; Costa and Pires 2009; Delire et al. 2001; Dickinson and Henderson-

Sellers 1988; Knox et al. 2011; Malhi et al. 2008; Nobre et al. 1991). Compared to

native forests, croplands and pasturelands have a shallower rooting depth, lower

leaf area index (for much of the year outside of the peak growing season), and up to

50% higher surface albedo (von Randow et al. 2004)—all of which contribute to a

large reduction in net radiation and evapotranspiration in deforested areas

(e.g. Bruijnzeel 2004; Costa and Foley 1997). These changes reduce the system’s
capacity to cycle water, increasing the proportion of net radiation dissipated as

sensible heat by as much as 40% (Priante-Filho et al. 2004; von Randow

et al. 2004; Souza et al. 2011).

A recent analysis in the southeastern Amazon (Silvério et al. 2015) illustrates

how land use transitions from forests to pastures and soybean croplands have

dramatic effects on the energy and water balance. Combining satellite-derived

(MODIS) and weather station data (INMET 2012) with annual land use maps

(Macedo et al. 2012), Silvério reconstructed the land use transitions from 2000 to

2010 and evaluated the effect of different land uses (e.g. pasture, forest, and

soybeans) on the energy balance. Results for the Xingu basin indicate that in

2008 Rnet in pastures and soybean areas were 12 and 19% lower than forests,

respectively (Table 3.1; Fig. 3.4). 70–85% of the Rnet decrease was from increased

outgoing longwave radiation and 15–30% from increased surface albedo

(Table 3.1). In forested regions 69% of Rnet was converted to latent heat via ET,

compared to 61 and 57% in pasture and soybeans, respectively (Table 3.1, Fig. 3.4).

As a result, despite lower Rnet the amount of energy converted to sensible heat in

Table 3.1 Summary of the energy balance for the upper Xingu River Basin in 2008 in forests,

croplands, and pasture

Variable Forest Pasture Cropland

Albedo 0.13±0.01 0.15±0.01 0.18±0.02

Rs (net) 15.36±1.16 15.22±1.23 14.52±1.22

Rnet 11.68±2.17 9.99±2.71 8.96±3.32

ET 8.08±2.19 5.42±3.37 4.98±3.55

Hs 3.60±2.76 4.49±2.34 3.98±1.93

All values are yearly mean±standard deviation and are expressed in MJ m�2 day�1 (excepted

albedo). Land use map from Macedo et al. (2012)

Rs(net) net shortwave radiation; Rnet net radiation; ET latent heat flux; Hs sensible heat flux
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pasture and soybeans in 2008 was 8 and 10% higher (respectively) compared to

forests, resulting in substantial local climate changes (Table 3.1, Figs. 3.4 and 3.5).

Observations in small and large watersheds show that these land use-driven

changes in Rnet, ET, and sensible heat flux increase river discharge. Studies in 1-ha

paired catchments in Rondonia and eastern Amazonia (Moraes et al. 2006; Chaves

et al. 2008) found that the ratio of run-off to precipitation increased from 1 to 3% in

forested catchments to about 18% in pasture catchments. In two paired 1-km2

catchments in the central Amazonia, Trancoso (2006) found that the ratio of run-off

to precipitation increased from 21 to 43% in forest and pasture catchments,

respectively. Likewise, a study comparing discharge from three forest watersheds

and four soybean watersheds (ranging from 2 to 14 km2) in southeastern Amazonia

(Querencia, Mato Grosso) found a more than fourfold increase in run-off, which

jumped from 7% of precipitation in forest streams to 31% in soybean streams

(Fig. 3.6; Hayhoe et al. 2011). At a much larger scale, analysis of discharge data in

the 175,000 km2 Tocantins and 82,000 km2 Araguaia River basins in eastern

Amazonia suggests that extensive land cover changes since 1950 have been asso-

ciated with a c. 20% increase in the annual mean discharge (Costa et al. 2003; Coe

et al. 2009, 2011).

Finally, global and meso-scale climate model studies suggest that if deforesta-

tion in the Amazon basin were to occur on a very large scale (>several

100,000s km2), atmospheric feedbacks would lead to reduced precipitation

(e.g. Oyama and Nobre 2003; Bounoua et al. 2002; Berbet and Costa 2003;

Fig. 3.4 Components of the energy balance for the upper Xingu River Basin in 2008. Right:
Rnet—net radiation (yearly mean calculated from multiple MODIS products and local weather

station; method adapted from Bisht and Bras 2010). Centre: ET—latent heat flux [yearly mean

from MODIS ET data (MOD16, Mu et al. 2011)]. Left: Hs—sensible heat flux (Hs¼Rnet�ET).

All values are expressed in MJ m�2 day�1
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Fig. 3.5 Dust devil in a fallow soybean field in the southeastern Amazon (Mato Grosso Brazil).

This location (about 51�430600 W, 11�2801500 S) was formerly broadleaf evergreen forest. Forest

removal significantly reduces evapotranspiration in the dry season (Fig. 3.3). As a result, a larger

fraction of the incoming Rnet is converted to a sensible heat flux compared to forested areas. These

conditions favour dust-devil formation, something that does not occur in a forested environment

where Rnet is more strongly converted to ET
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Nobre et al. 2009). Replacing large tracts of forest with higher albedo, less water-

demanding crops and pastures would lead to reduced net surface radiation,

decreased moisture convergence over the Basin, decreased water recycling, and

ultimately reduced precipitation (Costa and Foley 2000; Dickinson and Henderson-

Sellers 1988; Malhi et al. 2008; Nobre et al. 1991). Numerical model evaluations of

the effects of partial deforestation on regional climate suggest that a large-scale

change in the precipitation of the Amazon could occur after about 40–60% of the

basin has been deforested (Oyama and Nobre 2003; Costa et al. 2007; Sampaio

et al. 2007; Walker et al. 2009; Oliveira et al. 2013; Stickler et al. 2013). Recent

observational evidence suggests that a significant lengthening of the dry season

may already be occurring in portions of the south and southeastern Amazon as a

consequence of regional deforestation (Costa and Pires 2009; Butt et al. 2011; Knox

et al. 2011; Marengo et al. 2011b).

3.3.2 Global Climate Change

Climate changes associated with increasing atmospheric greenhouse gas concen-

trations are expected to lead to significant changes in the energy and water cycle of

the Amazon. There is generally high confidence that increasing greenhouse gas

concentrations will create a significantly warmer and drier climate in the Amazon

by the end of the century (Huntingford et al. 2008; Malhi et al. 2008, 2009).

However, the magnitude and distribution of the expected climate changes are

uncertain. For example, mean air temperature is predicted to increase between

2 and 10 �C in the twenty-first century. This large range in temperature predictions

stems from many sources of uncertainty, including the climate model used, emis-

sions scenario assumed in climate simulations, strength of carbon cycle feedbacks

incorporated in the model, and degree to which anthropogenic deforestation is

Fig. 3.6 Median daily

water yield (mm day�1) for

three forested watersheds

(black dots) and
four soybean watersheds

(white dots) in the

southeastern Amazon (Mato

Grosso, Brazil, located

between 52�2303000–
52�1805000 W and 13�901200–
12�4104000 S). Watershed

areas range from 2.5 to

13.5 km2 and flow data span

the period from August

2007 to August 2008.

Figure adapted from

Hayhoe et al. (2011)
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considered (Costa and Foley 2000; Betts 2004; Malhi et al. 2009). Despite these

uncertainties, the majority of models considered in the fourth and fifth Intergov-

ernmental Panel on Climate Change assessments suggest a potentially severe

decline in dry season rainfall and the potential for more frequent and severe drought

in the southern and eastern Amazon (Malhi et al. 2008; IPCC 2013).

The net effect of increased atmospheric CO2 and a warmer and dryer climate on

the Amazon water balance (ET, run-off, and discharge) is more uncertain. Although

most models show an increase in ET and a decrease in run-off and discharge with

increasing temperature, the results depend strongly on the biophysical response of

the simulated forest to increasing CO2. Theory suggests that plant water use

efficiency will increase with increasing atmospheric CO2 content. This improved

efficiency could mean that under higher CO2 concentrations plants could accom-

plish the same amount of photosynthesis with lower ET. Under scenarios of a

warmer climate and increased plant water use efficiency, ET and discharge may

actually decrease or be largely unchanged compared to the present (Lapola

et al. 2009; Holtum and Winter 2010; Rammig et al. 2010) because of the compet-

ing effects of increasing surface temperature (increased ET) and atmospheric CO2

(decreased ET per unit of photosynthetic activity). However, the actual biophysical

response of tropical forest water use efficiency to increasing CO2 is not known. Few

field experiments exist and it would be difficult to capture the full range of species

traits and complex interactions that might occur under a scenario with greatly

increased CO2 concentrations. As a result, there is high uncertainty in the response

of the water and energy cycles of the Amazon to future climate and CO2 change

(Coe et al. 2013).

As discussed in Sect. 2.2, the temporal and spatial variability of precipitation in

the Amazon depends, in part, on atmospheric responses to the El Ni~no-Southern
Oscillation and sea surface temperature oscillations in the tropical North Atlantic.

These SST phenomena are likely to be affected by increasing greenhouse gas

concentrations (Malhi et al. 2009). However, future predictions of SST under

increasing atmospheric CO2 and the response of Amazon climate to SST changes

remain highly uncertain, making it challenging to predict future energy and water

balance responses and feedbacks in the Amazon.

3.4 Conclusions

The energy and water cycle of the Amazon basin supports the world’s largest

tropical evergreen forest ecosystem. This forest ecosystem supports the energy

and water cycle through extensive water recycling throughout the year. The

resulting powerful convective system is driven by high net surface radiation,

which is dissipated by the fluxes of latent and sensible heat. Incoming precipitation

over the basin is balanced over the long term by the evaporative flux of water to the

atmosphere and discharge, which returns excess water to the oceans. Temporal

variability of this cycle is largely controlled by oscillations of tropical Pacific and
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North Atlantic SST with sub-decadal and multi-decadal periodicities. Synergies

between climate and forest structure and functioning control much of the observed

spatial variability in the water and energy balance.

Extensive field studies provide evidence of human influences on the hydrology

and energy cycles of the Amazon basin. Deforestation has decreased net surface

radiation and evapotranspiration, increased sensible heat flux, and increased water

yield and stream discharge in many locations throughout the agricultural frontier.

There is growing evidence that these changes to the surface energy and water

balance are suppressing precipitation at the beginning and end of the dry season

over some deforested regions. Numerical modelling studies suggest that deforesta-

tion and climate change from increasing atmospheric greenhouse gases are both

likely to lead to a significantly drier climate and increased drought frequency and

severity, particularly in the south and southeastern portion of the Amazon in the

coming decades.

In the past decade, we have developed a much clearer understanding of the

energy and water cycle of the Amazon, some of the large-scale drivers of change

taking place, and the potential responses associated with human-induced changes.

Research focused on clarifying some of the uncertainties in our knowledge of the

climatological and biophysical processes governing land–atmosphere and land–

ocean feedbacks are an important next step for understanding future trajectories for

the Amazon basin.
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Chapter 4

Extreme Seasonal Climate Variations

in the Amazon Basin: Droughts and Floods

José A. Marengo, Earle R. Williams, Lincloln M. Alves, Wagner R. Soares,

and Daniel A. Rodriguez

4.1 Introduction

The Amazon region is characterised by several rainfall regimes. In southern

Amazonia, rainfall peaks during austral summer, in central Amazonia and near

the Amazon delta it peaks in the autumn, and north of the Equator it peaks in austral

winter. This is due to the alternating warming of the two hemispheres and to the

annual cycle of the South American Monsoon System (e.g. Vera et al. 2006;

Marengo et al. 2010a, b, 2012a, b), associated with the seasonal meridional

migration of the Intertropical Convergence Zone (ITCZ).

As a consequence of the seasonal cycle in rainfall, the Amazon River main stem

and tributaries show high/low river levels a few months after the peak rainfall

season, and the river level/discharge depend on the precipitation in the rainy season

during the previous wet season. Rivers that extend over southern Amazon basin

(e.g. Solimões, Madeira) peak in April–May while rivers with basins in the central

Amazon basin (e.g. Rio Negro) peak in May–June. For more details about rainfall

and river regimes in the Amazon basin, see Salati et al. (1978), Figueroa and Nobre

(1990), Meade et al. (1991), and Espinoza et al. (2009a, b).
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As part of its natural climate variability, the Amazon region is periodically

subject to rainfall deficiency and excess across the basin, with consequences for

the hydrology of the basin in the form of droughts or floods. The perception of

drought and flood in this region may be different from that in other regions, since

perhaps the best indictors of drought or floods are the river levels/discharges.

During the last 10 years, the droughts in 2005 and 2010 and floods in 2009, 2012,

and more recently in 2014–2015 were the most severe on record, and the

corresponding record low and high river levels impacted human and natural

systems (Pinho et al. 2014; Tomasella et al. 2013; Marengo et al. 2013a, b).

Previous observational studies (Sternberg 1987; Marengo 2004; Williams

et al. 2005; Ronchail et al. 2002; Marengo et al. 2008a, b, 2010a, b, 2011, 2013a,

b; Fernandes et al. 2011; Zeng et al. 2008; Tomasella et al. 2011, 2013; Jenkins

2009; Espinoza et al. 2009a, b, 2011, 2012, 2013; Yoon and Zeng 2010; Marengo

and Espinoza 2015, and references therein) have identified deficiencies or excesses

in rainfall that have produced droughts and floods in Amazonia. These hydro-

meteorological anomalies were a consequence of low and upper level atmospheric

circulation anomalies, a consequence of warming or cooling of the tropical Pacific

Ocean from the El Ni~no or La Nina, were attributable to strong warming or cooling

in the tropical Atlantic, or were a result of the combination of the two.

The droughts of 2005 and 2010 were similar in terms of river impacts, but the

distribution of rainfall deficits across the basin was different. While in 2005 the

drying was more intense in southwestern Amazonia, in 2010 the drying out was

stronger in central and eastern Amazonia mainly during the austral summer and

autumn and later on during the beginning of austral spring (Marengo and Espinoza

2015). During the drought of 2005, the levels and streamflow in rivers such as the

Madeira and Solimões, with basins extending over southern and western Amazonia,

were very low, while the levels of the Rio Negro at Manaus were lower but not as

low as in the drought of 2010 (Fig. 4.1). The 2010 drought started during an El Ni~no
event in the early austral summer of 2010 and then became more intense during a La

Ni~na, in spring and winter during the dry season (Marengo et al. 2011; Lewis

et al. 2011; Espinoza et al. 2011).

In contrast, during the time of the so-called flood of the century in 2009 and later

on in 2012 (Marengo et al. 2011; Sena et al. 2012; Marengo et al. 2013a, b), the

Amazon basin was hit by heavy flooding, which resulted in water levels and river

discharges with a magnitude and duration rarely observed in several decades in the

basin. In July 2009, the levels of the Rio Negro in the port of Manaus reached a new

record high level for the last 107 years (Fig. 4.1). The main characteristic of the

2008–2009 and 2012–2023 hydrological season was a premature onset of the rainy

season in northern and northwestern Amazonia and a longer rainy season compared

to the other wet years, where the onset was delayed by at least 1 month (Sena

et al. 2012; Vale et al. 2011; Marengo et al. 2011, 2013a, b; Satyamurty et al. 2013).

The hydrological consequences of this pattern were earlier-than-normal floods in

the Amazon northern tributaries, in which peak discharges at their confluences with

the main stem almost coincided with the peaks in the southern tributaries. More
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recently, in 2014–2015, floods in western Amazonia affected the levels of the Rio

Madeira and Rio Branco and isolated cities in Acre and Rondonia states, Brazil, and

by June 2014 the water levels of the Rio Negro at Manaus started to rise (Espinoza

et al. 2014). Besides the risk for the people living near the banks of the rivers, floods

Fig. 4.1 Seasonal time series of sea surface temperature anomalies in tropical (a) North Atlantic

and (b) South Atlantic, for 1903–2010; GPCC rainfall for the dry season July–October (JASO) in

(c) northern and (d) southern Amazonia for 1951–2010; (e) annual minimum levels of the Rio

Negro in Manaus for 1903–2010; and (f) discharges of the Amazon in Óbidos for 1928–1947 and

1970–2010. Units are in �C in figures (a) and (b), mm day�1 in figures (c) and (d), and cm in

figures (e) and (f). Base period for calculations of the anomalies is from the mean of all datasets

(Marengo et al. 2012a, b)
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affect fishery activities and domestic agriculture due to the inundation of the land

used by farmers on the floodplains (Pinho et al. 2014).

In this chapter, we assess trends and tendencies in hydro-meteorological condi-

tions in Amazonia, with emphasis on rainfall and extremes in river discharge,

during drought and flood episodes since the beginning of the twentieth century,

for both northern and southern Amazonia. We also investigate the recurrence of

extreme droughts and floods, considering the long-term variability of SST anom-

alies in the equatorial Pacific and the tropical Atlantic Ocean, and their influence on

the extent of the dry season and with rainfall trends in Amazonia during the wet and

dry season. We discuss changes in climate in the region derived from experiments

on deforestation and the likelihood of the collapse of the Amazon forests, the

resilience of the forest to such drying, and also projections of rainfall change in

Amazonia until the end of the twenty-first century, focusing on extremes and

uncertainty assessments. Lastly, we assess impacts of extremes in climate variabil-

ity and hydro-meteorological extremes on natural and human systems in the region.

4.2 History of Hydro-meteorological Extremes

in the Region: Inter-annual Variability of Rainfall/

Rivers in the Basin

Evidence for extreme droughts, and perhaps widespread fires, has been linked to

paleo-El Ni~no Southern Oscillation (ENSO) events occurring in the Amazon basin

in 1500, 1000, 700, and 400 BP, and at least qualitatively it seems that these events

might have been substantially more severe than the 1982–1983 and 1997–1998

events (Meggers 1994). Analyses by Jenkins (2009 and references therein)

suggested that during the twentieth and twenty-first centuries, 9 of 13 major

droughts (1916, 1926, 1935–1936, 1948, 1964–1973, 1982–1983, 1987–1988,

1997–1998, and 2005) were detected using both tree ring growth and the carbon

and oxygen isotopes of tree ring cellulose from the Madre de Dios department of the

southeastern Peruvian Amazon and in the northern Brazilian Amazon. On the other

hand, the dry years of 1906, 1912, 1936, and 1979–1981 were not detected in the

three-ring data. During the nineteenth century, Jenkins (2009) identified a dry

period in 1819–1840 that is consistent with the presence of a moderate to strong

El Ni~no event.

Based on soil moisture indices, Sheffield and Wood (2011) showed long-term

drought events in the 1960s, the 1980s, and 1990s. They identified dry conditions

during the mid-1960s, and other low-index values coincided with strong El Ni~no
events, occurring in 1957–1958, 1965, 1972–1973, 1992, and 1997. In fact, various

observational studies have shown that after a relatively long wet period during the

1940s and 1950s, major droughts occurred in the Amazon region in 1963–1964,

1970, 1983, 1987, 1997–1998, 2005, and more recently in 2010 (Aceituno 1988;
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Marengo et al. 2013a, b). Very intense El Ni~no events have been associated with the
extreme droughts in 1925–1926, 1982–1983, and 1997–1998 and the last two also

experienced an anomalously warm tropical North Atlantic along with warming in

the equatorial Pacific.

Figure 4.1 shows the levels of the Rio Negro in Manaus during some extreme

years with record low and high levels. The lowest levels were detected during El

Ni~no years in 1912 and 1926 all year long, while in the other dry years the lower

levels were noticed during the second half of the year, as in 2005. However, only a

fraction of Amazon rainfall variability can be explained by ENSO (Yoon and Zeng

2010; Joetzjer et al. 2013, and references cited therein) and other factors linked to

rainfall deficiency are related to an anomalously warm tropical North Atlantic

Ocean. In fact, intense droughts in 1964, 1980, and 2005 were not linked to

ENSO, and while the drought in 2010 started with an ENSO event it continued

during La Ni~na. The spatial extent of each drought event was different (Ronchail

et al. 2002; Williams et al. 2005; Saleska et al. 2007; Marengo et al. 2008a, b,

2011), and the impacts of rainfall anomalies were also detected in the water level

records at Manaus and other sites across Amazonia (Tomasella et al. 2011, 2013).

The drought of 1925–1926 was studied in detail by Sternberg (1987), Meggers

(1994), Williams et al. (2005), Marengo et al. (2008a, b), and Sheffield and Wood

(2011). Different from those in 2005 and 2010, this drought occurred during the

presence of one of the most intense El Ni~no events in modern history. Rainfall

anomalies in central-northern Brazilian Amazonia and southern Venezuela in 1926

resulted in precipitation that was about 50% lower than normal. During this

particular drought, extensive fires prevailed in Venezuela and the upper Rio

Negro basin. Unusually high air temperature anomalies were recorded in Venezu-

elan and northern Brazilian Amazonian towns for both 1925 and 1926, and it is

plausible that the dryness in the northern portion of the Rio Negro basin in 1925

also contributed to the major drought in 1926 by a depletion of soil moisture.

While several studies have analysed the droughts of 1982–1983 (Aceituno 1988,

Marengo et al. 1998) and 1997–1998 (Nepstad et al. 1999) and their impacts on

climate, hydrology, and fires in Amazonia, there are only casual references to the

drought event of 1963–1964 in some local newspapers. In fact, the drought of

1963–1964 has received little attention (Marengo et al. 2008a), despite being

identified as the most severe with up to 12-month duration. Water levels of major

Amazon tributaries fell drastically to unprecedented low values, and isolated the

floodplain population, whose transportation depends upon local streams, which

completely dried up.

Floods in 1953–1954 and 2008–2009 were not linked entirely to La Ni~na, and in
fact were related to a warming in the tropical South Atlantic, similar to those in

1989 and 1999. The highest water levels were detected during 2009. We can say

every dry or wet year, regardless of whether they are associated with El Nino or

with SST anomalies in the tropical Atlantic, is different in terms of the geographical

distribution of rainfall anomalies across the basin, and so is the response of the

hydrology of the Amazon region, as shown in the levels of the Rio Negro at

Manaus.
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The levels of the Negro river at the port of Manaus during July 2009 reached a

record high level at the time of 29.77 m, according to the Brazilian Geological

Service (CPRM), with a return period of about 55 years. The six previous river

record highs observed in Manaus were 1953 (29.69 m), 1976 (29.61 m), 1989

(29.42 m), 1922 (29.35 m), and 1999 (29.30 m). Other high-water years in Manaus

were 1909 (29.17 m), 1971 (29.12 m), 1975 (29.11 m), and 1994 (29.05 m). The

level of the Negro River reached 29.97 m in May 2012, the highest mark in

110 years on record, since the beginning in 1903. The high levels during the

flood in 2009 exhibit a return period of c. 55 years. It is important to note that

water level in Manaus at this station also is controlled by the backwater effect of the

Solimões River (Meade et al. 1991).

In 2014 and 2015, the southwestern Amazon experienced severe floods due to

summer rainfall that exceeded by more than 100% that normally experienced over

the Brazilian states of Acre and Rondonia and in Bolivian and Peruvian Amazonia,

and the levels of the Madeira River and the Rio Branco reached record high levels,

flooding cities, farms, and roads, damaging fisheries, and isolating residents

(Espinoza et al. 2014; CPRM—http://www.cprm.gov.br).

As explained above, previous observational studies have identified rainfall

deficiencies or excesses that have produced droughts and floods in Amazonia

associated with atmospheric circulation anomalies, as a consequence of El Ni~no,
or attributed to strong warming in the tropical Atlantic, or to a combination of both

(Table 4.1).

Figure 4.2 shows a simplified scheme of the large-scale circulation in the tropical

region during El Ni~no and La Ni~na years, and also during situations with warmer

and colder than normal tropical North and South Atlantic, with subsequent rainfall

anomalies in the Amazon basin. Figure 4.2a shows a situation during El Ni~no and

warmer tropical North Atlantic: warmer sea surface temperature (SST) in the

equatorial Pacific favours convection over that region, generating compensatory

subsidence on the other side of the Andes over Amazonia; in the meantime warm

SST anomalies in the tropical North Atlantic are related to weak near-surface

northeast trade winds and moisture flux into Amazonia and together with subsi-

dence make for less rainfall in the basin due to an anomalously northward position

of the ITCZ. Figure 4.2b shows the situation during La Ni~na and colder tropical

North Atlantic: cold SST anomalies over the equatorial Pacific are linked with

subsidence and at the other side of the Andes, over Amazonia, convection is

observed; the intense northeast trades over the colder tropical North Atlantic

favoured intense moisture flux inside Amazonia, and with an anomalously south-

ward position of the ITCZ, feeding convection and consequently producing more

rainfall in the basin. Other situations depart from this representation, such as the

drought of 2005, which was related to warmer tropical North Atlantic but an

absence of El Ni~no.
While there is a general consensus on the occurrence of intense droughts and

floods since the early twentieth century as shown by different datasets, there is some

uncertainty in the estimates of precipitation, especially in the earlier part of the

twentieth century. This is particularly true in remote regions of the Amazon region,
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Table 4.1 History of droughts and floods in the Amazon basin, with indication if they are related

to El Ni~no (EN), La Ni~na (LN), or to sea surface temperature conditions in the northern (TNA) or

southern (TSA) tropical Atlantic (Marengo and Espinoza 2015)

Year

Extreme

seasonal

event Related to References

1906 Drought EN Sombroek (2001)

1912 Drought EN Williams et al. (2005),

Marengo et al. (2008a, b)

1916 Drought EN Sombroek (2001), Jenkins (2009)

1925–1926a Drought EN Sternberg (1968, 1987), Meggers (1994),

Williams et al. (2005), Marengo et al. (2008a,

b), Sheffield and Wood (2011)

1948 Drought EN Sombroek (2001)

1963–1964 Drought Warm TNA Sombroek (2001), Marengo et al. (2008a, b),

Sheffield and Wood (2011)

1979–1981 Drought Warm TNA Sheffield and Wood (2011)

1982–1983 Drought ENþwarm TNA Sombroek (2001), Ronchail et al. (2005),

Marengo et al. (2008a, b)

1995 Drought ENþwarm TNA Espinoza et al. (2011)

1997–1998 Drought ENþwarm TNA Sombroek (2001), Moran et al. (2006),

Marengo et al. (2008a, b, 2011), Zeng

et al. (2008), Espinoza et al. (2011),

Tomasella et al. (2011, 2013), Coelho

et al. (2013)

2005a Drought Warm TNA Marengo et al. (2008a, b, 2011), Zeng

et al. (2008), Espinoza et al. (2011), Cox

et al. (2008), Tomasella et al. (2013), Yoon

and Zeng (2010), Arag~ao et al. (2007), Coelho
et al. (2013)

2010a Drought ENþwarm TNA Lewis et al. (2011), Marengo et al. (2011),

Espinoza et al. (2011), Coelho et al. (2013)

1953 Flood ? Salati et al. (1978), Ronchail et al. (2005),

Marengo et al. (2010a)

1976 Flood LN Marengo et al. (2010a), Satyamurty

et al. (2013)

1989 Flood LN Ronchail et al. (2006), Marengo et al. (2011,

2013a, b), Espinoza et al. (2013)

1999 Flood LN Ronchail et al. (2006), Marengo et al. (2011,

2013a, b), Espinoza et al. (2013), Satyamurty

et al. (2013)

2009a Flood Warm TSA Marengo et al. (2010a), Filizola et al. (2014),

Sena et al. (2012), Vale et al. (2011)

2012a Flood LNþwarm TSA Marengo et al. (2013a, b), Espinoza

et al. (2013), Satyamurty et al. (2013)

2014 Flood Warm IPþwarm

SSA

Espinoza et al. (2014)

SSA Subtropical South Atlantic; IP Indo-Pacific Ocean
aEvents characterised at the time as ‘once in a century’
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where the number of rain gauges and their spatial coverage were low (Marengo

2004). Thus, there are differences among various rainfall datasets that are based on

station or gridded data. However, the availability of long-term river datasets has

allowed the identification of droughts and floods in the past.

One of the best indicators of large-scale rainfall in Amazonia is the Manaus

gauge itself, since it represents rainfall over nearly 50% of the complete Amazon

basin (Williams et al. 2005). Several studies have used the Rio Negro levels at the

Manaus site (see Marengo and Espinoza 2015 and references therein) since the

series shows clearly the impacts of El Ni~no or tropical Atlantic. Figure 4.3 shows

the annual cycle of the mean water levels at Manaus during dry and wet years.

Fig. 4.2 Schematic diagrams showing the anomalous regional Walker and Hadley circulation for

the (a) El Ni~no and warmer tropical North Atlantic, and (D) La Ni~na and cold tropical North

Atlantic. The blue (red) arrows indicate the regional climatological circulation of the Walker

(Hadley) cell and the black thick arrows show the anomalous vertical circulation. Green/brown
shades indicate positive/rainfall anomalies in the basin (modified from Ambrizzi et al. 2004)
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Together with Table 4.1, this figure shows very low levels during 1926 (the lowest

during the entire year), 1912, and 1983 (all El Ni~no years) and in 1964 from January

to September, while in 2005 and 2010 levels below normal were detected mainly

during September–December. During wet years, most of the episodes with levels

above normal were related to La Ni~na years. The difference among dry years is

consistent with different spatial distribution of rainfall anomalies across the basin

during each dry year, where droughts related to El Ni~no may have different rainfall

anomaly patterns as compared to those related to a warm tropical North Atlantic

(Marengo et al. 2011).

Significant scientific uncertainties remain regarding the attribution of causes of

the droughts and floods, particularly regarding the extreme events of the last

10 years—at the time of occurrence thought to be of once-a-century severity.

Might they yet be explained by natural climate variation in terms of SST anomalies

in the tropical Pacific and/or the tropical North Atlantic Oceans or were they due to

anthropogenic impacts?

The question arises because changes in precipitation over Amazonia are due to a

combination of different regional processes and interactions that are partly

influenced by large-scale circulation (including El Ni~no-La Ni~na and Tropical

Atlantic related SST anomalies), as well as by local water sources via

Fig. 4.3 Annual mean

values of the levels of the

Rio Negro in Manaus,

Brazil (in metres), for some

extreme dry years (1912,

1926, 1964, 1983, 1998,

2005 and 2010) and wet

years (1954, 1989, 1999,

2009, 2012, 2013, 2014) as

compared to the long term

average LTM 1903–1986

(black thick lines). Source
of data: CPRM-Manaus,

Brazil
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evapotraspiration from forests (Angelini et al. 2011; Makaireva et al. 2013). Land

use change might have a stronger impact on downwind rainfall in Amazonia,

altering the evapotranspiration rate and thus affecting the water cycle (Marengo

2006; Arraut et al. 2012; Zemp et al. 2014).

4.3 Long-Term Variability and Trends

of Hydro-meteorological Extremes

Superimposed on the inter-annual rainfall variations discussed in the previous

section, there is evidence of decadal variations across the basin, although the

north is out of phase with the south (Marengo 2004). In fact, rainfall and river

series exhibit this low-frequency variability with a peak near 30 years, with breaks

in the middle 1940s, 1970s, and by the beginning of the twenty-first century.

Marengo (2004, 2009), Satyamurty et al. (2010), and Buarque et al. (2010) con-

cluded that in the long term no systematic unidirectional long-term trends towards

drier or wetter conditions in either the northern and southern Amazon have been

identified since the 1920s. The presence of cycles rather than a trend is character-

istic of rainfall in the Amazon, and they are real indicators of decadal and multi-

decadal variations in hydrology for both sides of the basin.

Analysing a narrower time period and a larger dataset, Espinoza et al. (2009a, b)

found that mean rainfall in the Amazon basin for 1964–2003 has decreased, with

stronger amplitude after 1982, consistent with reductions in convection and cloud-

iness in the same region (Arias et al. 2011). Studies by Gloor et al. (2013) suggest

that the Amazon precipitation is increasing since 1990 due to increasing atmo-

spheric water vapour import from the warming tropical Atlantic, and this is also

reflected on the Rio Negro levels at Manaus and the Amazon discharge at Óbidos.

An important aspect of rainfall variability in Amazonia is a possible delay of the

onset of the rainy season or late end of the dry season, resulting in longer dry

seasons (Butt et al. 2011)—or extension of the dry season (Marengo et al. 2011; Fu

et al. 2013) that have been observed since the 1970s. Previous studies have

suggested local and remote factors that affect the wet season onset in the Amazon,

which could be initiated by increased evapotranspiration (Fu et al. 1999; Li and Fu

2004; Li et al. 2006) as a result of the response of rainforest to a seasonal increase in

solar radiation (Myneni et al. 2007) on the local forcing, or due to changes of cross-

equatorial atmospheric moisture transport influencing convection and thus the wet

season onset linked to warming in the tropical Atlantic or Pacific Oceans (Marengo

et al. 2010a).

Figure 4.1 shows time series of SST anomalies in the tropical South and North

Atlantic, together with rainfall records over the dry season in northern and southern

Amazonia, and annual minimum levels of the Negro and Amazon rivers. In general,

a weak negative tendency during the dry season precipitation is apparent in both
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southern and northern Amazonia starting in the mid-1970s, while from 1951 to the

mid-1970s a slight increase is apparent. On the longer term, since the 1920s rainfall

has shown decadal variability, with periods with more or less rainfall in Amazonia,

and the trends detected in recent decades shown are part of this natural decadal

climate variability, with no signal of impacts of deforestation on the rainfall regime

(Marengo 2009).

Changes in large-scale circulation associated with SST patterns are responsible

for rainfall anomalies, particularly during the austral summer and autumn. The

hydrological impacts of these anomalies are experienced in the form of lower-than-

normal river discharge not only in the wet season but also during the following

winter and spring dry seasons. Since the late 1970s (Fig. 4.1), the SST anomalies in

the tropical North Atlantic have gradually increased, reaching high values during

1980, 1998, and 2005 and then in 2010, all of which coincide with drought years in

the Amazon. During March–May of 2010, the seasonal temperature anomaly was

the largest (1.5 �C) since 1923, exceeding the previous MAM record of about 0.9 �C
in 2005. In the dry season (June–August), the temperature anomalies reached 1 and

0.9 �C in 2010 and 2005, respectively, again two records since 1902. The warming

of the tropical North Atlantic exhibits inter-decadal SST trends.

It is noted that the negative rainfall trends were detected in the dry season

precipitation in both northern and southern Amazonia. Rainfall anomalies were

calculated for northern and southern Amazonia, using the Global Precipitation

Climatology Centre (GPCC) gridded rainfall dataset (Rudolf et al. 2005), as

explained in Marengo et al. (2011). Changes in rainfall are consistent with surface

warming in the tropical North Atlantic, as well as a weakening in the moisture

transport from the tropical north Atlantic. The tropical Atlantic was at least

1.5–2 �C above average all year long in 2005, which is much higher than in other

drought years. Thus, minimum water levels in Manaus and Óbidos also show a

negative trend, consistent with the reduction of dry season precipitation in both

sections of the basin.

Regarding the impacts of land use changes on changes in the hydrology of South

America, one of the distinctive features to consider is the relationship between the

hydrological behaviour and vegetation—atmospheric feedbacks. Although feed-

back mechanisms are present at all scales, the atmospheric influence is more

significant at large scales. Studies of land use change in the Brazilian southern

Amazonia (Rodriguez et al. 2010) for recent decades have shown that the impact on

the hydrological response is time lagged at larger scales. The extension of the dry

season also exhibits inter-annual and decadal scale variations, linked either to

natural climate variability or as suggested by Wang et al. (2011) as a result of

land use change in deforestation and vegetation dynamics on decadal variability of

rainfall in the region. This suggests that inter-annual and longer-term variations of

rainfall in Amazonia are as much a consequence of natural climate variability in the

form of SST-forced variability and also some influence of human activities in the

form of land use change.
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4.4 Projected Climate Change in Amazonia

A review by Marengo (2006) has shown an evolution in deforestation experiments

with global models from the late 1970s to the present, and in all of them the total

deforestation of Amazonia may lead to drier and warmer climates in the region,

affecting the climate in the rest of South America and the world (Cox et al. 2000,

2004). Recent model experiments including dynamic vegetation models and tran-

sient deforestation have shown profound changes in rainfall and temperature in

Amazonia, which may result in the collapse of the Amazon forest ‘biome’, and
leading to the so-called Amazon Dieback, or ‘savannisation’. In this scenario

projected by the UK Met Office Hadley Centre Global Coupled climate model

HadCM3 for the A2 high emission scenario, the Amazon region would change from

a net sink to a net source of CO2 by the end of the twenty-first century, thereby

reinforcing global warming and a regional decrease in precipitation (see reviews in

Cox et al. 2000; Sampaio et al. 2007; Betts et al. 2004; Malhi et al. 2009; Nobre and

Borma 2009). As temperatures increase, the prospects of climate-change-induced

increases in drought frequency and severity over the twenty-first century in Ama-

zonia could increase, leaving the region and the entire South American continent

under considerable environmental stress.

Even if the uncertainties related to such a dieback are still high (Malhi

et al. 2009), and that such changes are not being detected at present, should it

happen its possible impacts on regional and global climate could be extensive. Even

though the Amazon forest may not necessarily become savanna type vegetation, the

impacts on the functioning of the forest at regional and global scales may be

important. In fact, Huntingford et al. (2013) analysed 22 CMIP3 models and

found that the possibility of climate-induced (that is, not direct deforestation)

damage to tropical rainforests in the period to the year 2100, even under the A2

emission scenario, might be lower than some earlier studies suggest, and in only

one of the simulations are tropical forests projected to lose biomass by the end of

the twenty-first century—and then only for the Americas, suggesting forest resil-

iency in the region.

Numerical experiments by Zhang et al. (2009) have suggested that biomass-

burning aerosols can work against the seasonal monsoon circulation transition and

thus reinforce the dry season rainfall pattern for southern Amazonia. For future

climate change scenarios in seasonal extremes, the hypothesis is that droughts

similar to that in 2005 may become more frequent and intense in a future climate

change due to changes in aerosols in the northern hemisphere, as suggested by Cox

et al. (2008).

Analyses from global IPCC models used in the Fourth Assessment Report AR4

(Meehl et al. 2007) and from the downscaling of some of these models using

various regional models for the Amazon region suggest for the last decades of the

twenty-first century an increase of precipitation in western Amazonia, while

decreases are projected for eastern Amazonia. However, the individual models

CMIP3 show mixed results (Marengo et al. 2010b, 2011; Mendes and Marengo
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2010; Menendez et al. 2010; Nu~nez et al. 2009; Seth et al. 2010, Meehl et al. 2007;

Minvielle and Garreaud 2011; Urrutia and Vuille 2009; Vera et al. 2006). In the

IPCC AR4 models, the future of precipitation over the Amazon depends on the

model considered; some models show rainfall reductions while others show little

change in rainfall. In addition, IPCC AR4 models show deficiencies in simulating

present-day precipitation and its inter-annual variability over the Amazon basin

(Vera et al. 2006; Dai 2006; Rojas et al. 2006; Malhi et al. 2009). Even more

uncertainties arise when it is recognised that most of these models did not include

some of the biogeochemical feedbacks that are at play in the Amazon basin

(Rammig et al. 2010).

A closer comparison between models used in the IPCC Fifth Assessment Report

(namely, AR5 and the AR4 models, IPCC 2013, 2014) highlights a weaker con-

sensus on increased precipitation during the wet season, but a stronger consensus on

a drying and lengthening of the dry season in eastern Amazonia. Significant

improvements have been made from IPCC AR4 to AR5 models to capture

present-day precipitation over the Amazon basin (IPCC 2013, 2014). The latter

response is related to a northward shift of the boreal summer intertropical conver-

gence zone in AR5 models, in line with a more asymmetric warming between the

northern and southern hemispheres. Joetzjer et al. (2013) and Fu et al. (2013) have

made a closer comparison between IPCC AR4 and AR5 models and highlight a

weaker consensus on increased precipitation during the wet season, especially in

western Amazonia, but a stronger consensus on drying and lengthening of the dry

season, particularly in the northeastern portion of the basin. These authors have

proposed that the large uncertainties that persist in the rainfall response arise from

contrasted anomalies in both moisture convergence and evapotranspiration.

4.5 Regional Extremes and Impacts on Future Climate

Change Scenarios

Downscaling experiments on climate change scenarios in South America have also

shown a reduction of rainfall in Amazonia for 2071–2100 from the A2 high

emission and B2 low emission scenarios for CO2 (Marengo et al. 2010b, 2012b).

This finding is in agreement with global projections of extremes from IPCC AR4

and AR5 projections shown in Tebaldi et al. (2006), Vera et al. (2006), Li

et al. (2006) and Meehl et al. (2007), Joetzjer et al. (2013), and Fu et al. (2013).

A recent study (Marengo et al. 2012b) has assessed the uncertainty and estimated

the most likely future climate using the Eta-CPTEC regional model driven by four

members of an ensemble of the HadCM3 model. The global model ensemble was

run over the twenty-first century according to the A1B emissions scenario, but with

each member having different climate sensitivity. The four members selected to

drive the Eta regional model used at the Brazilian Center for Weather Forecasts and

Climate Studies (CPTEC) spanned the range in the global model ensemble.
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The results of the Precipitation–Evaporation (P–E) difference in the A1B down-

scaled scenario suggest water deficits and possible river run-off reductions in the

eastern Amazon, making this region susceptible to drier conditions and droughts in

the future. In the following, we show projections of mean seasonal rainfall changes

for austral summer (December–February) and winter (June–August) for

2011–2040, 2041–2070, and 2071–2100 time slices relative to 1961–1990

(Fig. 4.4). In the Amazon region, the model projects large rainfall reductions

(up to 40%) mainly during the rainy season (austral summer). During the dry

season (austral winter), the changes projected are small. In both seasons, the

Fig. 4.4 Projected changes in austral summer and (right column) winter (left column) precipita-
tion (in %) for the period 2011–2040 ( first row), 2041–2070 (second row), and 2071–2100 (third
row), relative to 1961–1990. Projections are from the Eta CPTEC model run with the HadCM3

global model for the A1B emission scenario
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model demonstrates that all changes are more intense after 2040, when CO2 and

temperatures are predicted to increase very rapidly (IPCC 2013).

A frequency distribution was fitted to the annual rainfall in southern Amazonia

(75� W–50� W, 15� S–5� S) for both present and future (Fig. 4.5), to identify any

long-term changes in its distribution patterns, as well as its changes relative to the

present (1961–1990). The analysis of the frequency over various time slices for the

present and future indicates some noticeable changes in rainfall distribution. These

changes have some important implications regarding the critical values in the outer

tails of the distributions and, consequently, the frequency of extreme rainfall events.

As can be seen, the projected rainfall distribution exhibits a negative shift of the

location (towards lower rainfall values) and an increase in the width of the distri-

bution with respect to observations. Additionally, the thickening of the upper tail is

indicative of a decreased frequency of extreme rainfall events since 2011–2040.

Further analyses using the Eta-CPTEC climate change projections have been

carried out to analyse precipitation values and anomalies in four regions of the

Amazon basin: northwest (75� W–62.5� W; 5� N–2.5� S), northeast (62.5� W–50�

W; 5� N–2.5� S), west (75� W–62.5� W; 2.5� S–10� S), and east (62.5� W–50� W;

2.5� S–10� S). To identify the possibility of drought events similar to that in 2010 in

the future, we use the GPCC rainfall data to determine rainfall anomalies for the

June–October season for that year relative to 1961–1990, and this value is

1.4 mm day�1 for the west Amazon region. This is the largest negative rainfall

anomaly identified for 2010, and considering this value as a reference we have

identified the occurrence of droughts similar or worse than that in 2010 that could

occur in the future until 2071–2100, as derived from the Eta-CPTEC regional

model projections.
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Fig. 4.5 Frequency distribution of projected mean annual rainfall in Southern Amazonia (75� W–

50� W, 15� S–5� S) for the period 2011–2040 (red line), 2041–2070 (blue line), and 2071–2100

(orange line), based on Eta CPTEC model run with the HadCM3 global model for the A1B

emission scenario. Black line shows the frequency for the observation from 1961 to 1990. Data are

from GPCC-monitoring product available at 1.0� lat–lon gridbox area
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Table 4.2 exhibits the number of events and return periods of droughts similar to

that observed in 2010. For the period 2011–2040, no events were observed. During

2041–2070, one event is detected in the mid-emission scenario with a return period

of 30 years, and three events were projected for the high-emission scenario with a

return period of 10 years. In 2071–2099, four events were projected for the high-

emission scenario, with a return period of 7.5 years.

From the projections shown in Table 4.2, it may be concluded that droughts

similar to or worse than that of 2010 could occur more frequently in the future,

especially after 2040, with shorter return periods, depending on the CO2 emission

scenario considered. Finally, it should be emphasised that these projections show

uncertainties, arising from the intrinsic dynamics of the climate system. Such

uncertainties are even more evident when considering factors, such as the assump-

tions concerning greenhouse gas emissions for the future and the coupling of the

Eta-CPTEC regional model into the HadCM3 global model (Marengo et al. 2012b).

In this regard, Cox et al. (2008) have suggested that the drought of 2005 was an

approximately 1-in-20-year event, but will become a 1-in-2-year event by 2025 and

a 9-in-10-year event by 2060 in a warmer future climate.

Projected impacts of such drying scenarios would result in a dieback effect on

the forests of the Amazon basin, converting them from net absorbers to net emitters

of carbon (Cox et al. 2004, 2008; Nobre and Borma 2009). However, the latest

IPCC AR5 reports (2013, 2014) show that while some models have indicated

drying in Amazonia and possible impacts on the forest, other models show that

the Amazon forest would remain robust through the coming century. Therefore, the

question remains unresolved and so does the possibility of an Amazon dieback.

4.6 Conclusions

Droughts and floods are part of the natural environmental cycles in Amazonia.

While various intense droughts in the region have occurred during El Ni~no events

(1926, 1983, 1998), we cannot generalise that El Ni~no is responsible for all

Table 4.2 Number of drought events similar to that observed in the Amazon basin in 2010, with

rainfall anomalies of less than �1.4 mm day�1 in the west region for the period July–October

(JASO) projected for the Eta-CPTEC regional model between 2010 and 2100

Low Mid High

Number of events (2011–2040) 0 0 0

Return period (year) (2011–2040) – – –

Number of events (2041–2070) 0 1 3

Return period (years) (2011–2040) – 30 10

Number of events (2071–2099) 0 0 4

Return period (years) (2011–2040) – – 7.25

Projections represent the members that emulated the low-, medium-, and high-emission scenarios
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droughts in Amazonia, nor point to La Ni~na as responsible for all floods in

Amazonia. The tropical Atlantic also plays a major role in the rainfall regime in

the region, such as in the droughts of 1963 and 2005, both occurring during non-El

Ni~no years.

Droughts are extremely important due to the fact that they favour forest fires and

can lead to tree mortality, leading to changes in the carbon release, which, in turn,

switches the forest from sink to source of carbon. While the carbon release from the

forest during the droughts of 2005 and 2010 was high, this release was lower during

the wet years 2011–2012, as demonstrated by Lewis et al. (2011) and Gatti

et al. (2014). The drought in 2010 was so severe that it affected the capacity of

the forest to absorb CO2, and analysis of the year after the rainy conditions shows

that the vegetation was able absorb not only the CO2 released by natural processes

(e.g. respiration) but also the carbon emissions from human activities, including

forest fires. Very low river levels during drought episodes also affect population

living along the river banks and cities, as well as natural ecosystems.

In the long term, while there are no indicators of systematic increase or decrease

in rainfall, we have noted inter-annual and decadal variations in rainfall towards

drier or wetter conditions on shorter timescales in the recent decades. It is important

also to consider rainfall variability during the wet and dry seasons, suggesting also

that the onset of the rainy season and thus the length of the dry season are changing

with time, with tendencies for a longer dry season in southern Amazonia since the

middle 1970s (Marengo et al. 2011). New evidence on the possible role of human

influences (deforestation, greenhouse gases, and aerosol release) on decadal rainfall

and river variability and on droughts and floods has started to appear in the literature

[See Marengo and Espinoza (2015) and references therein].

Modelling results suggest that the future climate in Amazonia may exhibit a risk

of rainfall reduction in eastern Amazonia, as well as longer dry seasons in the

region, while increased precipitation is projected for western Amazonia. However,

uncertainties are large since some processes, such as dynamic vegetation and

aerosol feedbacks, as well as the representation of El Ni~no and El Ni~no-related
climate anomalies in the region, are still in development. In addition, large uncer-

tainties in relation to the possibility of the dieback of the Amazon forest for the

future still remain. Model improvements can help in assessing the risk of dangerous

climate change, as well as its impacts on the functioning of the Amazon forest and

its role in regional climate change.
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Part III

Carbon Balance



Chapter 5

The Amazon Carbon Balance: An Evaluation

of Methods and Results

John Grace

5.1 Introduction

Scientific interest in the carbon balance of tropical biomes remains high because of

the crucial effect that carbon dioxide released from deforestation may be having on

the climate system and the fact that deforestation is occurring before its implica-

tions are fully understood. This is a matter of scientific, economic, and ethical

concern, especially when associated with the many related impacts of tropical

deforestation, i.e. on biodiversity, on changes in the water and energy balance,

and on atmospheric chemistry.

Development in the Amazon basin has been mostly driven by a perceived need

to clear carbon-rich forests and woodlands to make way for cattle ranching and

various other productive forms of agriculture, most of which have very low stocks

of carbon (Fearnside 2002, and Chap. 16). Development of the Amazon by building

highways led to an increase in population of non-indigenous people from 2 million

in the 1960s to 20 million by the year 2000 (Laurence and Fearnside 2002), but the

basin still has a very low population density, around 3.3 people km�2. Agricultural

production in Amazonian countries is a major component of the economy: exports

include coffee, soybeans, wheat, rice, corn, sugar, cocoa, citrus, beef, and ethanol

(Jarvis et al. 2011). In the case of Brazil, total agricultural production accounts for

5.2% of a GDP equal to 2.2� 1012 dollars, although not all of this is from the

Amazon basin. The true value of the forest, its biodiversity, and the environmental

services cannot be calculated (although some have tried).

The questions relating to carbon that have been addressed in the last 20 years of

research may be succinctly stated as follows:
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1. What is the carbon balance of the Amazon, and how does it change from year to

year according to climatological variations?

2. What is the seasonality in the carbon flux between the land and atmosphere?

3. How do changes in land use affect the carbon balance?

These general questions are currently being addressed for all tropical regions

(Ciais et al. 2011; Gloor et al. 2012; Valentini et al. 2013; Patra et al. 2013; Grace

et al. 2014). However, the science is more mature in the case of the Amazon, and we

are closer to ‘answers’ here, simply because of the strong institutional develop-

ments and international collaborations that were stimulated as a result of the LBA

(Keller et al. 2004).

The approach to answering these questions is scale dependent. The carbon

budget of the Amazon basin is influenced primarily by the balance between

photosynthesis and respiration, which at one level can be investigated at the

ecosystem scale using plot-based approaches. Typically, these plots are small,

from 0.001 to 1 km2. But focusing on a few small-scale plots fails to address

regional-scale carbon budget and misses processes such as fire, cultivation, and

evasion of CO2 from wetlands and rivers. For broad integration of all processes, the

carbon dioxide fluctuations in the planetary boundary layer over large spatial scales

may be measured and interpreted.

The difference between these two approaches is crucial. At the ecosystem scale,

a ‘site’ for study is chosen by researchers to represent a particular land use where

intensive studies may be made. This is more likely to provide insights into the

environmental controls and the physiological processes, but many such samples,

which must be representative, are required before anything conclusive can be said

about the bigger picture that the region as a whole presents. This requires a further

step of integration by the use of assumptions, models, and remotely sensed data on

land surface cover. The atmospheric approach on the other hand is capable of

integrating directly over all the land and all the processes.

These two measurement strategies are complementary, as recognised explicitly

in other research programmes where they have been called ‘bottom-up’ and ‘top-
down’, respectively (Dolman et al. 2008). They represent two independent

approaches, and one test of whether the correct answers have been achieved is

whether they produce the same conclusions.

5.2 Evaluation of Methods

5.2.1 Bottom-Up Estimates

5.2.1.1 Biomass Plots

The mass of any cone-like structure is geometrically related to diameter, height, and

density by an allometric relationship, and so the biomass of a tree (a collection of
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long cones) can be estimated in principle from simple field measurements (Brown

and Lugo 1990; Chave et al. 2005). In practice, the tree is not composed of perfect

cones and so calibrations have to be made from laborious gravimetric measure-

ments made on destructively sampled trees. The biomass can then be roughly

determined from the diameter of the stem at 1.3 m, called ‘the diameter at breast

height’ and abbreviated DBH, but it is more accurately found if both biomass and

height are known. For the best determinations, the stem density also needs to be

taken into account (Chave et al. 2005). The carbon content of trees is close to 50%

(Thomas and Martin 2012 found it to vary from 42 to 52%), and so most

researchers assume that the carbon content is half the dry biomass. Thus, repeated

measurements of trees at permanent sample plots, typically every few years, can be

an effective method to track changes in carbon stored at any forested site. If the sites

are well chosen, revisited over a long period (every few years), and grouped to form

a network (Malhi et al. 2002), it becomes possible to infer an important part of the

tropical carbon balance.

Using these methods, it was demonstrated that many old-growth rainforest sites

(sometimes called primary, virgin, primeval, or late seral forest) are accumulating

biomass, both in the tropics (Phillips et al. 1998; Lewis et al. 2009) and in the

temperate and boreal regions (Luyssaert et al. 2008). This is quite contrary to the

classical assumption that such forests should reach an equilibrium where the

biomass is constant (Odum 1969) and prompts the general question of whether

trees are benefiting from long-term fertilisation effect of elevated CO2 (K€orner and
Arnone 1992; Lloyd and Farquhar 1996; Clark 2002) and the specific question of

whether the hypothesis should be tested with a large-scale CO2 fertiliser experiment

in the Amazon basin (Tollefson 2013).

Further measurements at such plots, involving collection of litter and measure-

ment of CO2 fluxes using chambers attached to the soil, can provide a comprehen-

sive picture of the main components of carbon flow in any ecosystem (Malhi

et al. 2009). These components are the photosynthetic input, termed the gross

ecosystem productivity (GPP); the autotrophic and heterotrophic respiration Ra

and Rh; and the net primary productivity (NPP). The overall carbon balance of

the site is termed the net ecosystem productivity (NEP), which is the difference

between the photosynthetic inputs (GPP) and the respiratory ‘losses’, i.e. Ra plus Rh.

Many such datasets from the Amazon now exist. A selection is represented in

Fig. 5.1: the series of carbon-flow plots from east to west across the basin shows

very clearly a decline in biomass across this east–west progression, although GPP

declines only at the driest site (at the end of the series, Fig. 5.1f); NPP, intriguingly,

is not affected.

Sample plots are also important in estimating the impact of land use change by

making comparison of the carbon content before and after a transition or compar-

ison of the carbon contents in sites under different management practices which

happen to be close to each other (Don et al. 2011; Ziegler et al. 2012). These

investigations are very important if we are to properly quantify the impact on

carbon stocks of changing from one land cover to another. The process of equili-

bration following deforestation takes time and involves changes in the below-
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ground carbon stocks which are hard to measure, and even when measured they are

hard to upscale to larger areas (Houghton et al. 2012).

The main criticisms of estimating carbon fluxes from biomass plots are that

(i) the sites may not have been representative, (ii) observer error can influence the

measurement of stem diameter especially when different researchers are involved

in data collection on different occasions, and when trees have rough surfaces and

buttresses, (iii) changes in soil organic matter (SOM) are unlikely to be recorded as

the sample size required to resolve small changes in SOM is larger than may

practically be obtained, and (iv) sample plots of one hectare are too small and too

much influenced by the death of large trees to be statistically robust. Most of these

criticisms have been considered (Clark 2001; Phillips et al. 2002; Houghton

Fig. 5.1 Carbon flows inferred from plot-based methods as described by Malhi et al. (2009),

arranged in order from east to west across the Amazon basin: (a) general scheme; (b) Caxiuan~a; (c)
Tapajos; (d) Manaus; (e) Tambopata; (f) dry forest near Santa Cruz in Bolivia. Sources of

information: (b, c, d) are from Malhi et al. (2009), (e) is from Malhi et al. (2014), and (f) is

from Araujo-Murakami et al. (2014). Fluxes (arrows) are in tC ha�1 annum�1; stocks (boxes and
tubs) are in tC ha�1
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et al. 2009; Gloor et al. 2009; Lloyd et al. 2009), but not all studies have been well

enough designed to avoid error altogether (Bowman et al. 2014).

5.2.1.2 Eddy Covariance Sites

Eddy covariance measurements of CO2 and H2O fluxes were introduced in the

1990s as soon as suitably fast-responding CO2 analysers became available. The

technique is a relatively direct method to measure carbon fluxes over forests,

integrating all gas exchange processes (photosynthesis, autotrophic and heterotro-

phic respiration, evasion from wetlands), and can in principle be extended to

measurement of methane. Moreover, many thousands of trees are effectively

sampled.

The technique relies on simultaneous measurement of the instantaneous vertical

component of wind w0 and CO2 concentration c0 over a large and uniform expanse

of vegetation. In principle, the flux F can be estimated from a time series of the

product of w0 and c0:

F ¼ w0c0 þ ∂
∂t

Z h

0

c zð Þdz

where over-bar denotes the mean of w0c0 over a sampling period (typically 0.5–2 h)

and the second term in the equation adjusts the result to take into account the fact

that carbon dioxide exchanged by plant and soil does not immediately appear at the

top of the canopy, i.e. the second term represents storage which should be included

if we wish to reveal more accurately the physiological activity of the vegetation.

When sensors are mounted well above the canopy on a tower, the system

samples fluxes over the landscape in a variety of meteorological conditions at a

scale of 0.05–1 km2 and enables net CO2 fluxes to be calculated directly and

continuously on an hour-to-hour basis, thus giving important insights into environ-

mental control of the net flux. With a few assumptions, the downward flux (photo-

synthesis) may be separated from the upward flux (respiration). Site requirements

are however severe; for accurate eddy flux data the site should be homogenous and

flat over a considerable distance upwind. A further requirement is that the air at

sensor height is fully turbulent, a condition which is usually not satisfied for long

periods at night when stably stratified meteorological conditions occur. When the

requirements are not satisfied, a bias in F is very likely to be introduced, and when

data are accumulated over an entire year a substantial error may appear in the

annual estimate of carbon balance (Kruijt et al. 2004). The errors inherent in the

eddy covariance technique have been widely discussed (Kruijt et al. 2004; Aubinet

et al. 2000), and this discourse has resulted in standard protocols for filtering and

correcting the data (Aubinet et al. 2012). However, critics of the eddy covariance

technique have raised doubts about whether the annual flux from eddy covariance

can ever be reliable, especially in tropical forests where site conditions are often
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less favourable than those in other ecosystems, and where regular maintenance is

not always possible. Today, eddy covariance towers are generally established in

association with biomass plots, thus providing the possibility of comparing the

carbon fluxes calculated from the two independent methods. In cases where this has

been tried, the agreement has been satisfactory (Malhi et al. 2009).

5.2.2 Top-Down Estimates

5.2.2.1 Measurements from Air-Borne Platforms

Fluxes over large areas of vegetation may be inferred from the analysis of vertical

profiles of CO2 concentration within the planetary boundary layer (PBL), as first

illustrated with small datasets by Culf et al. (1999), Chou et al. (2002), Lloyd

et al. (2007), and Gatti et al. (2010). More recently, Gatti et al. (2014) have utilised

the technique over a large part of the entire Amazon basin, making use of profiles at

different distances along the path of the air mass as it sweeps in from the Atlantic

and travels across the basin:

F ¼
R h¼5000

h¼100
C1 � C2ð Þdz
t

where F is the flux of CO2; the profiles have been obtained (in the simple case) at

two different points along the air flow (1,2); the concentrations C1 and C2 have been

measured at heights from a few hundred to several thousand metres. The profiles are

subtracted to reveal how much the air has become depleted or enriched in CO2

during its journey; t is the time taken for the journey from point 1 to point 2. Gatti

et al. (2014) worked with data from a small aircraft that descended from 4400 m to

about 300 m a.s.l. and used four stations from east to west, essentially tracking the

air from a ‘control’ site over the Atlantic Ocean until it reached the south-western

part of the so-called Legal Amazon in Brazil.

The cost of such a large measurement programme at full Amazonian scale is

high, and there can sometimes be difficulties with scheduling regular flights of

research aircraft, partly due to vagaries of the weather. The weather dependency of

flying introduces a possible systematic bias. In future, use may be made of com-

mercial aircraft as regular ‘ships of convenience’ (Matsueda and Inoue 1996;

Stephens et al. 2007; Machida et al. 2008).

5.2.2.2 Measurements from the Global Atmospheric Network

Since the early work of Bolin and Keeling (1963), the atmospheric research

community has been establishing a global network of stations where concentrations

of CO2 are measured with maximum possible accuracy (usually better than
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0.05 ppm) to yield data from which the distribution and strength of sources and

sinks of carbon may be inferred through the ‘atmospheric inversion’ calculation
developed by Enting and Mansbridge (1989) and Tans et al. (1989). Some authors

have been bold enough to use this approach to suggest carbon balances of discrete

regions including South America (R€odenbeck et al. 2003). However, in view of the

poor coverage of the tropical region in the network, reporting is mostly confined to

broad latitudinal zones (Gurney et al. 2002; Peylin et al. 2013).

R€odenbeck et al. (2006) have detailed the sources of error in this approach. They
included uncertainties in the atmospheric transport model arising from vertical

motion of the air and experimental error in measuring the very small concentration

differences that arise in a well-mixed atmosphere. The main weakness of this

approach is that there are too few stations, and the tropical regions are very poorly

represented in the network. One possibility in the future is that the network will be

used to calibrate worldwide observations on column-average CO2 and CH4 made

from satellite, using variations in the short-wave infrared irradiance emitted from

the Earth’s surface. Satellite-based observations are currently much less accurate

than those made from well-calibrated physical instrumentation near the ground, but

recent data from GOSAT (http://www.gosat.nies.go.jp/en/) do seem to be well

correlated with ground-based data (Cogan et al. 2012). However, unlike the case

involving aircraft flights (see above) the concentrations seen are not only those of

the well-mixed PBL, which carries the signal of interest, but also those aloft. Thus,

distant signals, for example of biomass burning, may confuse the interpretation.

5.2.3 The Role of Satellite Remote Sensing

Satellite remote sensing is crucial for detecting the change in land surface cover,

and especially deforestation. Satellite observations of land use change in the tropics

were first used in the late 1970s for the detection of deforestation in Brazil using

Landsat imagery (INPE 2003). The work continues to assist policy development in

Brazil (see e.g. Chap. 15). Satellite missions widely used by the research commu-

nity include the European SPOT (Système Pour l’Observation de la Terre) series of
satellites, commencing with SPOT 1 (1986) and leading to SPOT 6 (launched

2012); ENVISAT which flew the moderate resolution imaging spectrometer

MERIS from 2002 to 2012; the NOAA advanced very high resolution radiometer

(AVHRR) from 1978 to the present; and NASA’s moderate-resolution imaging

spectroradiometer (MODIS) on board the Terra and Aqua satellites from 2000 to

the present. Data from these satellites have provided valuable indications of the

global rate of decline of forest cover (Achard et al. 2002; DeFries et al. 2002; Asner

et al. 2010; Mayaux et al. 2013; Hansen et al. 2013). Knowledge of the deforesta-

tion rate can be converted into an estimate of carbon flux by making an assumption

about the carbon stored per area and the extent to which it is oxidised when fired.

In recent years, satellite remote sensing has gone a stage further, from simply

detecting forest versus non-forest towards the estimation of biomass. The most
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important technical development may be the deployment of active radar remote

sensing from space. Because radar sensors can ‘see’ the land surface even at night

and when there is cloud cover, much more data can be acquired than with optical

sensors. Moreover, radar penetrates the forest canopy to an extent which depends

on its wavelength, and the back-scattered signal provides information, which after

calibration against ground-based observations can yield an estimate of the amount

of biomass per area of land (Quegan et al. 2000; Le Toan et al. 2011). From 2006 to

2011, the Japanese Advanced Land Observing Satellite (ALOS) carried a synthetic

aperture radar sensor (PALSAR, the phased array type L-band synthetic aperture

radar) which has been used to map the biomass distribution of regions of Africa

(Mitchard et al. 2009; Ryan et al. 2012).

The second very recent development is the use of space-borne LiDAR to

measure the height of the vegetation and thus to estimate biomass from ground-

based calibration data. The NASA satellite ICESat, designed primarily to measure

the changing mass of polar ice sheets using LiDAR, flew from 2003 to 2009 and

provided point estimates of tropical forest mass across the tropics, which were

spatially extrapolated to prepare the first pantropical maps of above-ground carbon

using ancillary full-cover datasets (Saatchi et al. 2011; Baccini et al. 2012). Both

studies used the ICESat data in combination with remotely sensed information on

forest cover to model and map the spatial distribution of biomass across three

continents for the early 2000s.

It is clear that both Radar and LiDAR will be widely used for sensing forest

biomass. In the future, there will be satellites designed specifically for monitoring

biomass carbon, for example the European Space Agency’s Biomass satellite

mission, due to launch in 2020. This will solve some of the measurement problems,

but estimation of biomass in very dense forest will still be hard to achieve because

the back-scattered signal saturates when very high biomass is reached.

5.3 Evaluation of Results, with Emphasis on Uncertainties

Arising from Methods

5.3.1 What Is the Carbon Balance of the Amazon Basin?

A major difficulty in speaking about the Amazon basin is that most of the available

studies have been in Brazil, yet parts of the 6,915,000 km2 basin are in other

countries as follows: Peru (17%), Bolivia (11%), and Colombia (5.8%) with

small parts in Ecuador, Guyana, Venezuela, and Suriname. Although the part of

the Amazon basin in Brazil covers some 5,016,136 km2, i.e. 73% of the total, the

soils, climate, and government policy, the Amazonian countries are different from

each other, and so it may be inadvisable to simply assume that data from Brazil

applies to the entire Amazon basin.
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To interpret the many studies, we postulate that the net carbon flux over the

Amazon basin FTotal may be considered to be the sum of an array of processes,

some of which have been investigated rather thoroughly, but several of which have

been more or less neglected, and therefore coarse assumptions will have to be made

to arrive at FTotal.

FTotal ¼ FDeforestation þ FDegradation þ Fold-growth þ FSecondary þ FPlantation þ FHarvest

þ FPeat þ FAgriculture þ FClimate change

In the following paragraphs, we consider the terms separately.

5.3.1.1 FDeforestation and FDegradation the Deforestation and Degradation

Fluxes

Deforestation is achieved by means of fire. Burning is mostly in the dry season to

achieve an efficient burn. Not all woody tissues are oxidised (Fearnside et al. 2007),

but almost all are killed and the soil component decomposes over years and

decades, with the exception of charcoal which may be 1% of the biomass

(Fearnside et al. 2007). When the land is converted into cattle ranching, the

above-ground biomass may be only a few MgC ha�1 (McWilliam et al. 1993)

compared with 100–200 MgC ha�1 for forest.

Data on deforestation rates may be obtained for each country from FAO official

statistics (FAO 2011a), although these figures are often disputed (Grainger 2008).

The Brazilian government pioneered the use of satellite remote sensing to track the

transition from forest to pasture, a challenging operation when it started in the

1970s, but now routine. Their data show that deforestation in the Brazilian Legal

Amazon (BLA) has fallen from 27,000 km2 in 2004 to<5000 in 2012 (INPE 2012).

In other parts of the Amazon basin, the rate of deforestation does not show this

decline (Arag~ao et al. 2014). The most recent attempt to estimate forest cover is for

the period 2000–2012 and covers the whole world (Hansen et al. 2013). For the case

of Brazil, the figures from Hansen et al. (2013) agree reasonably well with govern-

ment figures, given that the remote sensing data are for the whole of Brazil not just

BLA. If the mean deforestation data for BLA (government figures, period

2000–2100, mean rate 16,000 km2) are multiplied by the mean carbon stocks

from ICESat (Saatchi et al. 2011, the mean carbon stock is 127 Mg ha�1), we

may conclude that Brazil’s FDeforestation has been around 0.20 Pg C annum�1, but

that figure fell to only 0.06 in the year 2012. There is another dataset which provides

deforestation data for the entire Amazon basin (FAO 2011b). According to this

source, between the years 2000 and 2010 the forest cover fell by as much as

36,450 km2 per year, implying a mean Amazon-wide flux for the period of

0.46 Pg C annum�1.

The term ‘Forest degradation’ refers to a loss of biomass which is not visible by

conventional remote sensing and which usually goes unreported. It arises mostly
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from selective logging, where the fraction of trees removed is not sufficient to

change the land cover from ‘forest’ to ‘non-forest’ (Nepstad et al. 1999). High-

resolution remote sensing has been used to detect degradation in the Amazon

region: Asner et al. (2005) estimated the flux of carbon to be 25% of that caused

by deforestation. The DEGRAD System, developed by INPE in 2007, uses images

of LANDSAT and CBERS satellites to map annually the areas where forest cover is

not completely removed and therefore not counted as deforestation. In 2008,

27,417 km2 was mapped as degraded forest. Later, much of this was cut and thus

counted as deforestation. In 2010, degradation for the whole of Brazil was esti-

mated to be 7508 km2 (Serviço Florestal Brasileiro 2013). It is not possible to use

these figures to compare with Asner et al. (2005) as they give no indication of the

carbon content of the degraded component of forest, so we use Asner et al. (2005)

and estimate FDegradation to be 0.11 Pg C annum�1.

5.3.1.2 Fold-growth and FSecondary Fluxes Over Forests

Measurements of trees at permanent sample plots (all old-growth forests) suggest that

some plots have increased their carbon stocks whilst others have decreased or remain

unchanged; however, on average one-hectare plots increased in biomass by

0.71� 0.34 Mg ha�1 annum�1 (Phillips et al. 1998). More recently, Lewis

et al. (2009) have upscaled the updated version of the dataset to the 7.9 million km2 of

Central and South America and estimated the carbon sink at 0.39–0.73 Pg C annum�1

for the whole region. A similar sink is estimated for other continents: the carbon sink for

the entire tropics estimated by Lewis et al. (2009) is 0.79–1.56 Pg C annum�1 a figure

considered by Wright (2013) to be too high.

The number of old-growth forest sites where eddy covariance has been carried

out and published (5) is far too few to make any statistical average. All but one

(Saleska et al. 2003) indicate a carbon sink. The sink has sometimes been reported

to be very small and consistent with Phillips et al. (1998) and Lewis et al. (2009),

for example see Grace et al. (1995), but in other locations a sink of several Mg ha�1

annum�1 is reported (Malhi et al. 1998; Araújo et al. 2002; Carswell et al. 2002;

Saleska et al. 2009).

Plot-based estimates of carbon balances at specific old-growth sites, in which

GPP has been estimated, often show that photosynthetic gains exceed respiratory

losses by an average of several Mg per hectare (Fig. 5.1).

The remaining forest area in BLA is 3.37 million km2, to which we add

1.73 million km2 of other Amazonian countries, to give 5.10 million km2 in all.

Taking the plot-based figures from Lewis et al. (2009), tropical forests worldwide

may be increasing by anything from 0.37 to 1.05 Mg ha�1, giving an Fold-growth for

the basin of between 0.19 and 0.54 Pg C annum�1, the most probable value being

0.35 Pg C annum�1, somewhat higher than the value suggested by Chambers

et al. (2001).

Much of all tropical forest is now secondary forest (sensu Brown and Lugo 1990).

According to FAO (2011a), about 23% of tropical forest is now secondary in South
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America. This includes forest developing on abandoned farmland and forest regrowing

from having been otherwise destroyed. Secondary forest often accumulates carbon

rather rapidly when young and then more slowly (Brown and Lugo 1990; Helmer

et al. 2009; Sierra et al. 2012). In a recent analysis of data from all three tropical

continents, Bonner et al. (2013) found carbon uptake rates of secondary forest to vary

from 0.25 to 6 Mg C ha�1 annum�1, with a central tendency of about 3.0 Mg C ha�1

annum�1, not very different from the value obtained from themuch earlier (but smaller)

dataset by Brown and Lugo (1990), and a more recent remote sensing study in the

Amazon which suggested 4.0 Mg C ha�1 annum�1 (Helmer et al. 2009). To estimate a

sink from this value, we need to know the area of secondary forests. According to the

remote sensing investigations ofNeeff et al. (2006) andAlmeida et al. (2010), Brazil had

between 133,000 and 161,000 km2 of secondary forest between 2000 and 2006, which

implies that about 35%of the area deforested since 1978has been abandoned and is now

secondary forest. This area may be an underestimate as the older secondary forests are

hard to distinguish from old-growth forests by optical remote sensing, and sowe assume

200,000 km2 is the true figure and we take 4.0 Mg C ha-1 annum�1 as the growth rate.

This provides a sink of 0.08 Pg C annum�1 for Brazil alone. For the entire Amazon, we

estimate FSecondary to be 0.12 Pg C annum�1 with an uncertainty of�0.02.

5.3.1.3 FPlantation

Tropical plantations are capable of achieving very high growth rates and are

sometimes heralded as a means of sequestering large quantities of CO2. Laclau

et al. (2000) found growth rates of 16 Mg biomass ha�1 annum�1 for eucalyptus in

the Congo, and much higher rates are possible with appropriate silviculture,

especially when fast-growing clonal plantations are used (Stape et al. 2008). Brazil

has 7.2 million hectares of plantations (Serviço Florestal Brasileiro 2013), mostly

Eucalyptus and Pinus. If we assume these plantations have an average sequestration

rate of 5 Mg C ha�1 annum�1, we arrive at an estimate of 0.037 Pg C annum�1 as

the sink due to plantations.

5.3.1.4 FHarvest

Government data on quantities of harvested fuelwood and timber are compiled by

FAO (2011a). Data are given in cubic metres, and here we have converted to an

estimate of carbon by multiplying by 0.25. We may conclude that wood harvests in

Brazil have amounted to rather small carbon fluxes, c. 0.035 Gt carbon per annum

as fuelwood, and about the same as round-wood and sawn-timber combined. Only a

small part is exported, so we may expect that 0.07 Gt C as CO2 over Brazil derives

from burning wood (assuming that the stock of long-lived products such as furni-

ture is more or less at a steady value). Although these figures are from the whole of

Brazil, and some is from plantations, we may consider that by far the largest part of

the harvested wood is from the Amazon basin.
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5.3.1.5 FPeat

Attention has recently been drawn to the large stocks of tropical peat (Page

et al. 2011). Until recently, most of this was thought to be in south-east Asia, but

recent work suggests that peat accumulation is occurring in parts of the Amazon, in

Peru (Lahteenoja et al. 2012, 2013). Accumulation rates of 28–108 g m�2 annum�1

are reported over an area of 107,000 km2, resulting in a carbon accumulation rate of

a few million Mg of carbon annually. It is too early to estimate the extent of peat

accumulation across the Amazon basin. It should be kept in mind that peat deposits

can rapidly become a carbon source, as has happened in Indonesia (Page

et al. 2011).

5.3.1.6 FAgriculture

The Amazon basin continues to undergo rapid change, as forests are converted to

agriculture for the production of soya bean, sugar cane, and beef (Davidson

et al. 2012; Ortiz et al. 2013). This process involves a huge step-wise decline in

above-ground biomass (McWilliam et al. 1993) and a slower decrease in the soil

carbon as the woody root tissues gradually decompose (Fearnside and Barbosa

1998; Cusack et al. 2009). The grass, sugar cane, or soya bean that replaces the

forest is thereafter cropped according to a seasonal cycle, but in this process some

fraction of the production is added to the soil, as a crop residue, as root exudate, or

as dead root material. In clay soils, the carbon may be partially protected from

decay (Freibauer et al. 2004). These processes may result in a steady accumulation

of carbon in the soil, i.e. a carbon sink. It was suggested 20 years ago that tropical

grassland is indeed a significant global carbon sink (Neill et al. 1997) and some

authors drew attention to deep-rooted tropical grasslands in particular (Fisher

et al. 1994; Scurlock and Hall 1998). In temperate regions, the soil carbon sink

has been measured and shown to depend on the management regime, especially the

extent of tillage (Paustian et al. 2007; Freibauer et al. 2004; Poeplau and Don 2015).

However, in the tropics there have been only a few long-term studies of soil carbon.

In southern Brazil, four long-term experiments with no-tillage (7–19 years) showed

accumulation rates that varied between 0.12 and 0.59 Mg C ha�1 annum�1 (Amado

et al. 2006). From these studies, and similar studies of soil carbon in croplands

elsewhere (Poeplau and Don 2015), it appears that crops do indeed accumulate soil

carbon at appreciable rates, but the rate depends on the tillage, the soil type, and

especially the stabilising effect of clay particles. Changes from one form of

agriculture to another introduce a further complication, and the overall picture is

not yet clear (La Scala et al. 2012; Franco et al. 2015).

Gloor et al. (2012) presented Brazilian agricultural statistics on the areas of

pasture (c. 0.55� 106 km2) and agriculture (c. 0.42� 106 km2) in the Amazon

basin. Taking these areas and the sink strength from Amado et al. (2006), we may

make a first tentative estimate of the potential agricultural sink of BLA between
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0.01 and 0.05 Pg C annum�1. This would apply if all the agriculture were no-till.

We assume that the actual sink (in a scenario of mixed agricultural types) would be

at the lower end of this range, and we here assume (for the purposes of estimation of

FTotal), a sink of 0.02� 0.01 Pg C annum�1.

Although the sequestration of carbon is significant, it should be thought of in

relation to the ‘carbon debt’ that has accumulated since deforestation started in

Brazil in the 1970s. If we take the figure for cumulative deforestation (750,000 km2)

and carbon loss (11.2 Pg) that Nogueira et al. (2015) have given, we may estimate

how long it would take to repay the debt. To ‘pay back’ that loss by soil seques-

tration would take between 400 and 1100 years, even assuming that soil could store

such huge amounts of carbon. Moreover, to sustain agricultural production (and

sustained sequestration) would require intensification of cultivation and the appli-

cation of fertilisers, which would reduce the effective sink strength.

5.3.1.7 FClimate change

How far can plot-based measurements inform the debate on the impact of climate

change on the forest carbon sink? There have been two major drought experiments

in the Amazon basin, one near Santarém (Nepstad et al. 2002, 2007) and the other in

the eastern part of the Amazon, Caxiuan~a (Meir et al. 2009; Da Costa et al. 2010).

The one-hectare plots are ‘droughted’ by excluding the throughfall—the rain is

intercepted by covers near the ground and it is channelled away. Using this

technique, a 50% reduction in the supply of water to the rooting zone is achieved.

In both cases, an increase in mortality of trees was observed; Da Costa et al. (2010)

report a doubling of the tree mortality rate, with a loss of 37.8� 2.0 Mg ha�1 of

carbon from 2002 to 2008 and a reduction in wood production. After a decade, the

rate of loss increased, mostly due to mortality of the larger trees, and the droughted

plot has now declined from 250 Mg C ha�1 to only 150 Mg C ha�1 (Rowland

et al. 2015). If this were to be repeated in a natural drought on a large scale, the

Amazon basin would become a substantial source of CO2 to the atmosphere;

however, droughts are not generally as prolonged as in this experiment. Information

on the response to real droughts has been obtained from sample plots (Phillips

et al. 2009, 2010). Data on mortality of tropical trees before, during, and after

drought events show an extremely good relationship between soil water deficit and

mortality, sometimes with a small delay, with mortality being most pronounced in

larger trees.

We may conclude with Phillips et al. (2009) that drought certainly influences the

carbon balance of Amazonian forest. It should be kept in mind that this is a direct

effect, not the more obvious indirect effect associated with the fires which usually

accompany drought (Chap. 13). Both the direct effect on mortality and indirect

effect on fires presumably combine to account for the often-reported association

between the CO2 concentration in the global atmosphere (Heimann and Reichstein

2008). There may be additionally an effect of temperature on heterotrophic respi-

ration, as often suggested by modellers (Tian et al. 1998; Cox et al. 2000), although
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this is not confirmed from plot-based studies where respiration has often been

measured (e.g. Rowland et al. 2013).

5.3.1.8 FFossilfuel

The population density in BLA is low, said to be 3.3 people km2 (UNEP 2004). It is

concentrated in urban centres, of which only three have populations exceeding

1 million (Manaus, Belém, La Santa Cruz). The total population of the top 11 urban

centres is around 9 million, but there are many small settlements along roads and

rivers as well as a population of forest-dwelling people, some of whom are

‘uncontacted’ and even undiscovered, who do not use fossil fuels. For the purposes

of estimating the carbon emissions from fossil fuels, we assume a population of

20 million (Laurance et al. 2001), and we take the per capita emission as

0.50 Mg C annum�1, representing emissions in Brazil since the year 2000 (Boden

et al. 2010). This amounts to a very small basin-wide annual emission of only

10 million Mg of carbon.

5.3.2 Total Estimate of Carbon Balance, Bottom-Up
Evaluation

Adding all the terms together provides an estimate of the Amazon carbon balance

(Table 5.1). We find that the most likely result is a net all-basin carbon source of

0.11 Pg C annum�1, but the result is highly dependent on the upscaled plot data

(Phillips et al. 1998; Lewis et al. 2009). Taking the uncertainty bounds, and taking

into account error propagation, we have 0.64� 0.04 minus 0.53� 0.16, which is a

source of 0.11� 0.16, i.e. the balance is not distinguishable from zero.

Table 5.1 Annual carbon balance of the Amazon basin in an ‘average year’, obtained from plot

measurements multiplied by measured and estimated areas, with the assumptions and caveats

outlined in the text

Loss (Pg C annum�1) Gain (Pg C annum�1)

Deforestation 0.46� 0.04

Degradation 0.11� 0.01

Old growth forest 0.35� 0.16

Secondary forest 0.12� 0.02

Plantations 0.037� 0.004

Agriculture 0.02� 0.01

Harvested wood 0.07� 0.01

Total 0.64� 0.04 0.53� 0.16

Units are Pg C annum�1
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5.3.3 Total Estimate of Carbon Balance, Top-Down
Evaluation

A recent study provides basin-wide data on the carbon balance (Gatti et al. 2014),

using the methods outlined above (Sect. 2.2.1). The vertical profiles of CO2 showed

marked differences in the burning season (July–October) when the surface concen-

trations were enriched (Fig. 5.2). In the rest of the year, the activity of the vegetation

drew down the surface concentration below the background. By contrasting the

year 2010 (a drought year) with 2011 (a more normal year), and by also measuring

carbon monoxide (a marker for fire), the researchers were able to separate the

impact of drought on the basic biological process and on the fire occurrence

(Table 5.2). In the drought year, the uptake of carbon dioxide by the vegetation

was reduced by 0.22 Pg C, and fires were increased by 0.21 Pg C of carbon. Overall,

the Amazon basin was changed from being more or less carbon neutral in the

normal year of 2011 to being a source of 0.48 Pg C of carbon in the drought year.

The results are in moderate agreement: the plot-based study shows a biological

sink of some 0.53� 0.16 Pg C annum�1 whilst the aircraft study shows a sink that is

somewhat smaller, of 0.25� 0.14 Pg C annum�1. The deforestation figures based

Fig. 5.2 Mean difference between profiles of CO2 over the Amazon basin in 2010 arranged in

order from west to east (Gatti et al. 2014). The difference is expressed relative to the background

CO2 from the Atlantic sites at Ascension and Barbados
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on remote sensing and FAO data (Table 5.1) are in rough agreement with the fire

estimate from Table 5.2.

5.4 Answers to the Science Questions

Which approach provides the best answers to the science questions posed on page

1 of this article? Here, we address them in turn.

5.4.1 What Is the Carbon Balance of the Amazon, and How
Does It Change from Year to Year According
to Climatological Variations?

It is clear that the aircraft flights have gone far towards answering this question,

showing beyond doubt that the basin is close to being carbon neutral in a normal

year and becomes a source in a drought year when much burning occurs and

photosynthesis is reduced. However, they provide little information on the pro-

cesses which make up the net fluxes. Plot-based studies on the other hand have

contributed strongly to an understanding of why these fluxes are as they are;

moreover, they have provided data about processes which may become useful in

the parameterisation of models. Moreover, when plot data have been collected over

many years, long-term trends emerge. Recent work provides evidence that the

forest carbon sink is declining (Brienen et al. 2015).

5.4.2 What Is the Seasonality in the Carbon Flux Between
the Land and Atmosphere?

This is answered by the aircraft measurements, which have picked up a major

seasonality in the flux from burning. Seasonality is manifest as fire in a normal year

and is essentially a measure of FDeforestation; the flux from burning is much

Table 5.2 Annual carbon balance of the Amazon basin in a drought year versus a normal year,

obtained from aircraft measurements in the planetary boundary layer (Gatti et al. 2014)

Total Fire Net biome exchange

2010 (drought year) 0.48� 0.18 0.51� 0.12 �0.03� 0.22

2011 (normal year) 0.06� 0.01 0.30� 0.10 �0.25� 0.14

The net biome exchange is the exchange of carbon with the entire basin after removing the flux due

to fire. Sign convention is as follows: negative means uptake by the land surface from the

atmosphere. Units are Pg C annum�1

94 J. Grace



intensified in a drought year. Seasonality in the biological fluxes is found by eddy

covariance to be surprisingly low despite the definite seasonality in precipitation

(Restrepo-Coupe et al. 2013; Baker et al. 2013), presumably because forests have

deep roots and so they can access water at depth. Rowland et al. (2014) report

relatively large seasonality in growth of trees in lowland Amazon, hinting at the

capacity of tropical trees to vary allocation patterns according to the challenges of a

fluctuating environment.

5.4.3 How Do the Changes in Land Use Affect the Fluxes?

This question is best answered by plot-based studies, such as those described in Don

et al. (2011), Eclesia et al. (2012), and Ziegler et al. (2012). They provide insights

into below-ground as well as above-ground processes and form the basis of the

widely used ‘bookkeeping’ approach. Ziegler et al. (2012) showed how the carbon

content of tropical ecosystems may vary from a few Mg ha�1 to over 400 Mg ha�1

and such data will in the future be used to model the process of transition. There are

some surprises: the forest-to-pasture transition may even lead to an increase in soil

carbon, especially in the surface layers of soil (Don et al. 2011; Eclesia et al. 2012;

Smith et al. 2014) as suspected from earlier research on South American pastures

made up of introduced grasses (Fisher et al. 1994). The review by Eclesia

et al. (2012) shows the timing of the observed changes in soil organic carbon.

When forest is replaced by tree plantations, the soil carbon content increases

linearly, and after a century it far exceeds the levels found in the native forest,

except in the wettest sites. When forest is replaced by pasture a somewhat similar

picture emerges, except the largest increases are in the wetter sites. This analysis is

intriguing and relevant to much of the land use change occurring in the tropics

today, but the difference in behaviour between the two types of transition has not

been explained.
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Chapter 6

Climate and the Amazonian Carbon Balance

Emanuel Gloor

6.1 Introduction

The Amazon basin is an important component of the global carbon cycle and the

earth climate system because of its vast size (ca. 6.5 mio. km2) and its location in

the tropics. The high annual precipitation resulting from lower troposphere wind

and moisture convergence and subsequent upwelling and the high incoming solar

radiation are the basis for extensive forests, the largest rainforests in the tropics.

These forests store a large amount of organic carbon, in the order of 110 Pg C in

above-ground biomass alone (Feldpausch et al. 2012), which may be released

rapidly to the atmosphere by forest destruction and thus could potentially contribute

substantially to greenhouse warming at short timescales (decades). Upwelling of air

over the Basin is an important component of the Hadley and Walker circulations

with the onset of the rainy season possibly being triggered by an increase in

evapotranspiration at the end of the dry season (Fu et al. 1998; Silva Dias

et al. 2002; Poeschl et al. 2010). Thus, the Amazon rainforests and the large-scale

climate system are intertwined. The Amazon basin has over the last five decades

and still is exposed to strong development pressure in an economically fast devel-

oping continent, with expanding agriculture having been an important force driving

deforestation. Deforestation has over the last decades been particularly intense

along the southern border of the Basin, the transition zone between forest and

cerrado (or savanna) (e.g. Fearnside 2005). Replacement of forests by other vege-

tation types reduces evapotranspiration, i.e. reflux of water vapour to the atmo-

sphere, and thus precipitation downwind (Salati et al. 1979; Martinelli et al. 1996;
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Silva Dias et al. 2002; Werth and Avissar 2002; van der Ent et al. 2010; Spracklen

et al. 2012). In addition, the Basin, like the rest of the planet, is exposed to a

warming climate in addition to elevated atmospheric CO2. What will be the effect

on vegetation and specifically rainforests? Will they thrive or decline in a warmer,

probably wetter, elevated CO2 world? Will there be an increased contribution to

atmospheric CO2 and thus greenhouse warming due to negative impacts on the

rainforests (e.g. Huntingford et al. 2013) or will the forests instead have a moder-

ating effect on greenhouse warming by forest growth stimulation? Finally, how

much loss will be incurred due to forest destruction and induced fire feedbacks? The

carbon balance of the Basin and its trend over time is a diagnostic for answering

these questions and is the subject of this chapter.

We review the state of knowledge of carbon fluxes associated with specific

processes, such as deforestation, and then put them into perspective with most

recent carbon balances calculated at the whole basin scale for the years 2010 and

2011, based on regular lower troposphere greenhouse gas sampling along the main

airstream over the Basin (Gatti et al. 2014). As a start and background of this

review, we briefly document climatic variability and recent tendencies. Some of the

material follows quite closely (Gloor et al. 2012, 2013; Gatti et al. 2014).

6.2 Climate Background

Documentation of climate of the Amazon basin is sparse; long-term records are few

and thus emerging patterns need to be viewed with caution. Nonetheless, existing

records from meteorological stations, here specifically those selected by the Cli-

matic Research Unit (CRU) version 3.1 based on the criterion of continuity/length,

as well as river stage records reveal the following picture. Firstly over the last two–

three decades, total annual precipitation over the Basin has increased with the

increase concentrated in the wet season (Fig. 6.1b, and Gloor et al. 2013) and the

seasonal amplitude in precipitation has increased as well (Fig. 6.1c; see also

Chap. 2). There have indeed been strong droughts in 1995, 1998, 2004/2005, and

2010 and unusually severe floods in 1999, 2009, and 2012 (e.g. Filizola et al. 2014).

The south-western part of the Basin (Bolivia) has become slightly drier though and

according to analyses ofMarengo et al. (2011) and Fu et al. (2013) dry season length

has increased in these southern regions (for possible consequences, see Chap. 3 by

Coe et al.). Somewhat similar to precipitation records, temperatures have seen an

upward swing between the mid-1950s and mid-1970s, followed by a downturn and,

most significantly, a continuous increase thereafter paralleling the increase in

precipitation and seasonality over the last three decades (Fig. 6.1a). An important

feature for the vegetation in the Basin thus seems to be an increase in variability of

the hydrological cycle paralleling an increase in temperatures. The compound effect

will be an increase in periods of water deficit during comparably dry periods

(e.g. Seneviratne et al. 2010) while increased very wet conditions will lead to

more severe flooding with severe impacts on livelihoods (e.g. Filizola et al. 2014).
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Fig. 6.1 (a) Annual mean Amazon-wide temperature estimated from the climatology Climate

Research Unit (CRU) 3.1, (b) annual mean Amazon river discharge at Óbidos, draining ca. 80% of
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6.3 Flux Components of the Amazon Carbon Balance

6.3.1 Carbon Release Caused by Deforestation

Deforestation of Amazonian forests, which for the Brazilian part started on a large

scale in 1970 as a result of government policy, has by today reduced the originally

forested area by ca. 20% (e.g. Fearnside 2005). With remote sensing it has become

possible to obtain a clearer sense of the extent of ongoing deforestation; nonethe-

less, complete and accurate quantification of area cleared remains difficult for

various reasons, including limitations in spatial and temporal coverage because of

clouds but also the challenge of detecting partial deforestation, where trees are

removed without any change in the forest/non-forest satellite classification

(e.g. Nepstad et al. 1999). In Brazil, a government programme (PRODES, Projeto

de Monitoramento do Desmatamento na Amazônia Legal por Satélite) monitors

deforestation continuously since 1988, while for the other countries of the Amazon

basin to our knowledge no similarly effective and transparent long-term continuous

government programme has been in operation (however, most recently the Peruvian

government has announced the implementation of “Terra-i-Peru” a programme

similar to PRODES but for the Peruvian Amazon; Terra-i is a project run by

non-government organisations and monitors deforestation of Latin America since

2011; see also Chap. 15. Keeping methodological caveats in mind, remote sensing

data of area deforested (Fig. 6.2a) reveal fairly steady forest destruction followed by

a remarkable decline since 2006. The time course is dominated by the Brazilian

deforestation estimates (PRODES) and the recent decline has been attributed, e.g.,

by Lapola et al. (2014) to a temporary ‘decoupling of agricultural expansion and

deforestation’ caused by an intensification of agriculture (i.e. an increase in pro-

duction rate per area instead of an areal expansion) driven by agriculture currently

dominated by large-scale agrobusiness (Lapola et al. 2014).

The availability of remote sensing data of cerrad~ao (closed forest-like savanna)

and forest area deforested, together with knowledge of subsequent vegetation type

established, permits one to estimate associated carbon fluxes to the atmosphere and

we sketch and use an approach to estimate these here. We use here only peer-

reviewed published and thus clearly traceable estimates of area deforested and thus

have refrained from the use of FAO data (see also Grainger 2008).

From the perspective of the carbon balance of the Amazon basin, it is not just

instantaneous forest destruction which matters but also the carbon flux ‘legacies’
caused by deforestation and which occur years later. They include decomposition of

Fig. 6.1 (continued) the Basin, (c) annual maximum monthly mean minus annual minimum

monthly mean Amazon river discharge at Óbidos. Óbidos is located ca. 800 km upstream from

the Atlantic coast. Hydrological data are from the Brazilian Hydrological Service ANA, http://

www2.ana.gov.br/, and, where measurements are missing (stippled), they are estimated from

upstream river gauge stations by Callède et al. (2004)

104 E. Gloor

http://dx.doi.org/10.1007/978-3-662-49902-3_15
http://www2.ana.gov.br/
http://www2.ana.gov.br/


dead organic material which takes place over several years after forest destruction

counteracted to some extent by carbon gains by regrowth, with the magnitude of

those depending on the newly established (or old regrowing) vegetation type. The

currently only available data-based approach to estimate the time course of carbon

losses/gains after forest destruction is via model assumptions of the rates of

decomposition and re-establishment of vegetation combined with data on areas

deforested as, e.g., recorded from space. This method has been pioneered by

Houghton et al. (1983) and is known as the ‘bookkeeping’ approach. We follow

here in essence the same approach but use only deforestation area estimates based

on remote sensing which have been published in the literature, i.e. are reproducible.

As already mentioned unlike Houghton et al. (1983) we do not use estimates

provided by the Food and Agriculture Organization of the United Nations (FAO).
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Fig. 6.2 (a) Comparison of deforestation rate estimates for the Amazon Basin/South American

tropical forest area. The underlying numbers are given in Gloor et al. (2012) and complemented for

this work with most recent numbers from PRODES. (b) Estimates of carbon release due to

deforestation and carbon uptake by land vegetation due to regrowth
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The bookkeeping approach starts from the premise that the time course of fluxes

to and from the atmosphere after forest destruction is similar for each deforestation

event and thus can be described by the same function of time since deforestation

happened. We can thus estimate the total fluxF tot
ld!at tð Þ at time t (in units of years) to

the atmosphere due to all deforestation in the past as the sum of fluxes associated

with individual events in the past indexed here by the time tdef they occurred:

F tot
ld!at tð Þ ¼

Xt

tdef¼1970

�
Fres
ld!at t; tdefð Þ � F rgrwth

at!ld t; tdefð Þ� ð6:1Þ

where Fres
ld!at t; tdefð Þ is the flux of carbon from land (ld) to atmosphere (at) due to

decomposition (res) of leftover debris at time t after a forest destruction ‘event’

which occurred at time tdef, and similarlyF rgrwth
at!ld t; tdefð Þ is the flux of carbon from the

atmosphere into re-establishing (rgrwth) vegetation.

To proceed we need to make assumptions about these functions (the time course

of organic material decomposition after deforestation and carbon uptake during

vegetation re-establishment). Similar to Gloor et al. (2012) we assume that leftover

dead organic material decays exponentially; thus, carbon released to the atmo-

sphere during a time interval Δt (here 1 year) is given by

ΔC ¼ �λresCΔt ð6:2Þ

where λres is an average dead biomass decay rate and C is the not yet decomposed

dead wood carbon per area. From this expression, we can calculate the flux F resp
ld!at

t; tdefð Þ due to decomposition of woody debris after deforestation at time tdef for any
time t after the event, given the original amount of leftover debris (Fig. 6.3).

Re-establishment of vegetation after deforestation, in contrast, will cause uptake

of carbon from the atmosphere. In this case, we assume that carbon content C of

new vegetation will change over time following

C tð Þ ¼ Csteady 1� e�λrgrwtht
� � ð6:3Þ

where Csteady is the new steady-state vegetation carbon content per area, i.e. it will

first grow fast but then slow down and finally reach a steady state (Fig. 6.3). We

may thus also calculate F rgrwth
at!ld t; tdefð Þ, the flux from the atmosphere to vegetation at

any time t after a deforestation event at time tdef (for explicit expressions, see

Appendix) provided we know the newly establishing vegetation type and its steady-

state carbon content. The simple choice for these functions permits to solve the

problem analytically (see Appendix) without introducing much error.

We finally link the flux expressions to change in deforested area and new

vegetation type estimated from remote sensing. We may for example estimate the

amount of carbon which may maximally be released when an area ΔA is area

deforested in year tdef as
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Cmax tdef ; tdefð Þ ¼ rC:MBtrees þ f relsCsoilð Þ � ΔA tdefð Þ: ð6:4Þ

where rC:M is the carbon to biomass weight ratio of trees, Btrees the tree biomass per

area, frels the fraction of soil organic carbon released to the atmosphere, and Csoil

soil organic carbon content per area.

For our bookkeeping approach, we take into account that only a fraction α of

woody carbon is immediately released to the atmosphere during destruction, while

only the remaining fraction (1� α) is decomposing over time following the time

course described above and similar for soil organic carbon.

For carbon uptake by newly establishing vegetation after a deforestation event,

we distinguished three vegetation types: pasture, crop cultivation, and secondary

forest, the fraction of which we estimated from Brazilian government statistics

(AGROPECUARIA), thus assuming the same land use time history after defores-

tation for all of the Amazon basin. Lacking data for the full Amazon basin, we
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Fig. 6.3 Illustration of assumed time course of woody debris carbon decomposition after defor-

estation and re-establishment of new vegetation carbon pools after deforestation for use in

bookkeeping model for estimation of carbon fluxes associated with deforestation: (a) changes of

carbon pools and (b) associated fluxes from or to the atmosphere
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estimated the carbon flux to the atmosphere due to deforestation for the full Basin

by scaling the Brazilian tropical deforested area estimates with a factor (100/79) as

estimated by Hansen et al. (2008) for the period 1990–1999 (see also Table 7 in

Gloor et al. 2012). To estimate annually deforested areas of the Brazilian Amazon,

we used the estimates of Fearnside (2005) for the period from 1970 to 1987 and

from then on until 2013 the estimates of PRODES (2013), which are based on

remote sensing.

We have calculated fluxes for two ‘scenarios’. Firstly, we assumed that all

biomass which eventually is released over time after forest destruction is released

at once immediately after destruction. Secondly, we used our bookkeeping model to

estimate lagged fluxes caused by decomposition which takes place over many

years. The parameters used for the calculations are given in Table 6.1.

The results of the flux calculations for the two scenarios (Fig. 6.2b) illustrate two

things. The net total flux to the atmosphere over recent years according to this

calculation is 0.5� 0.15 Pg C year�1, and the legacy of past deforestation extends

over at least a decade or so past forest destruction. Uncertainties of our approach are

mainly due to uncertainty in tree biomass per area and to area deforested, but this

latter uncertainty is difficult to quantify (see also Gloor et al. 2012). Our estimates

agree well with those of Achard et al. (2002, 2004) which cover the 1990–1995

period (Table 6.2).

Table 6.1 Constants and parameters used to estimate carbon fluxes to the atmosphere as a result

of deforestation and subsequent re-establishment of vegetation using a bookkeeping approach

α¼ 0.28 Fraction of dead biomass immediately released to the atmosphere

after a deforestation event (Houghton et al. 1983)

rC:M¼ 0.5 Tree carbon to biomass ratio

rBG:AG¼ 0.2 Ratio of below- to above-ground tree biomass (Malhi 2010)

rsoil rel¼ 0.22 Fraction of soil C released to the atmosphere when forest is

converted to agriculture (Murty et al. 2002) (while according to

Murty et al. 2002 the transition of forest to pasture does not lead to

significant soil carbon loss)

Btrees¼ (1 + rBG:AG)�
220 Mg ha�1

Mean alive forest tree mass per area in arc of deforestation area

based on RAINFOR forest censuses (Feldpausch pers. comm.)

Cfor soil¼ 291 MgC ha�1 Old-growth forest soil carbon content (Jobaggy and Jackson 2000)

Cpas¼ 8 MgC ha�1 Carbon per area of pasture vegetation (Barbosa and Fearnside 1996)

Ccult¼ 50 MgC ha�1 Carbon per area in cultivation vegetation (Barbosa and Fearnside

1996)

Csec for¼ 0.8�Coldgrw for

MgC ha�1
Carbon per area in secondary forest vegetation (based on RAINFOR

data)

λoldgrw
for¼ 0.05 . . . 0.1 year�1

Biomass decay rate of intact old-growth forest debris after defor-

estation (Achard et al. 2002)

λsec for¼ 0.05 year�1 Time rate for establishment of secondary forest after deforestation

(Schroth et al. 2002)

λcultiv¼ 1 year�1 Time rate for establishment of cultivation after deforestation

λpas¼ 0.5 year�1 Time rate for establishment of pasture
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6.3.2 Intact Forest Carbon Balance

Given that the atmospheric environment has been changing substantially over the

last 50 years or so with CO2 having increased from ca. 280 ppm during

pre-industrial times to 400 ppm in 2014, and intact forests having also seen an

increase in nitrogen deposition caused by fossil fuel burning, as well as a changing

climate, the forests are expected to ‘respond’. Such responses could for example be

increased tree growth rates both below- and above-ground (Lloyd and Farquhar

1996) and/or shifts in species composition. One way to investigate whether such

changes are indeed ongoing is to ‘ask the trees themselves’. This is the approach

taken by Phillips and co-workers (Phillips et al. 1998, 2009) who maintain a

widespread network across the Amazon basin of permanent forest plots of 1 ha

size where they undertake regularly detailed repeat censuses (Fig. 6.4, black dots).

Thereby for each tree with a diameter larger than 10 cm, the diameter increment is

being recorded continuously using girdles. Death and recruitment of tagged indi-

viduals is recorded as well and species of trees are identified. This dataset has

revealed several very interesting results (see Chap. 10). Firstly, intact forests have

gained carbon over about the last three decades, constituting an annual carbon sink

of ca. 0.4 Pg C year�1. Secondly, trees of the forest plots which were affected by the

drought in 2005, which was located in the upper Solimões region and Southern

fringes of the Basin (Espinoza et al. 2011), experienced higher than normal

mortality. Mortality due to this event having been estimated to lead eventually to

total carbon release to the atmosphere on the order of 1–1.5 Pg C, distributed over

many years. Given the altered atmospheric composition, particularly increasing

levels of CO2, over the last decades the first of these two results seems not so

Table 6.2 Summary of carbon flux estimates (Pg C year�1) (sign convention: flux to atmosphere

is positive)

1975–1979 1980–1984 1985–1989 1990–1994

Deforestation

Immediate release 0.37 0.63 0.62 0.47

Release if taking into account

lags

0.20� 0.05 0.36� 0.09 0.48� 0.12 0.47� 0.12

Old-growth forest gains – �0.21� 0.23 �0.21� 0.23 0.57� 0.17

River carbon export �0.07� 0.04 �0.07� 0.04 �0.07� 0.04 �0.07� 0.04

Total – +0.08 +0.20 �0.03

1995–1999 2000–2004 2005–2009 2010–2013

Deforestation

Immediate release 0.51 0.70 0.31 0.11

Release if taking into account

lags

0.50� 0.12 0.57� 0.14 0.48� 0.12 –

Old-growth forest gains �0.53� 0.14 �0.45� 0.25 �0.15� 0.23 –

River carbon export �0.07� 0.04 �0.07� 0.04 �0.07� 0.04 �0.07� 0.04

Total �0.10 +0.05 +0.26 –
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surprising; nonetheless, it has been criticised on many grounds—the probably most

important criticism being that rare severe disturbance events are not sufficiently

represented in the dataset because of the limited number of plots (in the order of

150 by today) and the limited time span covered (the last 30 years) (e.g. K€orner
2003). A related argument states that the limited size of the plots (1 ha) further

biases low detected number of large disturbances because large disturbances are

localised, i.e. spatially autocorrelated in contrast to randomly distributed 1 ha plots,

which thus tend to miss them more often than would be expected just based on the

ratio of area fraction affected by large disturbances (Chambers et al. 2013). Prob-

ably the best way to assess this issue is to determine the size frequency distribution

of observed disturbances and then to explore its implications on limitations of

conclusions based on forest plot censuses using a forest simulator. Such an analysis

has recently been made by Espı́rito-Santo et al. (2014) who characterised the size

frequency distribution across all spatial scales combining forest plot, LIDAR, and

Landsat remote sensing data. The largest disturbances had nearly no effect on mean

net gains although they strongly increased the variance of the mean, while

intermediate-scale disturbances did affect slightly the mean but not much the

Fig. 6.4 Location of forest census plots of the RAINFOR network of Phillips et al. (2009) (black
dots) and sites where regular vertical profiles of greenhouse gases are being measured (inside the

Basin) using aircraft by Gatti and co-workers (see Gatti et al. 2014), as well as the National

Oceanic and Atmospheric Administration (NOAA) background site at Ragged Point Barbados
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variance. Most important for the net mean gains were small disturbances as

captured by the forest census network by Phillips and co-workers. Altogether the

Espı́rito-Santo et al.’s results give confidence in the forest census-based approach

and confirm the results obtained of Phillips and co-workers.

6.3.3 Fossil Fuel Emissions

For completeness we mention that fossil fuel emissions in the Basin were negligibly

small, <0.02 Pg C year�1 in 2010 and 2011 (Gatti et al. 2014, supplementary

information online).

6.3.4 Riverine Carbon

Based on riverine CO2 partial pressure measurements and estimates of gas

exchange velocity across the river atmosphere interface, it is possible to estimate

riverine efflux of CO2 due to respiration of organic carbon in the waters. Further-

more, carbon transport to the Atlantic can be measured via measurements of

dissolved inorganic carbon and river flow. The main results from such studies

relevant for the whole Basin carbon balance are that there is a nearly closed loop

of organic matter input into rivers and subsequent outgassing, while riverine export

of carbon to the Atlantic is close to zero Pg C year�1 (Richey et al. 1990; Melack

and Forsberg 2001; Melack et al. 2009). It is this latter quantity which is relevant for

the whole-Basin carbon balance.

6.3.5 Amazon-Wide Carbon Balance Based on Lower
Troposphere Greenhouse Gas Balances

We have described and attempted to quantify those component fluxes, which

contribute to the Amazon carbon balance quantitatively at the Basin scale, and at

the same time tried to make clear what the weaknesses of the approaches are as well

as the nature of debates and critiques around them. Fairly recently new Basin-wide

greenhouse gas concentration measurements have become available (Gatti

et al. 2014) which provide a large-scale integrated picture of all land to atmosphere

carbon fluxes and thus have the potential to resolve these debates and also test

consistency of the component fluxes. The basic idea of the approach, building on

the work of Chou et al. (2002), is to take advantage of the main lower-to-mid

troposphere airstream over the Basin which enters in the equatorial region from the

tropical Atlantic, travels over the full Basin towards the Andes where it is turned

south-westwards, and then travels back to the Atlantic. This airstream can be
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compared to a virtual freight train with carbon being the load and the train being

loaded by carbon fluxes coming from the land surface beneath the flow and

offloaded by fluxes to the atmosphere. If the load far downstream increased

compared to incoming air, then the land surface would be a carbon source for the

atmosphere and vice versa. Air-parcel trajectories, calculated from meteorological

data, are used to determine the air paths, and the carbon content of the air is

estimated from vertical profiles at four locations distributed across the Basin

along the main airstream (Fig. 6.3, red dots). For each measured profile and

compound X measured (X¼CO2, CO, CH4, . . .), the flux is calculated as

FX ¼
Z4:4 km

z¼0 aglð Þ

ΔX
t zð Þ dz ð6:5Þ

where ΔX¼Xsite�Xbg is the difference between the concentration measured at the

site and background (bg) air entering the Basin from the Atlantic, z the height above
ground (agl), and t(z) the air-mass trajectory travel time from the coast to height z of
at the site. The greenhouse gas concentration of background air is estimated from

SF6 measured at the NOAA background stations Barbados (RGB) and Ascension

(ASC) and in situ (site), using a linear mixing model:

Xbg ¼ fASC � XASC þ 1� fASCð Þ � XRPB ð6:6Þ

with weights f calculated as

fASC ¼ SF6, site � SF6,RPB

SF6,ASC � SF6,RPB
: ð6:7Þ

SF6 is suited for this purpose because it has virtually no sources in the Amazon

basin, and atmospheric SF6 concentration is substantially higher in the Northern

compared to the Southern hemisphere. This is because most of its sources are

located in the Northern hemisphere and sinks are negligible as it is destroyed

only in the mesosphere.

As CO is also measured, it is possible to estimate the carbon flux component

caused by burning using the same air path trajectory budget approach and using a

CO:CO2 mean emission ratio rbbCO2:CO
to translate the CO flux to CO2 flux as

Fbb
CO2

¼ rbbCO2:CO
� FCO � Fbio

CO

� �
: ð6:8Þ

where Fbb
CO2

is CO2 flux caused by biomass burning (bb), FCO is net CO flux, and

Fbio
CO is a nearly constant small background carbon monoxide flux observed during

the wet season attributed to plant and soil CO emissions (Gatti et al. 2010).

The study of Gatti et al. (2014) contrasted a dry and anomalously hot year

(2010) and a wet year (2011). Regarding the full Basin carbon balance, the data
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suggest that during wet years the Basin is approximately in balance

(0.06� 0.1 Pg C year�1) with losses mediated by fires compensated by forest

carbon gains of (0.25� 0.14 Pg C year�1). They thus confirm the existence of an

intact forest carbon sink during average conditions as has been found, based on

forest census data. Since 2010 was a dry year, the results also give an assessment of

the response of the land vegetation to such conditions—of particular interest given

the current climate conditions of increasing variability of precipitation and increas-

ing temperatures. During 2011, the land vegetation photosynthesis has temporally

stalled, rendering the land vegetation neutral, while the Basin as a whole lost

substantial amounts of carbon (ca. 0.48� 0.18 Pg C year�1) via fires. Given that

carbon release estimates based on remote sensing data and our bookkeeping

approach are slightly larger than the estimates of carbon loss estimated from CO,

and those include also fire-unrelated biomass decomposition components, the intact

forest carbon sink may be even a bit larger than the numbers published by Phillips

et al. (2009). Nonetheless, overall the numbers across different approaches and

components are quite consistent.

6.4 Summary and Conclusions

Over the last decades, the two major processes determining the Amazon-wide

carbon balance have been deforestation and intact forest carbon gains. Intact forest

carbon gains tended to nearly cancel losses due to deforestation and thus the net

balance of the Basin was close to zero within a range of �0.2–0.3 Pg C year�1.

Recent indications from both forest censuses and lower troposphere greenhouse gas

budgets are that the carbon uptake of intact forests may be weakening in response to

stress exerted by warmer and more variable climate. On the other hand, remote

sensing data for the Brazilian Amazon suggest that deforestation activity has been

decreasing over nearly the last 10 years, thus currently offsetting the weakening of

the forest sink. Unfortunately, whether this recent trend of decreasing deforestation

will continue and for how long is unclear.
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Appendix: Formalisation of Book Keeping Approach

to Estimate Carbon Fluxes Caused by Deforestation Based

on Data of Area Deforested and Simple Models of Woody

Debris Decomposition and Vegetation Re-establishment

Carbon Release to the Atmosphere After Deforestation

Starting from Eq. (6.2) describing carbon release of woody debris after deforesta-

tion and using an annual time step Δt¼ 1 we obtain

C tdef þ Δt, tdefð Þ ¼ 1� λð ÞC t; tdefð Þ,C t; tdefð Þ ¼ 1� λð Þt�tdefC tdef ; tdefð Þ ð6:9Þ

where C(tdef,tdef) is the originally left over woody debris carbon not immediately

released at the time tdef of deforestation and C(t,tdef) the remaining not yet

decomposed woody debris carbon. The flux to the atmosphere at time t caused by

decomposition of leftover debris caused by deforestation at time tdef in the past is

Fres
ld!at t; tdefð Þ ¼ ��

C tþ Δt, tdefð Þ � C t; tdefð Þð Þ ¼ . . . ¼
¼ λres 1� λresð Þt�tdef�1C tdef ; tdefð Þ: ð6:10Þ

The total flux to the atmosphere at time t due to deforestation in the past is then

given by the sum of all contributions from the beginning of deforestation around

1970 until today or

Fres,tot
ld!at tð Þ ¼ α � rC:M �Bres �ΔA tð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

carbonimmediatelyreleasedduring

deforestationinyear t

þλres
Xt

tdef¼1970

1� λresð Þt�tdef 1�αð Þ � rC:M �Btreesþ f rels �Csoilf g �ΔA tdefð Þ
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

carbonreleasedinyeartbydecomposingleftoverdebrisfrom
deforestationinpreviousyears ð6:11Þ

with symbols explained in the main text and/or Table 6.1.

Carbon Uptake from the Atmosphere by Re-establishing land
Vegetation

For the assumed time course of carbon uptake by regrowth after deforestation in

year tdef (Eq. 6.3) the flux from atmosphere to land vegetation in year t is
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F rgrwth
at!ld t; tdefð Þ ¼ C tþ Δt, tdefð Þ � C t; tdefð Þ ¼ . . . ¼

¼ 1� e�λrgrwth�Δt� � � e�λrgrwth t�tdefð Þ � Csteady
ð6:12Þ

with Δt¼ 1 (in units of years, the time step we are using for summing contributions

because satellite data of deforested area from Brazil are annual). The total flux of

carbon at time t from the atmosphere to land due to regrowth in the wake of all

deforestation events in the past is then

Frgrwth, tot
at!ld tð Þ ¼ rC:M � Bveg � 1� e�λrgrwth�Δt� � � Xt�1

tdef¼1970

e�λrgrwth� t�tdefð ÞΔA tdefð Þ: ð6:13Þ

Bveg is the mass per area of the new vegetation type once fully established and as

above Δt¼ 1.
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Chapter 7

Aquatic Ecosystems

John M. Melack

7.1 Introduction

The processing of carbon by aquatic ecosystems of inland waters is now recognised

as a significant component of regional and global carbon dynamics. In particular,

the high rates of sedimentation in lakes and reservoirs and considerable evasion of

carbon dioxide and methane from many rivers, lakes, and wetlands lead to fluxes

disproportionately large relative to the area of inland waters (Cole et al. 2007;

Downing 2009; Battin et al. 2009; Aufdenkampe et al. 2011; Butman and Raymond

2011; Raymond et al. 2013; Stanley et al. 2015). Although the magnitude and

variability of these fluxes remain uncertain, especially in tropical regions, recent

studies are improving our understanding of carbon dynamics in the streams, rivers,

lakes, reservoirs, and wetlands of the Amazon basin. The Large-scale Biosphere

Atmosphere Experiment in Amazonia (LBA) and related activities have resulted in

numerous relevant publications, many of which have been summarised in a recent

monograph (Gash et al. 2009). In particular, Richey et al. (2009) described carbon

processing from streams and rivers, and Melack et al. (2009) examined ecosystem

processes in inundated areas. From these studies, it appears that evasion of carbon

dioxide from Amazonian rivers, lakes, and temporally inundated aquatic habitats is

of similar magnitude to net ecosystem exchanges in non-inundated upland forests

(terra firme forests) derived from eddy covariance measurements. In addition,

Amazonian aquatic ecosystems account for a significant proportion of the global

methane flux from natural wetlands.
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With a focus on exchanges of carbon dioxide and methane between inland

waters and the atmosphere, the purpose of this chapter is to extend the regional

extent of previous analyses to the whole lowland Amazon basin (regions <500 m

above sea level; 5.05 million km2; Fig. 7.1; not including the Tocantins basin) by

synthesis and critical evaluation of recent publications. Remote sensing analyses of

inundation and wetland habitats, inundation modelling, measurements in rivers,

reservoirs and other types of wetlands, and improved estimates of gas exchange

coefficients for standing and flowing water are included. Regional estimates of gas

fluxes are complemented with consideration of sources of the carbon being

released, and remaining uncertainties and research needs are discussed. A discus-

sion of climate trends and variability, exceptional events, and human impacts, as

factors potentially altering carbon dynamics in the Amazon basin, is presented.

Several current projects are in the process of publishing their results, and will

continue to contribute to our understanding of carbon dynamics in the Amazon,

though only a portion is available for inclusion here. These projects include

HYBAM (http://www.ore-hybam.org/index.php/eng/documents), CARBAMA

Fig. 7.1 Lowland Amazon basin (area�500 m; grey) with floodable areas (white), as described in
Melack and Hess (2010) and Hess et al. (2003). Small areas of wetlands on the northern and

southern edges are not shown because remote sensing data used to develop the wetland distribution

were not available there. Ba Balbina Reservoir; Ca Lake Calado; Cu Lake Curuai; Cn Lake

Canaçari; Ja Jau River; JiP Ji-Paraná River; Ju Juruena watershed; Moxos Llanos de Moxos;

Ro Roraima; UN upper Negro interfluvial wetlands
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(http://carbama.epoc.u-bordeaux1.fr/PUBLICATIONS.html), the ‘Rede Beija Rio’
network (http://boto.ocean.washington.edu/story/Amazon), A Biogeoquı́mica do

Carbono e Mercúrio na Bacia Amazônica (Barbosa 2013) (http://www.biologia.

ufrj.br/limnologia/projeto-carbono.php), and GEOMA (http://www.geoma.lncc.br/).

7.2 Inundation and the Variable Extent of Aquatic

Habitats: Remote Sensing and Modelling

Carbon dynamics and carbon dioxide and methane exchanges in the Amazon basin

vary among the diverse aquatic habitats. Junk et al. (2011) used information on

climate, hydrology, water and sediment chemistry, and botany to delineate

14 major types of naturally occurring wetlands in the lowland Amazon. The

amplitude, duration, frequency, and predictability of inundation are key criteria in

this classification. While the classification has broad utility, data on all the criteria,

including variations in inundation, are lacking for many parts of the Amazon.

Hence, assigning spatial detail and areal extent to the various wetland types remains

a challenge.

With a focus on gas exchange at the air–water interface, it is essential to have

estimates of the surface area of the aquatic habitats, a daunting requirement given

the large size of the Amazon basin and the wide range in dimensions of the habitats

from headwater streams (<1 m across) to floodplains fringing major rivers (tens of

km wide). While remote sensing can provide excellent information, currently

available data on a regional scale have a spatial resolution of about 100 m, and

sensors that allow seasonal and inter-annual variations in inundation to be recorded

have spatial resolution of tens of km. Therefore, additional approaches are needed,

especially for small rivers and streams, including geomorphology and modelling.

7.2.1 Remote Sensing

A variety of remote sensing approaches using passive and active microwave, laser,

visible, and near-infrared and gravity anomaly detection systems are available and

have been applied to tropical aquatic environments (Melack 2004). Melack and

Hess (2010) applied the methodology of Hess et al. (2003), based primarily on

mosaics of synthetic aperture radar (SAR) data obtained during a period of low and

a period of high river stage, to the lowland Amazon basin to determine floodable

area, inundated area, and areal extent of major habitats permanently or periodically

inundated. Total floodable area within the lowland basin was estimated as

800,000 km2. However, portions of southern Bolivia were not covered by available

SAR data, and floodplains in the south-western Brazilian Amazon were not well
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delineated owing to the timing of data acquisitions. Open water, floating macro-

phytes or grasslands, and flooded or unflooded forests were distinguished, and the

spatial resolution of the products was about 100 m. Areal extent of the aquatic

habitats was reported for 31 river basins and five reaches of the Solimões-Amazo-

nas River. While not so specific as the classification proposed by Junk et al. (2011),

these habitats and divisions by river basin are relevant to the biogeochemical

processes considered here. High-resolution, remotely sensed products are available

for specific locations in the Amazon and provide information appropriate for

validation of basin-scale products (e.g. Silva et al. 2010; Renó et al. 2011; Hawes

et al. 2012; Arnesen et al. 2013).

Several remote sensing approaches have been used to estimate the areas of open

water in the lowland Amazon basin. Open water area was determined by Melack

and Hess (2010) as 64,800 km2 from high water data. The Shuttle Radar Topogra-

phy Mission (SRTM) offers digital elevations with 90 m horizontal postings (Jarvis

et al. 2008) and a water body product (http://dds.cr.usgs.gov/srtm/version2_1/

SWBD/). Open water area derived from the SRTM data is 72,000 km2, with river

channels wider than approximately 300 m covering 52,000 km2. Hanson

et al. (2013) provide a global composite of Landsat data at 30 m resolution from

which an open water of 92,000 km2 can be derived (Forsberg, personal communi-

cation). Global datasets of lakes, such as those in Lehner and D€oll (2004), need
refinement to be applicable to the dynamic and spatially complex conditions in the

Amazon.

Remote sensing of seasonal variations in inundated area depends on systems

with coarse spatial resolution, and time series products are available at a 25-km

scale. Hamilton et al. (2002, 2004) used data from satellite-borne passive micro-

wave sensors to determine monthly inundation on the mainstem Amazon River

floodplain (Brazil), the Llanos de Moxos (Bolivia), the Bananal (Brazil), and

Roraima savannas (Brazil and Guyana). Regressions between flooded area and

stage heights in nearby rivers were used to extend the records of inundation for

nearly a century for the Amazon mainstem and for several decades in the other

floodplains. Prigent et al. (2007), Papa et al. (2008, 2010), and Prigent et al. (2012)

provide inundation estimates at 0.25� resolution, derived from several satellite-

borne sensors for the period from 1993 to 2007. Comparison of these products with

SAR-based estimates of inundation areas in the Amazon basin indicated generally

good correspondence for moderate to large inundated units. Aires et al. (2013) used

the 25-km resolution products in conjunction with SAR-based images to develop a

wetland dataset for the Amazon for a 15-year period with a resolution of about

500 m. Schr€oder and McDonald (pers. comm.) are producing a monthly inundation

product for the period from 2002 to 2009 from AMSR-E (passive microwave) and

QSCAT (radar scatterometry) data at 0.25� resolution.
Gravity anomalies detected by the GRACE satellites provide estimates of

changes in water volumes partially associated with seasonal variations in inunda-

tion at a scale of 100,000 s of km2, and have been used basin-wide in the Amazon

(Alsdorf et al. 2010; Xavier et al. 2010). Frappart et al. (2005) combined satellite-
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derived SAR and altimetry data with in situ gauges to calculate water storage and

inundation for the Negro River basin

7.2.2 Geomorphological Approaches to River Areas

Beighley and Gummadi (2011) combined relationships developed from hydraulic

geometry with a high-resolution drainage network to estimate cumulative channel

lengths and surface areas. Their analysis was done for drainage areas from 1 to

431,000 km2. For channels >2 m in width, they estimated that the Amazon basin

contains c. 4.4 million km of channels with a combined area of 59,700 km2.

Channels over 150 m in width were estimated to represent 29,500 km2 of the

combined area.

To determine the area of streams and rivers in the Ji-Paraná basin (Fig. 7.1),

Rasera et al. (2008) developed empirical relationships between drainage area and

channel width combined with river lengths derived from a digital river network

(Mayorga et al. 2005a). Areas of rivers from third to sixth order covered on average

342 km2 within the 75,400 km2 Ji-Paraná basin, representing 0.45% of the basin.

Assuming that a similar relationship applied to the whole lowland Amazon basin,

an area of 22,700 km2 would result for rivers from third to sixth order. This value is

similar to that estimated by Beighley and Gummadi (2011) for rivers in that size

range.

Richey et al. (2002) estimated areas of moderate to small rivers and streams as a

geometric series relating stream length and width to stream order. They calculated a

total channel area of 21,000 km2 at low water for a 1.77� 106 km2 area in the

central Amazon, representing a fractional area of 1.2%. If this fractional proportion

is extrapolated to the whole lowland basin, a total channel area of 60,600 km2

would result.

Downing et al. (2012) employed stream network theory combined with data on

stream width to approximate the areal extent of streams and rivers, when within

their channels, on continental scales, and estimated that rivers and streams were

likely to cover 0.30–0.56% of land surfaces. Stream and river areas in the conter-

minous United States represent 0.52% of the land surface (Butman and Raymond

2011). If these percentages are applied to the lowland Amazon basin with an area of

5.05� 106 km2, areas for all rivers and streams range from 15,150 to 28,300 km2.

These different areas for river and stream channels vary depending on approach

and region considered, and given the basin-wide, explicit method used by Beighley

and Gummadi (2011), their values are adopted here. Headwater streams are not

represented by their values. For large rivers, the area derived from the SRTM data is

also used. Further refinement of stream areas is required.
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7.2.3 Modelling of Inundation

Several models of river discharge and associated inundation dynamics have

recently been developed and applied to the Amazon basin (Coe et al. 2007;

Beighley et al. 2009; Victoria 2010; Yamazaki et al. 2011; Getirana et al. 2012;

Paiva et al. 2013). Miguez-Macho and Fan (2012) compiled a groundwater dataset

for the Amazon and combined it with a hydrological model. While generally

successful at calculating river discharges, the models’ ability to represent inunda-

tion in the full range of floodplain and wetlands is only moderate, largely because of

the lack of sufficiently accurate and detailed digital elevation models (DEMs). For

example, Paiva et al. (2013) compared their modelled inundation in 3-month

intervals with 0.25� remotely sensed estimates (Papa et al. 2010) averaged for the

period from 1999 to 2004. The match was good in the central basin, but modelled

areas significantly underestimated flooded area in the Bolivian Amazon and lower

mainstem in Brazil. In the Peruvian Amazon, where the SAR analyses of Melack

and Hess (2010) indicated a large area of wetland, the model also did so, but the

coarse remotely sensed data did not. To better evaluate modelled results, it would

be beneficial to examine SAR-derived products for specific periods and locations.

Hydraulic models of flooding applied on a mesoscale have done well in locations

with high-resolution DEMs (Wilson et al. 2007; Rudorff et al. 2014a, 2014b).

7.3 Gas Transfer Velocity Between Water and Atmosphere

Exchange of carbon dioxide and methane between surficial water and overlying

atmosphere depends on the concentration gradient between air and water and on

physical processes at the interface, usually parameterised as a gas transfer velocity

(k), also called a piston velocity or gas exchange coefficient. Gas transfer velocities
are a function of turbulence, kinematic viscosity of the water, and the molecular

diffusion coefficient of the gas; the Schmidt number is the ratio of the latter two

terms and is gas specific (MacIntyre et al. 1995). Schmidt numbers used here are

normalised to carbon dioxide in freshwater at 20 �C and referred to as k(600) (Engle
and Melack 2000). Gas transfer velocities are influenced by atmospheric stability

and, in water, are altered by currents, wind, and convection, as well as rain

(Ho et al. 2007), temperature, organic surficial films, and changes in hydrostatic

pressure. Methane can also exit via bubbles (ebullition; Crill et al. 1988) and pass

through tissues of rooted aquatic plants, both herbaceous and woody (Brix

et al. 1992; Rice et al. 2010).

In lakes, direct measurements of exchange can be made with floating chambers,

as has been done in the Amazon since the 1980s (e.g. Crill et al. 1988; Guérin

et al. 2007). Alternatively, measurements of gas concentrations can be combined

with estimates of k to calculate diffusive fluxes. While collecting and assaying

samples for carbon dioxide and methane are fairly straightforward, the selection of
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appropriate k values remains a challenge. In a study at Lake Calado (Fig. 7.1), Crill

et al. (1988) used a surface renewal model, which has a sound theoretical basis

(Banerjee and MacIntyre 2004), as the basis for determination of k. Empirical

relations between wind speed and k have been applied as well (e.g. Engle and

Melack 2000; Guérin et al. 2007). Rudorff et al. (2011) used three different models

of k: a simple wind-based equation, a small eddy version of the surface renewal

model, and a wind-based model that includes diel heating and cooling (as described

by MacIntyre et al. 2010). In a short-term experiment in the open water of a

floodplain lake in the central Amazon basin, Polsenaere et al. (2013) applied an

eddy covariance technique to calculate fluxes and k values for CO2.

Results fromRudorff et al. (2011) and Polsenaere et al. (2013) indicate that k values
for standing waters in the Amazon are underestimated if based on simple wind-based

relations commonly used. Rudorff et al. (2011) reported gas transfer coefficients that

take into account wind as well as heating and cooling were on the order of 10 cm h�1.

Polsenaere et al. (2013) reported k values ranging from 1.3 to 31.6 cm h�1, averaging

12.2� 6.7 cm h�1. Under conditions with high sensible and latent heat fluxes, but low

wind speeds (<2.7 m s�1), k values near or above 20 cm h�1 were recorded. Based on

floating chambers deployed in Balbina Reservoir (Fig. 7.1), Kemenes et al. (2011)

calculated k values from 1.1 to 24.7 cm h�1, with an average of about 12 cm h�1. In

contrast, Guérin et al. (2007) reported k values of about 2.5 cmh�1, based on chambers

and eddy covariance in Petit Saut Reservoir, but noted that rain led to k values for CO2

from 0.8 to 13.4 cm h�1 at rain rates of 0.6–25 mm h�1. These results indicate that

k values in lakes are generally higher than those used in prior regional extrapolations;
e.g. Richey et al. (2002) used k values of 2.7� 1 cm h�1 for floodplains and lakes.

In warm tropical waters, such as those in the Amazon basin, latent heat fluxes are

especially important and lead to convective mixing and enhanced k values. Con-

versely, diurnal heating under strong insolation can cause stable stratification of the

water column that may lead to low or high k values. Hence, given the pronounced

diel cycle of heating and cooling often observed in shallow tropical lakes, it is

important to measure stratification and mixing, and gas exchanges, over these diel

cycles, although such measurements are very seldom done.

The lack of studies of k values and gas concentrations in vegetated habitats adds
further uncertainty, especially because of the large areas of flooded forests and

floating macrophytes throughout the Amazon basin (Melack and Hess 2010; Junk

et al. 2011). Though winds and direct heating are lower in vegetated habitats than in

open waters, convective mixing and horizontal exchanges driven by differential

heating and cooling and associated eddies, as water moves through the vegetation

(Ortiz et al. 2013), will likely increase k values. Release of hydrophobic organic

molecules by aquatic plants may reduce gas exchange within flooded vegetation.

Spatial variations in CO2 and CH4 concentrations can be large, as reported for

the Amazon basin (Rudorff et al. 2011; Polsenaere et al. 2013; Abril et al. 2014) and

elsewhere (Roland et al. 2010; Hofmann 2013). The high variability in time and

space of bubbling adds further variance to methane evasion rates. Though floating

chambers can capture bubbles, to increase spatial and temporal coverage
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submerged funnels are usually used. Recent applications of hydroacoustic mea-

surements have allowed significant improvements in estimation of ebullition (Del

Sontro et al. 2011), though this method has yet to be applied in the Amazon basin.

In flowing waters, most calculations of gas exchange are based on k in combi-

nation with concentration measurements, though direct measurements with floating

chambers have also been used. Values of k for Amazon waters have been derived

from 222Rn mass balances and floating chambers (Devol et al. 1987; Alin

et al. 2011; Kemenes et al. 2011; Rasera et al. 2013). Alin et al. (2011) reported

that values of k were significantly higher in small rivers and streams (channels

<100 m wide), where current velocities and depth were found to be important, than

in large rivers (channels >100 m wide), where wind was important. The range of k
(600) values reported by Alin et al. (2011) for large rivers in the Amazon

(1.2–31.1 cm h�1) is quite similar to that reported by Rasera et al. (2013) from a

multi-year study in six non-tidal rivers in the Amazon basin (1.3–31.6 cm h�1). For

the Uatum~a River below Balbina Reservoir, Kemenes et al. (2011) reported average

k values of 10.5 cm h�1. As in the case for lakes, these results indicate that k values
are generally higher in flowing waters of the Amazon basin than those used in prior

regional extrapolations; e.g. Richey et al. (2002) used k values of 9.6� 3.8 cm h�1

(Amazon mainstem) and 5� 2 cm h�1 (major tributaries).

7.4 Carbon Dioxide and Methane Concentrations

and Fluxes

Recent measurements of carbon dioxide and methane concentrations and fluxes

have been made in streams, rivers, wetlands, and a few lakes and reservoirs. These

results are summarised by region with the intent of providing the basis for improved

basin-wide estimates. Hence, areal fluxes are calculated for each habitat as

Mg C km�2 year�1, kg C km�2 day�1, or g C m�2 year�1, as averages and/or

ranges, if appropriate or possible.

7.4.1 Streams and Rivers

Working in remote headwater streams in the southern Amazon basin, Johnson

et al. (2006, 2007, 2008) determined that most of the CO2 in the streams had

been terrestrially respired within soils and that almost all was evaded to the

atmosphere within headwater reaches. Baseflow delivered groundwater highly

supersaturated in CO2, while during storms surface run-off and direct precipitation

were relatively low in CO2. Concentrations of CO2 near the source of these

headwater streams were 10,000–50,000 μatm. In a year-long study of a perennial,

first-order stream in southern Mato Grosso draining a forested catchment, Neu
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et al. (2011) recorded pCO2 concentrations from 6490 to 14,980 μatm and evasion

rates from the stream surface of c. 6490� 680 g C m�2 year�1; methane concen-

trations in the stream ranged from about 290–440 μatm and evasion averaged

990� 220 g C m�2 year�1. Similarly, Davidson et al. (2010) measured high

pCO2 levels (average value of 19,000 μatm) in headwaters in remnant forests in

northeastern Pará. Vihermaa et al. (2014) sampled two small streams and the La

Torre and Tambopata rivers in the Madre de Dios region of the western Amazon;

they reported CO2 evasion rates from 1866 to 82,900 mg C m�2 day�1 for the

Tambopata River and a perennial stream, respectively. Working on small to

moderate-sized rivers in the Ji-Paraná basin (Rondônia), Rasera et al. (2008) mea-

sured CO2 evasion rates per unit of river area from 695 to 13,095 mg C m�2 day�1

for third- and fourth-order rivers and from 622 to 4686 mg C m�2 day�1 for fifth-

and sixth-order rivers in the basin.

Richey et al. (2009) reported pCO2 concentrations ranging from 500 to

20,000 μatm and illustrated a positive correlation of pCO2 with discharge over

4 years for the Solimões (at Manacapuru), the Madeira (at Porto Velho), and

Ji-Paraná rivers. Borges et al. (2015) sampled along the mainstem Solimões and

Amazon rivers and at the mouths of major tributaries and reported a range in pCO2

concentrations from 70 to 16,880 ppm. Ellis et al. (2012) measured concentrations

from 860 μatm in the Acre River to 12,900 μatm in a stream in campina vegetation.
Based on a 5-year study with seasonal sampling of six non-tidal rivers (Negro,

Solimões, Teles Pires, Cristalino, Araguaia, and Javaés) and one tidal river

(Caxiuan~a), Rasera et al. (2013) reported a range of pCO2 concentrations from

259 to 7808 μatm and demonstrated a strong correlation between pCO2 and dis-

charge. They reported a range in CO2 flux from uptake of 830 mg C m�2 day�1 to

evasion of 15,860 mg C m�2 day�1. Uptake occurred in clear water rivers at low

water in conditions conducive to algal growth. Alin et al. (2011) reported a similar

range of evasion rates (41–14,720 mg C m�2 day�1), as did Ellis et al. (2012) with a

range from 830 to 13,170 mg C m�2 day�1. Abril et al. (2014) conducted eight

800-km cruises along the main channel of the Solimões-Amazon River and portions

of its major tributaries in the central basin and measured pCO2 every minute while

underway. Values of pCO2 were similar to previous studies and varied from approx-

imately 1000–10,000 ppmv, except for those in the Tapajós River which were lower.

Raymond et al. (2013) included regional information in their global estimates of

carbon dioxide emissions from streams and rivers. Carbon dioxide concentrations

in streams and rivers of whole Amazon basin (including the Andes) averaged about

6890 μatm and their calculated efflux, using a k(600) of 29 cm h�1, averaged

19,100 mg C m�2 day�1, expressed in relation to surface area of rivers and streams,

not in relation to land area, as given in Raymond et al. (2013). The k(600) value
used is at the high end of those reported by others for the rivers of the lowland

Amazon as it includes streams and rivers in highland portions of the basin. Hence,

the areal efflux is probably too high as a basin-wide average.

Sawakuchi et al. (2014) reported measurements of methane concentrations and

fluxes from the mainstem Solimões-Amazon River and five tributaries (Negro,
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Madeira, Tapajós, Xingu, and Para) based on floating chambers. Sixteen of the

34 sites were sampled during low and high water. Dissolved, near-surface methane

concentrations ranged from 0.02 to 0.5 μM. Overall, average riverine flux was

16.8 kg C km�2 day�1.

7.4.2 Lakes

In Lago Grande de Curuai (Fig. 7.1), a floodplain composed of interconnected lakes

with a flooded area ranging seasonally from 850 to 2274 km2, Rudorff et al. (2011)

noted gradients in CO2 concentration with higher concentrations near littoral

regions with floating macrophytes than farther off shore as well as seasonal

differences in concentrations. Polsenaere et al. (2013) used an equilibrator

connected to an infrared gas analyser to measure pCO2 on transects in Lake

Canaçari (Fig. 7.1), 450 km2 in area, during a 4-day measurement period. Incorpo-

ration of extensive spatial sampling in these two studies permitted recognition of

spatial patterns not possible from other studies having far fewer samples. Based on

transects of pCO2 and eddy covariance-based k values, Polsenaere et al. (2013)

calculated mean evasion of 612 kg C km�2 day�1 during a 4-day low water period.

Rudorff et al. (2011) estimated mean fluxes of CO2 from open water in L. Curuai of

2930, 4180, 4450, and 4370 kg C km�2 day�1 during receding, low, rising, and high

water levels, respectively. Abril et al. (2014) include five large lakes as part of their

continuous transects of pCO2 in the central Amazon and reported variations from

approximately 20–20,000 ppmv. They found that the carbon dioxide efflux

increased as the percentage of floating, emergent aquatic vegetation in the lakes

increased.

Raymond et al. (2013) calculated carbon dioxide concentrations in lakes of

whole Amazon basin (including the Andes) as averaging about 1906 μatm and an

efflux, using a k(600) of 5.8 cm h�1, of 1230 kg C km�2 day�1, expressed in relation

to surface area of rivers and streams, not in relation to land area, as given in

Raymond et al. (2013).

7.4.3 Wetlands

The Negro River basin includes extensive flooded forests (locally called igap�o) and
large areas of interfluvial wetlands (Hess et al. 2003). Based on multi-temporal

synthetic aperture radar data and field measurements with floating chambers of

methane flux in the Jau River basin (Fig. 7.1) made by Rosenqvist et al. (2002),

mean annual emission of methane from igap�o was 23 Mg C km�2 year�1. Upper

Negro interfluvial wetlands are a mosaic of emergent grasses, sedges, shrubs, and

palms with shallow permanent water or seasonal flooding. Belger et al. (2011)

measured methane uptake on unflooded lands, evasion from flooded areas as
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diffusive and ebullitive fluxes with chambers and funnels, and as transport through

rooted plants. Carbon dioxide fluxes were calculated from measurements of CO2

concentrations in air and water and a k value of 2.7 cm h�1. Based on annual

emission from two interfluvial wetlands representative of the region (Fig. 7.1),

Belger et al. (2011) estimated average areal emission from wetland areas as

770 Mg C km�2 year�1 for CO2 and 21 Mg C km�2 year�1 for CH4.

Large savanna floodplains occur in the Llanos de Moxos (Bolivia) and in

Roraima (Brazil) (Fig. 7.1) (Hamilton et al. 2002; Ferreira et al. 2007). Based on

measurements in similar systems elsewhere, Melack et al. (2004) approximated

mean annual methane emission from these two areas as 70 Mg C km�2 year�1. Jati

(2013) made monthly measurements of carbon dioxide and methane flux with

floating chambers in 80 wetlands near Boa Vista (Roraima); mean values from

his results were about 9670 kg C km�2 day�1 and 9.6 kg C km�2 day�1, for CO2

and CH4, respectively. These are quite high CO2 fluxes and rather low CH4 fluxes

compared to other Amazonian habitats. Emissions from cultivated rice in Roraima

are not available.

7.4.4 Reservoirs

Five hydroelectric reservoirs (Tucuruı́, Balbina, Samuel, Curuá-Una, Serra da

Mesa), covering about 6300 km2, currently exist in the lowland Amazon in Brazil.

All were constructed decades ago and continue to release both carbon dioxide and

methane from their surfaces and through their turbines and to enhance releases in

downstream rivers. Only Balbina has data collected from multiple upstream and

downstream stations over a full year as well as measurements of fluxes associated

with turbines (Kemenes et al. 2007, 2011). Though not in the Amazon basin,

multiyear studies at Petit Saut (French Guiana), located in tropical forest, include

measurements in the reservoir and downstream (Abril et al. 2005). Data scattered

through the years at other Amazonian reservoirs are also available (see citations in

Melack et al. 2004; Guérin et al. 2006). Kemenes et al. (2016) report carbon dioxide

and methane evasion via degassing through turbines and downstream for Tucuruı́,

Samuel, and Curuá-Una reservoirs. Barros et al. (2011) summarised much of the

data from Amazonian reservoirs, though methane emission from Balbina is listed as

10 mg C m�2 day�1 rather than 47 mg C m�2 day�1, as reported in Kemenes

et al. (2007). Moreover, degassing through turbines and downstream is not included

for Balbina or other Amazonian reservoirs.

Carbon dioxide emissions from the surface of Balbina and Petit Saut reservoirs

averaged 1296 Mg C km�2 year�1 and 473 Mg C km�2 year�1, respectively. In the

case of CO2 total annual emission from the Balbina hydroelectric system, including

the reservoir, turbine outflow, and river channel extending 30 km downstream, was

1340 Mg C km�2 year�1, when expressed relative to the average reservoir area.

Average CH4 emissions from the reservoir surface were 18 Mg C km�2 year�1, and

total emissions were 39 Mg C km�2 year�1, indicating the importance of degassing
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of methane through the turbines and downstream. Though Barros et al. (2011)

present mean fluxes from Amazonian reservoirs for CO2 of 400 Mg C km�2 year�1

and for CH4 of 50 Mg C km�2 year�1, these values should be used with caution

since the data from which they were obtained are based on only a few samples from

most of the reservoirs without adequate seasonal sampling and without data on

downstream fluxes.

7.4.5 Airborne Surveys

Airborne campaigns have provided integrated coverage of subregions of the Ama-

zon basin and permitted calculation of carbon balance (Lloyd et al. 2007) and

methane emission (Beck et al. 2012; Miller et al. 2007). Miller et al. (2007)

collected vertical profiles of methane over 4 years at sites near Santarém and

Manaus and calculated average emissions of 20 kg C km�2 day�1. Wetlands are

likely the major source of methane, at least during seasons with extensive inundated

areas. Other sources include fires, urban areas, termites, and, perhaps emissions

associated with terra firme forests. Beck et al. (2012) described results of airborne

campaigns in November and May, periods representing generally low and large

inundation, during which continuous, in-flight measurements of CH4 and sampling

for isotopic analyses were conducted. The flights extended over much of the

lowland Amazon in Brazil and were concentrated in the central basin. Isotopic

measurements indicated that biogenic methane predominates, and wetlands are

likely the major source though near Manaus anthropogenic sources, such as waste

decomposition, contribute. A signature of biomass burning was detected in samples

collected during the dry season, but this source appeared to be minor for CH4. Beck

et al. (2012) estimated a CH4 flux for the lowland Amazon during November as

27� 9 kg C km�2 day�1 and during May as 32� 14 kg C km�2 day�1.

7.5 Regionalisation of Fluxes

7.5.1 Prior Estimates

Though various estimates of regional carbon dioxide and methane fluxes have been

made through the years, only recent estimates that used data available through the

beginning of the twenty-first century are summarised here. Richey et al. (2002) and

Melack et al. (2004) were the first to use regional analyses of microwave remote

sensing data to establish inundated areas and habitats. Both applied Monte Carlo

error propagation to establish uncertainties.

Richey et al. (2002) used carbon dioxide measurements primarily from the

Solimões-Amazon River, its fringing floodplain and mouths of major tributaries,
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and conservatively low piston velocities to calculate an outgassing rate of

830� 240 Mg C km�2 year�1 for the annual mean flooded area. The areal flux

was combined with remote sensing-derived inundated areas at high and low stages

for rivers and floodplains over 100 m across (Hess et al. 2003) to determine total

outgassing in a 1.77 million km2 quadrant in the central basin. The seasonal

variation in inundated area was assumed to track river stage, as measured by the

sparse network of gauges. A comparison of inundated area-derived passive micro-

wave data versus stage for large floodplains supports this assumption (Hamilton

et al. 2002). Areas of moderate to small rivers and streams in this quadrant were

approximated as a geometric series relating stream length and width to stream

order. To extrapolate to the whole Amazon basin (6.07 million km2), an areal flux

of half that used for the central quadrant was applied to the 4.3 million km2 outside

the central quadrant to yield a value of 470 Tg C year�1 and that applied to the area

of the lowland basin yields an evasion of 390 Tg C year�1.

Rasera et al. (2013) extrapolated their results to a central Amazon quadrant (1.47

million km2). To do so, they combined (1) areas of streams (<100 m wide) and the

areas of rivers and floodplains (>100 m wide) for high and low stage as reported in

Richey et al. (2002); (2) k(600) values based on recent work for rivers and streams;

and (3) pCO2 values from measurements and from a relationship between measured

values and average soil cation exchange capacity. If the annual total evasion of CO2

calculated in this manner were increased in proportion to the slightly larger central

basin area used by Richey et al. (2002), 432� 78 Tg C year�1 would result. This

annual rate is about twice that reported by Richey et al. (2002) and reflects higher k
(600) values and improved data for streams. It is important to recognise that the

fluxes calculated for the mainstem Amazon and tributaries in Rasera et al. (2013)

include floodplain areas, not just river channels; if extrapolated to the area of the

lowland basin a flux of 1240� 206 Tg C year�1 results.

Regional extrapolation of fluxes of carbon dioxide from streams and small rivers

is especially difficult because of the few measurements among the millions of

kilometres of these systems and the large spatial and temporal variations observed.

Johnson et al. (2008) approximated potential evasion of CO2 from headwater

streams basin-wide (an area of 6.07 million km2, which included the Andean

highlands) as 114 Tg C year�1 or 19.5 Mg C km�2 year�1, excluding inundated

areas and accounting for human modified land uses, and where the areal rate is

expressed per km2 of total land area, not stream areas. Variations in annual water

balances for the period from 1976 to 1996 would introduce about a 10% increase or

decrease between wet or dry years. Their regionalisation approach is based on

groundwater fluxes, determined as the difference between average annual precip-

itation and evapotranspiration, and estimates of soil pCO2 from carbonate equilib-

rium reactions at a spatial scale of 0.1�. Though an interesting approach, it requires
validation based on actual measurements for a variety of headwaters, such as

Andean, blackwater, or savanna, streams that are different from those examined

by Johnson et al. (2006). Rasera et al. (2008) extrapolated from the Ji-Paraná River

basin to the Amazon basin and arrived at a value substantially higher than can be

calculated from the data presented. Based on the total CO2 evasion from the
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Ji-Paraná River basin divided by the area of the basin and multiplied by the area of

third- to sixth-order rivers (derived from the fractional area of these rivers in the

Ji-Paraná River basin; see above), the annual evasion is about 21 Tg C for these

rivers in the lowland Amazon basin.

Melack et al. (2004) used available measurements of habitat-specific methane

fluxes; all the data were from the central Amazon basin and based mainly on

methane captured in floating chambers. By combining these values with remote

sensing-based estimates of areal extent of aquatic habitats (open water in lakes,

rivers, flooded forests, and aquatic macrophytes), they calculated regional estimates

for the mainstem Solimões-Amazon in Brazil and for the same 1.77 million km2

quadrant used by Richey et al. (2002). Seasonal changes in the areal extent of the

aquatic habitats were approximated by interpolating between remote sensing-

derived areas obtained for low and high water periods. A time series of inundation

extent along the mainstem Solimões-Amazon floodplain, based on passive micro-

wave data, was used to calculate inter-annual variations in methane flux for 3 years.

To extrapolate to the whole lowland basin (5.05 million km2), a single, habitat-

averaged value of 30 Mg C km�2 year�1, calculated from the mean annual emission

estimated for the mainstem Solimões-Amazon in Brazil and the mean annual

flooded area of this reach, was used, resulting in a flux of c. 22 Tg C year�1. If

expressed as the greenhouse gas warming potential equivalence of CO2, this mean

flux amounts to about 0.2 Pg C year�1 (not 0.5 Pg C year�1, as noted in the original

paper).

Sawakuchi et al. (2014) subtracted estimates of Landsat-based lake areas from

the water body category in an AVHRR 1-km regional land cover product (Brown

et al. 2003) to obtain a large river channel area of approximately 91,000 km2, a

value considerably larger than others discussed earlier. When combined with their

methane fluxes, they calculated an annual average flux of 0.37 Tg C as methane

from the large rivers of the Amazon basin. If the areal estimate of Beighley and

Gummadi (2011) is used, the flux is 0.12 Tg C year�1, and if the SRTM areal

estimate is used, the flux is 0.21 Tg C year�1. These methane fluxes represent

0.5–1.6% of the basin-wide emission calculated by Melack et al. (2004) and

indicate a minor role for the large river channels. Methane emission from the

mainstem Solimões-Amazon River in Brazil was estimated by Melack

et al. (2004) to represent only 0.06% of the total flux for that reach including the

fringing floodplains.

Barros et al. (2011) estimated emission from extant tropical Amazonian reser-

voirs, based on an area of 20,000 km2, of 8 Tg C year�1 as CO2 and 1.0 Tg C year�1

as CH4. We question these values based on the area of Amazonian reservoirs being

6300 km2 and based on areal emission estimates available from Balbina and Petit

Saut, as described above.

Global or continental scale calculations derived from satellite retrievals of

atmospheric concentrations and inverse modelling provide coarse spatial resolution

methane emission values for the Amazon basin (e.g. Frankenberg et al. 2008). Beck

et al. (2012) examined the performance of CH4 inversion models, constrained by

observations from surface stations and SCIAMACHY retrievals, in comparison to
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their airborne campaigns for the Amazon basin. In this comparison, the global

models used the same transport model but different prior CH4 inputs from wetlands,

none of which were well suited to the Amazon basin. One result derived from the

transport modelling suggested that the Amazon basin is influenced by an atmo-

spheric region larger than the basin. Furthermore, Beck et al. (2012) concluded that

a reliable annual methane budget will require regional airborne campaigns over a

full year.

7.5.2 New Estimates

In principle, total basin-wide fluxes of CO2 and CH4 (F, in units of Tg C year�1)

could be calculated using a general expression similar to that in Melack

et al. (2004):

F ¼6Σj¼1
12Σi¼1tiAijf ij ð7:1Þ

where F is the flux of CO2 or CH4 for each habitat (expressed as kg C km�2 day�1);

j is each habitat: (1) headwaters, (2) streams and moderate-sized rivers, (3) large

rivers, (4) floodplains, (5) wetlands, and (6) hydroelectric reservoirs; A is an

estimate of average flooded area of each habitat per month; t is the number of

days per month; and i is each month incremented from 1 to 12. Depending on

available data, several habitat categories could be subdivided: e.g. large rivers

(e.g. Solimões-Amazon and white water tributaries, Negro and black water tribu-

taries, Tapajós, and other clear waters), floodplains (e.g. open water lakes, flooded

forests, aquatic macrophytes), and wetlands (e.g. upper Negro interfluvial, Roraima

savanna, Llanos de Moxos). If data from multiple years were available, such as the

inundation time series of Papa et al. (2010) or Paiva et al. (2013), or calculated from

an empirical or mechanistic model of carbon dioxide and methane dynamics,

Eq. (7.1) could be evaluated repeatedly to determine inter-annual variability.

Several challenges make it difficult to apply Eq. (7.1). In particular, sufficient

information about the spatial and temporal variations of inundated areas, habitat

characteristics, and associated fluxes on a basin-wide scale for multiple years is

lacking. A modelling system that combines climatic and hydrological processes

with biogeochemical and ecological processes is required.

As an alternative, a combination of the published values, summarised in prior

sections, for specific regions and calculations based on averaged measurements of

carbon dioxide from (1) moderate-sized rivers, (2) large rivers, (3) floodplains and

wetlands, and (4) hydroelectric reservoirs as noted in Table 7.1 are used to estimate

carbon dioxide emissions. These fluxes include those measured with floating

chambers and those calculated with new estimates of gas exchange velocities and

in situ gas concentrations. Remote sensing-based estimates of inundated areas at

low and high water levels and modelled variations in inundation are used to
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approximate annual values for floodplain and wetland environments. River channel

areal estimates from Beighley and Gummadi (2011) and SRTM are used. The

estimates are standardised to the lowland basin below 500 m as delineated from

JERS-1 synthetic aperture radar data (5.05 million km2). Insufficient new measure-

ments for methane are available to improve upon Melack et al. (2004).

Carbon dioxide evasion from rivers and streams is estimated to be

c. 200 Tg C year�1. Though fluxes per unit area for rivers and streams are based

on updated k(600) and recent data from a range of stream and river sizes, a smaller

surface area for these habitats than previous basin-wide estimates is being used. The

annual flux from the category called floodplain and wetland habitats, which

includes lakes, plus those from other wetlands and reservoirs is estimated to be

approximately 1600 Tg C year�1. These fluxes incorporate updated k(600) values;
however, the lack of information about k values in vegetated areas is a concern

because Melack and Hess (2010) estimate that about 79% of the lowland basin is

characterised by woody vegetation with another 13% predominately herbaceous

vegetation. Since k values are likely to be less in these areas in comparison to those

Table 7.1 Spatial components used in calculation of lowland Amazon basin carbon dioxide

evasion

Headwaters: 95 Tg C year�1 (Johnson et al. 2008 as lowland proportion based on area)

Moderate-sized rivers: Using an area of 31,000 km2 (Beighley and Gummadi 2011) for

river channels <150 m wide, and the annual average reported in Rasera et al. (2013) of

1880 Mg C km�2 year�1¼ 58 Tg C year�1

Large rivers: Using an area of 29,500 km2 (Beighley and Gummadi 2011) for river channels

>150 m wide, an average of pCO2 values (140 μM) from Richey et al. (2002) and Rasera

et al. (2013) for the mainstem Amazon and large tributaries, and k(600) of 10 cm h�1 (mid-range

of values reported in Devol et al. 1987, Alin et al. 2011, Kemenes et al. 2011 and Rasera

et al. 2013) results in a flux of 1500 Mg C km�2 year�1, which totals 44 Tg C year�1. Using the

SRTM value for the area of large river channels (52,000 km2) would result in a total flux of

77 Tg C year�1

Floodplain and wetland habitats: Using average of upstream and downstream pCO2 values

(335 μM) from Richey et al. (2002) and k(600) of 12 cm h�1 (mid-range of values reported by

Rudorff et al. 2011 and Polsenaere et al. 2013) results in a flux of 4200 Mg C km�2 year�1 with

floodplain areas of 370,000 km2 based on combination of monthly variations in modelled

inundated fractions (Coe et al. 2007) and high and low water SAR analyses for lowland basin in

1995 and 1996 (Melack and Hess 2010) (not including upper Negro interfluvial wetlands,

Roraima wetlands and large river areas, which are counted separately)¼ 1550 Tg C year�1. If a

lower k(600) is used to account for the large areas with vegetation where k values are likely to be
lower, the flux would be proportionately lower

Interfluvial wetlands in upper Negro basin: 21 Tg C year�1, based on an area of 50,000 km2

(Belger et al. 2011)

Roraima wetlands: 13 Tg C year�1, based on an area of 13,300 km2 (Jati 2013)

Reservoirs: Using an area of 6300 km2, the area of existing reservoirs in the lowland Amazon

basin, and an average of fluxes from Balbina and Petit Saut reservoirs (about 890 Mg C km�2

year�1) results in a total flux of 5.6 Tg C year�1. Though not within the Amazon basin, Petit Saut

Reservoir (French Guiana) has a watershed of tropical lowland forest and the longest set of

measurements of a tropical South American reservoir including sampling in the reservoir, below

the turbines and in the downstream river
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in lakes, the annual fluxes would be lower. Furthermore, basin-wide modelled

inundation fractions and remote sensing-based areas do not represent well the

seasonality in areas or fluxes. With these and other issues noted above acknowl-

edged, total evasion of carbon dioxide for the lowland Amazon basin is estimated to

be c. 1.8 Pg C year�1. Though a formal analysis of uncertainty cannot be done based

on the heterogeneous information used for these estimates, based on spatial and

temporal variability and uncertainty in measurements, an overall uncertainty of at

least �50% is reasonable.

Raymond et al. (2013) calculated global annual evasion of carbon dioxide from

streams and rivers ranging from 1.5 to 2.1 Pg C and evasion from lakes and

reservoirs ranging from 0.06 to 0.84 Pg C. The ranges represent 5th and 95th

confidence intervals derived from a Monte Carlo analysis. Wetlands were not

included. That the value reported here for the lowland Amazon basin is similar to

the sum of these global estimates indicates the importance of including tropical

floodplains and other wetlands in calculations of carbon dioxide evasion from

inland waters.

7.6 Sources and Decomposition of Organic Carbon

Floodplains and other wetlands are productive aquatic environments in which most

of the production and evasion of CO2 and CH4 is likely derived from metabolic

processing of the carbon fixed by aquatic plants. These environments also export

considerable amounts of carbon to rivers and accumulate sediments. Estimates of

carbon balances for floodplains at several spatial scales provide supporting evi-

dence: Calado (Melack and Engle 2009), Curuai (Rudorff 2013), the mainstem

Solimões-Amazon floodplain in Brazil (Melack and Forsberg 2001), and a 1.77

million-km2 quadrant in the central Amazon (Melack et al. 2009; Abril et al. 2014).

In particular, Abril et al. (2014) suggest that Amazonian wetlands export about half

of their primary productivity to neighbouring waters where it is metabolised and

much is released to the atmosphere. Further evidence is provided by estimates of

root respiration by herbaceous and woody aquatic plants (Hamilton et al. 1995;

Worbes 1997), isotopic studies of microbial respiration (Waichman 1996), calcu-

lation of aquatic macrophyte growth and decay (Engle et al. 2008; Silva et al. 2009,

2013), rates of methane oxidation in exposed wetland sediments (Koschorreck

2000), and the enrichment of δ13C of CO2 in lowland rivers, expected if C4 grasses

are significant sources of respired carbon (Mayorga et al. 2005b).

Understanding the relevance of evasion of carbon dioxide from aquatic envi-

ronments to the carbon balance of terra firme forests requires (1) determination of

the proportion of the carbon fixed within aquatic ecosystems versus that imported

from uplands as inorganic or organic carbon and (2) measurements of aquatic

respiration and of decomposition of these sources of organic carbon. Though

further work is needed, recent results indicate that the carbon inputs to aquatic
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systems that are eventually emitted as CO2 or CH4 vary among habitats and are

related to hydrological conditions and proximity of carbon sources.

Headwater streams in the Juruena watershed (Fig. 7.1), and presumably else-

where, receive most of the CO2 degassed in their uppermost reaches directly from

terrestrially derived respiration in soils with small contributions of organic C from

riparian and upland litter that is gradually processed downstream (Johnson

et al. 2006, 2007). In slightly larger streams and small rivers, relatively labile

dissolved and particulate organic carbon and lateral inputs of dissolved CO2 support

evasion (earlier work summarised in Richey et al. 2009; Davidson et al. 2010).

There is regional heterogeneity in the carbon sources, with 13C-depleted CO2 in

streams draining sandy soils in the Negro basin indicative of C3 plants, while the 13

C-enriched CO2 in streams passing through pastures in Rondônia indicating C4

grasses. Based on direct assays of 14CO2 outgassed from small streams and rivers in

the western Amazon, Vihermaa et al. (2014) report that a portion of the carbon

dioxide is derived from sedimentary rock and carbonate weathering.

Carbon dioxide evasion from large rivers appears to be supported by a wide

variety of carbon compounds from a combination of nearby and distant organic

carbon sources. Especially relevant results are reported by Ellis et al. (2012), who

determined the δ13C of the CO2 evaded from the Amazonian rivers and found that

organic carbon from C3 and C4 plants and phytoplankton was evident and spatially

and temporally variable. Another valuable result from Ward et al. (2013) demon-

strated that the degradation of lignin and associated macromolecules in water from

the lower Amazon River was sufficient to support considerable respiration and

presumably CO2 evasion. Since these compounds have been thought to be refrac-

tory and are often of terrestrial origin, this finding supports the notion that metab-

olism in the large rivers is supported by diverse carbon sources. Fatty acid and

stable isotope analyses by Mortillaro et al. (2011, 2012) as well as studies by Kim

et al. (2012), using the branched and isoprenoid tetraether index, offer further

evidence of multiple carbon inputs to the lower Amazon River. Oxidation of

petrogenic organic carbon has also been documented (Bouchez et al. 2010). Results

by Mayorga et al. (2005b) indicated that the main source of respired carbon was<5

years old and that the dissolved CO2 was isotopically different from organic carbon

in the rivers sampled at the same time. These results imply that inputs of labile

carbon, which is rapidly oxidised, support the generation of the high pCO2 values

observed. However, Ellis et al. (2012) found that the respired carbon was isotopi-

cally similar to that in the water. Further, as noted by Rasera et al. (2013), the high

concentrations of CO2 during high river stages may reflect export of labile organic

carbon from fringing floodplains. In the Amazon, Madeira and Solimões rivers Ellis

et al. (2012) found that riverine respiration could account for most or all of the CO2

evaded, while in the Negro River it could account for only 15–34%. Photo-

oxidation of organic carbon appears to make small contributions to CO2 in large

rivers (Amaral et al. 2013; Remington et al. 2011).

In summary, the relative importance of carbon sources originating in terra firme
forests versus aquatic habitats varies as a function of position in the continuum from

headwaters to large rivers with fringing floodplains or associated wetlands. Hence,
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a general conclusion regarding the proportion of terra firme net productivity that is
emitted to the atmosphere after lateral transport to aquatic environments is difficult

to state. However, it is clear that CO2 evasion, in particular, is supported by carbon

fixed by terra firme plants in many streams and that this carbon contributes to

metabolic processes in the largest rivers. In contrast, floodplains and wetlands

likely represent environments where the CO2 and CH4 emitted to the atmosphere

are derived largely from carbon fixed by aquatic plants and, to a lesser extent, algae,

and that a portion of organic carbon metabolised in rivers is supplied by their

floodplains. Based on this logic, the values in Table 7.1 lead to the conclusion that

the majority of the basin-wide evasion of carbon dioxide is derived from plants in

aquatic environments.

7.7 Uncertainties and Research Needs

7.7.1 Field Measurements

The largest uncertainties stem from the sparseness of measurements in time and

space. For example, based on a Monte Carlo error analysis, Melack et al. (2004)

noted that the uncertainty in actual methane fluxes, largely because of the high

spatial and temporal variability, compounded by the episodic nature of ebullition,

was larger than the uncertainty associated with remote sensing-based habitat extent.

This result applied to the best sampled floodplains of the central basin. In many

wetlands of the basin, few or no data are available. Particularly large gaps with no

data exist in the Llanos de Moxos, Bananal, peatlands in the western Amazon

(Lahteenoja et al. 2011), Peruvian lowlands, and habitats above 500 m. The

extensive network of streams and medium-sized rivers is significantly under-

sampled, and Richey et al. (2009) made a plea for collecting many spatially

distributed measurements given the large variability observed among the data

gathered. While reservoirs are receiving increased attention, time series data and

measurements above and below the dams are required to better guide the manage-

ment of greenhouse gas evasion from hydroelectric projects.

Within lakes, reservoirs, and wetlands, diel and seasonal variations in vertical

stratification and horizontal advection influence the concentration gradients of

gases and the transfer velocities. With the increasing availability of in situ sensors

and automatic recording systems, it is possible to incorporate temporal and spatial

variations in physical and chemical conditions in calculations of gas exchanges. For

example, deep convective mixing at night, common in tropical waters, is likely to

increase both transfer velocities and concentrations of carbon dioxide and methane

in surficial waters, thus increasing fluxes.

Other components of the carbon balance in aquatic habitats can be challenging to

measure, and data are lacking for many areas or are without sufficient spatial and

temporal coverage even at better studied sites. Key processes that need attention are
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primary productivity by algae and higher plants, sedimentation in floodplains and

other wetlands, transport of dissolved and particulate inorganic and organic carbon

from uplands to inland waters, and rates of respiration and decomposition.

7.7.2 Modelling

While models of river discharge and inundation are improving, the current basin-

scale models do not properly flood some important and large habitats, such as the

largely rain-fed interfluvial wetlands in the upper Negro basin, the Roraima wet-

lands, or the Llanos de Moxos. One key to improvement is higher spatial resolution

DEMs for floodplains. Biogeochemical models of carbon dioxide and methane

production and evasion appropriate for conditions in the Amazon are not available

(Riley et al. 2011), though relevant models are under development (Potter

et al. 2016). While several models have potentially useful components or formula-

tions (Ringeval et al. 2010; Bloom et al. 2010; Cao et al. 1996; Potter 1997; Walter

and Heimann 2000), no spatially explicit model exists that incorporates the inun-

dation dynamics and biogeochemical processes of aquatic environments in the

Amazon.

7.8 Climate Change, Exceptional Events, and Human

Impacts

Climate warming, climate variability, including exceptional droughts and floods

and severe wind storms, and fires are influencing the Amazon basin (Davidson

et al. 2012). Additionally, human alterations include agricultural expansion with

associated deforestation, construction of dams, and fossil fuel exploration (Melack

2005; Costa et al. 2009; Pires and Costa 2013; Renó et al. 2011; Castello et al. 2013;

Finer and Orta-Martinez 2010). A review of current climatic conditions in the

context of aquatic environments in the Amazon basin by Melack and Coe (2013)

noted the paucity of meteorological records in floodplains and other wetlands.

Basin-wide, long-term warming trends in air temperature are generally

0.1–0.3 �C per decade (1960–2009; Burrows et al. 2011). Rainfall has negative

trends in the northern Amazon and positive trends in the southern Amazon

(1949–1999; Marengo 2004). Severe droughts occurred in 2005 and 2010 and

were associated with tropical Atlantic warming and ENSO events (Marengo

et al. 2008, 2009, 2011; Zeng et al. 2008; Villar et al. 2011). In contrast, an

exceptional flood occurred in 2009 (Chen et al. 2010). Furthermore, increased

variability in climatic conditions with increased frequency and severity of droughts

and storms is projected by global models (Malhi et al. 2008; Gloor et al. 2013;

Huntingford et al. 2013; Lau et al. 2013; Liu et al. 2013; Reichstein et al. 2013).

138 J.M. Melack



Another consequence of severe weather can be substantial disturbance of forests

as trees are blown down (Negrón-Juárez et al. 2010; Chambers et al. 2007).

Droughts can lead to increased incidence of fires (Arag~ao et al. 2008; Longo

et al. 2009), even in igap�o forests (Flores et al. 2014).

Melack and Coe (2013) ran simulations of inundation under altered climate and

land uses specifically for the Amazon basin using a basin-wide hydrological model

forced with observed climate data from 1950 to 2000. Simulations of inundation

with 10 and 25% decreases in rainfall (without seasonal and spatial variations

included) resulted in reductions in inundation similar to reductions in rainfall:�5 to

�20% (10%) and �12 to �30% (25%). Based on 35% deforestation coupled to a

global climate model, rainfall decreased and evapotranspiration decreased more;

hence average maximum flooded area along mainstem Amazon increased slightly

compared to current land cover. Others have considered actual or potential climate

change or land use impacts on hydrological conditions in the Amazon basin (Coe

et al. 2009, 2011; Casimiro et al. 2011, 2012; Langerwisch et al. 2012; Cox

et al. 2013). In addition to the existing hydroelectric reservoirs, others are under

construction (Belo Monte on the Xingu River; Santo Antonio and Jirau, run-of-river

dams on the Madeira River), and many more are planned throughout the Amazon

basin including the Tapajós hydroelectric complex which could inundate about

2000 km2 (Finer and Jenkins 2012). To estimate the emissions of CO2 and CH4

from these new and planned reservoirs is difficult because of differences in con-

struction and operation and because economic and environmental issues will likely

play roles. Furthermore, road construction and agriculture create numerous small

impoundments (Macedo et al. 2013), of unknown total area with unmeasured

fluxes.

7.9 Conclusion

The updated value for annual carbon dioxide emission from aquatic habitats in the

lowland Amazon basin of 1800 Tg C is larger than previous estimates. Almost 90%

of this flux is likely associated with lakes, floodplains, and other wetlands. Carbon

fixed by terra firme plants contributes most of the carbon dioxide emitted from

streams and adds organic carbon to rivers. Lakes, floodplains, and other wetlands

represent environments where the CO2 emitted to the atmosphere is derived largely

from carbon fixed by aquatic plants with lesser contributions from algae, and a

portion of organic carbon metabolised in rivers is supplied by their floodplains.

To further improve the updated estimates of carbon dioxide and methane evasion

from aquatic habitats in the Amazon basin requires several activities. The largest

uncertainties stem from the sparseness of measurements in time and space. Deploy-

ment of eddy covariance systems, continuous measurements along transects, and

regional airborne campaigns would help considerably. Inclusion of habitats not well

characterised, such as flooded forests, savannas, intermittently flooded regions

along streams, and depressions within terra firme forests is needed. Hydroacoustic
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techniques and sampling releases via turbines in hydroelectric dams will improve

estimation of ebullition. Seasonal and inter-annual variability of inundated areas

derived from remote sensing and modelling should be incorporated. The lack of

high-resolution digital elevation data are a serious limitation throughout the basin.

Given the pronounced diel cycle of heating and cooling often observed in shallow

tropical waters, it is important to measure stratification and mixing, and gas

concentrations and exchanges, over these diel cycles. Biogeochemical models of

carbon dioxide and methane production and evasion appropriate for conditions in

the Amazon require further development. Climate warming, climate variability,

including exceptional droughts and floods and severe wind storms, fires, agricul-

tural expansion, and construction of dams are all influencing the Amazon basin with

consequences for the role of aquatic environments in the carbon cycle and release of

carbon dioxide and methane.
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Chapter 8

Ecosystem–Atmosphere Exchanges of CO2

in Dense and Open ‘Terra Firme’ Rainforests
in Brazilian Amazonia

Alessandro C. Araújo, Celso von Randow, and Natalia Restrepo-Coupe

8.1 Introduction

The rainforests of the Amazon basin constitute the single largest expanse of tropical

forest on the planet, covering an area of about 5.8� 106 km2 (Eva and Huber 2005).

Its total above-ground live biomass is estimated to contain about 93� 23 Pg C

(Malhi et al. 2006), about 74% of it being in non-inundated (terra firme) forests
(Vieira et al. 2004). In addition to the large carbon stock, the Amazon basin has

important implications for climate, locally and regionally (Nobre et al. 2009).

Concerns about global climate change have stimulated renewed interest in, and

created an unprecedented demand for, information about the least understood parts

of the climate system, including the boundary between the land surface of the earth

and the lowest part of the planetary boundary layer (PBL), the internal carbon fluxes

within ecosystems, and trace gas exchange between the terrestrial biosphere and the

atmosphere. To address these, several projects have been implemented in the

Amazon basin since the early 1990s within the scope of the Large-scale Biosphere–

Atmosphere Experiment/Programme in Amazonia (LBA). Additionally, LBA pro-

jects have been addressing the climatological, ecological, biogeochemical, and

hydrological functioning in the Amazon basin, the impact of land use change on
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these functions, and the interactions between Amazonia and the Earth system

(Avissar et al. 2002; Gash et al. 2004; Keller et al. 2004).

LBA has undertaken the first comprehensive assessment of the spatial and

temporal variability of CO2 fluxes between the biosphere and atmosphere in the

Amazon forest ‘biome’. Estimates based on eddy covariance (EC) measurements

have suggested that the forest areas of the basin might be either a carbon sink

(c. 0.7–4.2 Pg C year�1) (Grace et al. 1995a, b; Malhi et al. 1998; Araújo

et al. 2002; Carswell et al. 2002; Kruijt et al. 2004; Gloor 2016; Grace 2016) or a

carbon source (c. 0.2–0.8 Pg C year�1) (Saleska et al. 2003; Miller et al. 2004;

Hutyra et al. 2007, 2008). Moreover, recent estimates based on biomass inventory

plot measurements have suggested that the Amazon forest is absorbing carbon at a

rate of about 0.7 Pg C year�1 during normal or wet years (Phillips et al. 1998; Baker

et al. 2004; see also Chap. 10), but turns to neutral or sources of carbon during

drought years (Gatti et al. 2014; Chaps. 5 and 6). The reported spatio-temporal

variability is largely related to soil fertility and precipitation gradients and to

climate-driven effects, such as the El Ni~no Southern Oscillation (ENSO). The

soils are more fertile to the south-west of the basin, and there is more precipitation

in the north-west. In addition, the above-ground live biomass is larger in the north

than in the south (Malhi et al. 2006; Saatchi et al. 2007).

In this chapter, we present analyses of the relations between climatic variables

and fluxes measured over the LBA towers in two types of non-inundated (‘terra
firme’) evergreen lowland rainforest—(1) dense rainforest and (2) open rainforest

in the Brazilian Legal Amazon (BLA) (IBGE 2012), hereinafter referred to as BLA

(Table 8.1). We address the uncertainty in the responses of the vegetation

(ecosystem–atmosphere exchanges of CO2) to natural climate variations and pos-

sible future extreme conditions. We present analyses, combining information from

flux tower observations and terrestrial process-based models.

8.2 Sites: Rainfall Patterns and Precipitation Seasonality

Climatic seasonality in BLA is related to annual rainfall patterns, in particular to the

dry season, the period when monthly rainfall values are below 100 mm month�1

(Sombroek 2001), or evapotranspiration (ET) is greater than precipitation (used

interchangeably as mean monthly forest ET is c. 100 mm). The timing of the onset

and length of the dry season and the amount of dry season precipitation are

important variables for ecosystem functioning. Using precipitation averages for

1998–2013 from the Tropical Rainfall Measuring Mission (TRMM) database

(NASA 2014), the following pattern emerges.

Mean annual (2552 mm) and minimum monthly (140 mm) precipitation across

the equatorial zone (0–5�S) gradually decreases from the north-west of the basin

(80� W–75� W) with no dry season to 2263 mm year�1 and 46 mm month�1 at the

confluence of the Amazon and Tapajós rivers (57� W–54� W) and then increases

again near to the Amazonas delta (0–2� S and 53� W–48� W) (2626 mm and
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58 mm month�1) (Fig. 8.1). The flux towers of Manaus (K34), Tapajós National

Forest (K67 and K83), and Caxiuan~a National Forest (CAX) constitute a small

sample along the above-mentioned gradient (Table 8.1), which are referred here as

dense terra firme forest sites. At the K34 site (2.61�S; 60.2�W), dry season lasts

1 month and mean annual precipitation reaches 2520 mm (Araújo et al. 2002). To

the east, K67 (2.85�S; 55�W) and K83 (3.01�S; 54.6�W) sites are located in a region

with a mean annual precipitation of 1823 mm and which technically has a

c. 5-month-long dry season (minimum monthly precipitation is on average

54–98 mm) (Goulden et al. 2004; Hutyra et al. 2007; Saleska et al. 2003). Finally,

the most easterly site at CAX (1.72�S; 51.5�W) has the highest seasonality, as

despite receiving 2551 mm annual rainfall and having the highest monthly precip-

itation among the three sites in the wet season, there is a dry season where during

4 months the average monthly precipitation is 77 mm (Carswell et al. 2002)

(Figs. 8.1 and 8.2, lower rows). A similar precipitation gradient is observed from

north to south, where at the open ‘terra firme’ rainforest of Jaru (RJA) (10.08�S;
61.9�W) mean precipitation is 2031 mm year�1 and there is a 5-month-long dry

season with average monthly rainfall of 23 mm (von Randow et al. 2004) (Fig. 8.1).

In addition, particularly in this part of BLA (Latitude> 7�S), there is an observed

Fig. 8.1 Average monthly precipitation (mm month�1) in the Amazon region (1998–2013),

according to the values of the Tropical Rainfall Measuring Mission (TRMM). Location of eddy

flux sites: Manaus dense ‘terra firme’ forest (K34), Santarém dense ‘terra forme’ forest (K67 and

K83), Caxiuan~a dense ‘terra firme’ forest (CAX), Reserva Jarú open ‘terra firme’ forest (RJA).
Colour bands indicate equatorial Amazon region (latitude 0–5�S) and north–south transect

(0–15�S) along longitude 65–60�W
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tendency for an increase in dry and very dry events during the dry season, which is

concomitant with an increase in the length of the low precipitation period (Marengo

et al. 2011).

8.3 Ecosystem–Atmosphere CO2 Fluxes in BLA

In the late 1980s, EC, a technique that quantifies the exchange rate of gases between

the terrestrial ecosystems and atmosphere, emerged as an important tool (Baldocchi

2003). The technique measures the covariance between the fluctuations in vertical

wind velocity and CO2 mixing ratio (see also Chap. 5). This technique was first

used in Amazonia for short-term measurements of CO2 fluxes in the late 1980s by

Fan et al. (1990) and in the early 1990s by Grace et al. (1995a, b). From middle

1990s onwards, long-term measurements became possible (Malhi et al. 1998;

Araújo et al. 2002; Carswell et al. 2002; Kruijt et al. 2004; Saleska et al. 2003;

Miller et al. 2004; Hutyra et al. 2007, 2008) after the introduction of fast-response

instrumentation (see more detailed information in Saleska et al. 2009).

Except for atmospheric–oceanic phenomena such as ENSO, which caused a

reduction in both net ecosystem–atmosphere CO2 exchange (NEE) and ET during

the dry season in a forest near to K34 site in Manaus (Malhi et al. 1998, 2002),

results from flux towers indicate that NEE decreases (by convention carbon uptake

has a negative sign; hence the more negative it becomes the higher is the carbon

assimilation) during the dry season as compared to the wet season at K34, K67, and

CAX sites (Araújo et al. 2002; Carswell et al. 2002; Kruijt et al. 2004; Saleska

et al. 2003; Miller et al. 2004; Hutyra et al. 2007, 2008). This pattern, until recently,

has not been incorporated into many modelling studies (Saleska et al. 2003, 2009),

which, as a consequence, have continued to predict a reduction in NEE and ET in

dry season. Thus, only at the RJA open ‘terra firme’ forest site was a good

agreement between observations and model predictions (von Randow et al. 2004;

Kruijt et al. 2004).

Although there has been a large improvement in our understanding of the

environmental (net radiation) and biotic (rooting depth) controls of ecosystem–

atmosphere water fluxes in Amazonia (Négron-Juárez et al. 2007; Hasler and

Avissar 2007; da Rocha et al. 2009; Costa et al. 2010), the same does not apply

to ecosystem–atmosphere CO2 fluxes, which only recently started to be addressed

(Restrepo-Coupe et al. 2013; von Randow et al. 2013). This is because CO2 fluxes

are inherently more complex, involving nuances of ecosystem metabolism, than the

water fluxes (Saleska et al. 2009).
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8.4 Seasonality of C-Fluxes

Across the central part of BLA, the timing of the dry season and the associated

decrease in cloud cover coincides with the equinox, the timing of highest top of the

atmospheric radiation (TOA). As a consequence, radiation at the canopy level, also

measured as incoming photosynthetically active radiation (PAR), increases to its

annual maximum in July–October (Fig. 8.2). By contrast, in the south (Lat. >7�S),
as the TOA and precipitation are synchronous (July minimum and January maxi-

mum), PAR is higher and less seasonal than at the equatorial sites and its maximum

coincides with the end of the dry season, which extends from May to September.

At all EC sites, the available energy values showed a direct relationship with ET

as reported in previous studies (Costa et al. 2010; da Rocha et al. 2004; Hasler and

Avissar 2007; Négron-Juárez et al. 2007). However, gross ecosystem productivity

(GEP), understood as a measure of ecosystem photosynthetic flux, does not show a

simple relationship with PAR when viewed on a month-by-month basis (Restrepo-

Fig. 8.2 Annual cycles, 16-day composites of the mean of all available years (Table 8.1) of net

ecosystem exchange (NEE, top row for each site) in Brazilian Legal Amazonia. Dark grey areas
indicate 95% CI determined by the selection of u* (see Restrepo-Coupe et al. 2013); gross

ecosystem productivity (GEP, second row top to bottom black continuous line); ecosystem

respiration (Re, second row to bottom, grey dashed line); photosynthetic capacity (Pc, third row
for each site, black continuous line); light use efficiency (LUE, third panel, grey dashed line); air
temperature (Ta, fourth row black continuous line); vapour pressure deficit (VPD, fourth row grey
dashed line); and precipitation (Prec, lower row grey bars at lower row), evapotranspiration (ET,

continuous black line), and incoming photosynthetic active radiation (PAR, fifth row dashed grey
line) and diffuse fractions (PARDIff, fifth row dotted grey line). Diffuse radiation only available at

K67. Grey shaded areas indicate dry seasons (precipitation <100 mm month�1). Dense ‘terra
firme’ forest sites: Manaus (K34), Santarém (K67), Caxiuan~a (CAX); open ‘terra firme’ site: Jarú
(RJA)
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Coupe et al. 2013). At the three central BLA sites (K34, K67, and CAX), we

observed a gradual increase in GEP at the beginning of the dry season and it reached

its maximum by the middle or end of the dry season (Fig. 8.2). Interestingly, the two

eastern sites, K67 and CAX, where the dry season is longer compared to K34, have

a second peak during the wet season. This peak in productivity is highly correlated

to wood allocation as presented in the section on the seasonality of photosynthesis.

On an hour-by-hour basis GEP is driven by PAR, controlled by vapour pressure

deficit (VPD), soil moisture, and air temperature (Ta), as previously reported by

different authors (Law et al. 2002; Mercado et al. 2009; Oliveira et al. 2007). We

also observed that at some sites, GEP was linearly related to the absolute value of

available diffuse radiation (R2¼ 0.82, p< 0.001 at K67). However, on a seasonal

basis (16-day time series) linear and multivariate regressions between GEP and

PAR, and GEP and any meteorological variable, including Ta, VPD, precipitation,
and PAR (Fig. 8.3, top rows), were not statistically significant (Table 8.2). An

indication of a shared atmospheric and vegetation adaptation (e.g. leaf phenology,

wood allocation) controls of ecosystem productivity.

The seasonality of C-fluxes presented here uses meteorological and carbon and

water flux variables for the periods between 1999 and 2006 from five EC towers

Fig. 8.3 From right to left: linear regression 16-day average gross ecosystem productivity, GEP
(g C m�2 day�1) (top rows), photosynthetic capacity, Pc (g C m�2 day�1) (middle rows) and
GEP/Pc (bottom rows) versus photosynthetic active radiation, PAR (mmol m�2 s�1), vapour

pressure deficit, VPD (kPa), precipitation from the Tropical Rainfall Measuring Mission

(TRMM) (mm month�1), and diffuse PAR, PARDiff (mmol m�2 s�1) (only available at K67).

Data from flux tower sites in dense ‘terra firme’ forests: Manaus (K34), Santarém (K67), Caxiuan~a
(CAX); and open ‘terra firme’: Jarú (RJA)
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located at tropical forest ecosystems from the Brasil flux database (Restrepo-Coupe

et al. 2013) (refer to Table 8.1 for site-specific measurement period). In 2005, large

sections of southwestern Amazonia experienced one of the most intense droughts of

the last 100 years (Marengo et al. 2008). A later analysis has shown that 1 year after

the drought, the RJA open ‘terra firme’ forest site became a net source of carbon to

the atmosphere (Zeri et al. 2014).

We derived GEP data from measured carbon fluxes, where gross ecosystem

exchange (GEE) was obtained from EC measurements of daytime NEE by

subtracting estimates of ecosystem respiration (Re). Re was calculated as the

mean of filtered nighttime NEE (low turbulence threshold, u* threshold values

removed) within a 5-day wide window, expanded up to monthly average if not

enough data were available. GEP was defined as minus GEE assuming negligible

leaf re-assimilation of dark respiration and insignificant CO2 recirculation within

the canopy air space below the EC system (Stoy et al. 2006). Minimummissing data

filling was carried out to the C-flux time series, as we wanted to base our analysis on

observations rather than model results. GEP data was filled using a c. 10-day

moving lookup table, informed by PAR and time of day (2-h-wide bins). The

hourly bins account for morning and afternoon differences in GEP (generally driven

by VPD) and the moving window accounts for sensitivity to seasonally varying soil

moisture. Data were composited in 16-day periods of the mean of all available years

(Table 8.1) for presentation purposes (see more details in Restrepo-Coupe

et al. 2013).

Here we present two different measures of photosynthetic potential in an attempt

to quantify the innate ability of plants to capture CO2 (amount, age, and quality of

leaves): first, the ecosystem light use efficiency (LUE) defined as the ratio of GEP

to incoming PAR, and second, photosynthetic capacity (Pc) where GEP is

normalised to a given range of PAR (725 and 925 μmol m�2 s�1), which based

on the rectangular hyperbola (GEP versus PAR) is understood as the optimum

radiation environment. The selected range avoids saturation light levels or initial

ecosystem response to light (Hutyra et al. 2007; Restrepo-Coupe et al. 2013)

(Fig. 8.2). Pc is derived from morning measurements to limit the effect of VPD

on ecosystem response. LUE is shown here to illustrate the vegetation response that

is not driven by PAR, but still the combined effect of vegetation adaptation (leaf

quantity and quality) and other environmental variables (VPD, Ta, and soil moisture

among others). The seasonal pattern of both measures of potential and in particular

Pc makes a compelling case, where we observe the gradual increase from the start

to the end of the dry season and an opposite pattern (high to low) during the wet

season (Fig. 8.2). This indicates that under the current precipitation regime the

pattern of photosynthesis, based on EC data, shows little evidence of seasonal water

limitation, as forests sustain high or increasing levels of Pc as the dry season

progresses. Thus, in agreement with leaf-level stomatal conductance at saturating

light (a proxy for measuring photosynthetic rate) measurements reported for K67

showed aseasonal or significantly higher values during the dry season (Domingues

et al. 2014). Exploring the idea that the pattern of Pc may be consistent with light

limitation (Goulden et al. 2004; Huete et al. 2006), we explored the relationships
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between Pc and direct (PAR) and diffuse radiation (PARdiff), temperature and VPD

(Fig. 8.2). In contrast to GEP, Pc showed good correlation with PAR (R2¼ 0.53 at

K34, 0.56 at K67, 0.04 at CAX, 0.38 at RJA). However, the fraction of productivity

used to build capacity (GEP/Pc) and PAR was the strongest of all (R2¼ 0.57 at K34,

0.64 at K67, 0.35 at CAX, 0.43 at RJA) (Fig. 8.3), thus contrasting with the low

correlation coefficients found for keymeteorological variables and GEP (Table 8.2).

At the seasonal forest site (RJA), VPD was highly correlated with GEP (R2> 0.5,

p< 0.01), a possible sign of water limitation as more information would be neces-

sary to establish causality.

Even though there is no correlation between GEP and precipitation as a proxy for

water availability at individual sites (Table 8.2), across the central Amazon the east

to west differences in rainfall patterns are reflected in absolute values of GEP, Re,

and NEE (see Restrepo-Coupe et al. 2013). GEP at K34 ranges from a minimum of

7.9� 0.9 to a maximum of 11.5� 1.4 g C m�2 day�1; lower values are calculated at

K67 (6.9� 0.68–9.7� 0.5 g C m�2 day�1) and higher values at CAX

(9.4� 1.19–13.1� 0.0 g C m�2 day�1). With lowest minimum and highest maxi-

mum values (6.5� 0.74–13.3� 0.38 g C m�2 day�1), RJA is the most seasonal site

regarding GEP. The annual cycle of Re is similar at all sites (6.8� 0.9–10.3-

� 0.4 g C m�2 day�1), where values of Re follow seasonality in GEP. An exception

to this pattern is CAX where max GEP lags max end of the wet season Re; however,

Table 8.2 Pearson product–moment correlation coefficient between gross ecosystem productivity

(GEP), ecosystem respiration (Re), net ecosystem exchange (NEE), and different meteorological

variables, air temperature (Ta), vapour pressure deficit (VPD), photosynthetic active radiation

(PAR), and precipitation (Precipitation)

Correlation

coefficient, R
C-flux

(μmol m2 day�1) Tair (C)

Precipitation

(mm day�1)

PARdaytime

(μmol m2 s�1)

VPDdaytime

(kPa)

K34 NEE �0.15 0.15 �0.29 �0.14

GEPdaytime �0.26 0.13 �0.12 �0.24

Re �0.17 0.18 �0.55 �0.32

K67 NEE �0.66 0.61 �0.34 �0.71

GEPdaytime 0.05 0.10 �0.25 �0.01

Re �0.50 0.56 �0.58 �0.55

CAX NEE �0.07 0.29 0.49 0.29

GEPdaytime 0.59 �0.55 0.26 0.26

Re 0.45 �0.33 0.38 0.30

RJA NEE 0.34 �0.48 0.34 0.49

GEPdaytime �0.45 0.47 �0.37 �0.75

Re �0.20 0.53 �0.45 �0.53

All sites NEE �0.32 �0.01 0.03 �0.20

GEPdaytime 0.12 0.14 �0.08 �0.10

Re �0.18 0.22 �0.39 �0.44

Data from flux tower sites in dense ‘terra firme’ forests: Manaus (K34), Santarém (K67, K83); and

open ‘terra firme’: Jarú (RJA). Numbers in italic denote R2> 0.3

8 Ecosystem–Atmosphere Exchanges of CO2 in Dense and. . . 157



there is no statistically significant relationship between Re and meteorological

drivers (R2> 0.3) for this site.

The balance between photosynthetic activity and respiration (NEE¼GEP�Re)

shows greater seasonality at CAX and RJA, similarly to that in precipitation.

Carbon uptake by vegetation (negative values of NEE) is observed at all times at

K34 and CAX, the two sites with highest rainfall values and shortest dry season.

Interestingly, in the three dense ‘terra firme’ sites highest C-uptake is reached

during the October–December period, the end of the dry season (K34, K67, and

CAX). During the wet season, the rainforest at K67 and during the dry season the

seasonal forest at RJA are both sources of CO2 (Fig. 8.2). Thus, we can infer a

negative effect on NEE (reduction of C-uptake) due to a decrease in rainfall

amounts at the wet equatorial forests, a common future climatic scenario (Costa

and Pires 2010). It is unclear the effect of a changing seasonal rainfall pattern as

vegetation adaptations are designed to optimise photosynthesis at the current

balance between light and water.

8.5 Seasonality of Photosynthesis

In dense ‘terra firme’ forests at central BLA, GEP shows no signs of water

limitation, in contrast to the open ‘terra firme’ at RJA forest. At all sites, GEP

responds to a combination of adaptive mechanisms and climate: (1) Biology deter-

mines photosynthetic capacity through leaf flush and litterfall seasonality; and

(2) Meteorology determines available sunlight energy (which drives the fraction

of photosynthetic capacity utilised). The observed increase in Pc during the dry

season can be explained by the increase in the quantity of leaves (leaf area index,

LAI) or by the production of new more productive leaves (leaf-level photosynthetic

assimilation per unit area, Amax), or the shedding of old leaves, or any combination

of the three (e.g. production of new leaves, coincident with the loss of old leaves,

such that the foliage becomes younger, even though LAI may actually decrease)

(Restrepo-Coupe et al. 2013). There is a c. 16-day lag between Pc and LAI, where

LAI leads. The observed interval can be explained by the c. 10–30 days that take for

new leaves to reach maximum Amax values as reported for tropical evergreen

species by Sobrado (1994). This relationship between LAI and Pc (R2¼ 0.22,

P< 0.001 at K67) denotes that Pc is an indicator of both quantity and quality of

leaves and could be interpreted as a proxy for chlorophyll content.

Looking at the patterns of change in Pc and LAI along with leaf fall, leaf carbon

assimilation at saturating light, and specific leaf area (SLA), one can derive a very

simple leaf flush model (see Restrepo-Coupe et al. 2013). At K34 and K67, Pc and

LAI start to increase as the dry season begins. Leaf-fall patterns show a similar

peak, with a maximum in the dry season, indicating that leaf flush and leaf fall are

somewhat synchronous processes in these forests (Fig. 8.4). At K67 and K34, the

dry season production of leaves is out of phase with the production of wood, where

the observed wet season wood allocation peak can be correlated to a second peak in
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GEP. At equatorial BLA forests, periods of high irradiance are highly correlated

with periods of leaf production, which appears to be prioritised over wood alloca-

tion (Fig. 8.4). This pattern could be altered when other resource constraints

become more pressing than that of light. Trees at CAX exhibit a similar pattern

to that in seasonally flooded forests (Dezzeo et al. 2003): leaf flush and leaf fall

occur at the beginning of the dry season and allocation to wood peaks in October

and November, in the middle of the dry season when rain is at its minimum.

Dry season leaf flush corroborates remotely sensed Enhanced Vegetation Index

(EVI) from Moderate Resolution Imaging Spectroradiometer (MODIS) values that

indicate maximum greenness at intact rainforests in the dry season (Huete

et al. 2006). If light-limited trees are predicted to produce new leaves and flowers

during the season of maximal irradiance (Wright and van Schaik 1994), a leaf-

Fig. 8.4 Annual cycles, 16-day composites of the mean of all available years (Table 8.1) of

photosynthetic capacity (Pc, g C m�2 day�1) (black continuous line), change in Pc over time

divided by the Specific Leaf Area and leaf carbon assimilation at saturating light (dPc/dt SLA�1

Amax
�1) (grey dashed line) (top row). Second row (for equatorial sites only): Leaf Area Index

(LAI) (black continuous line) and change in LAI divided by the Specific Leaf Area (dLAI/dt SLA
�1) (grey dashed line). Bottom row (for equatorial sites only): measurements of wood increment

(Wood, g C m�2 day�1) (black continuous line), annual cycle of modelled leaf flush (Flush, g C m
�2 day�1) (grey dashed line), and leaf fall (Leaf fall, g C m�2 day�1) (grey continuous line). Areas
in grey represent precipitation <100 mm month�1 based on tower and Tropical Rainfall Measur-

ing Mission (TRMM) data. Data from flux tower sites in dense ‘terra firme’ forests: Manaus (K34),

Santarém (K67), Caxiuan~a (CAX); and open ‘terra firme’: Jarú (RJA)
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flushing model at the equatorial forests of K67, K34, and CAX showing increasing

leaf production during the dry season may indicate light limitation. However, a

second maximum in leaf flushing, at K67 and K34, even if less pronounced than the

first one, does correlate with phenological observations in water-limited tropical

forest that show peaks in leaf flushing, flowering, and fruiting around the start of the

rainy season (van Schaik et al. 1993) and an increase in wood and general produc-

tivity (GEP).

8.6 Inter-annual Variability

Understanding of the functioning and seasonality of the metabolism of ecosystems

in BLA and their impacts on the inter-annual variability (IAV) of biosphere–

atmosphere exchanges of energy and matter has been a fundamental objective of

research. Carbon and water fluxes in ecosystems in BLA are expected to be coupled

to regional climate conditions, but the dynamic mechanisms associated with their

IAV remain yet to be fully understood (Nobre et al. 2009).

Precipitation datasets and historical records of the river water yields show that

the IAV of precipitation in BLA is large and is dynamically linked to anomalies in

the surface water (e.g. river stages) and energy balances (e.g. sensible heat flux)

over the basin and are associated with the ENSO or oscillations in the Atlantic sea

surface temperature (SST) (Fu et al. 2001; Marengo 1992; Marengo et al. 1998;

Poveda et al. 2006; Richey et al. 1989; Chap. 4). However, Nobre et al. (2009) have

pointed out that the combined tropical Pacific and Atlantic SST variability explains

little more than 50% of inter-annual precipitation variance over Amazonia and not

much is known about other mechanisms, internal or external to the region, respon-

sible for the remaining unexplained IAV.

The proportions of IAV in net carbon or water fluxes directly related to vari-

ability in climate drivers then remain as an open question, and detailed assessment

of the relative roles of changes in climate versus changes in vegetation response on

the variability of fluxes is still needed. Some studies have found that the IAV of

carbon exchange correlated poorly with climatic drivers (Richardson et al. 2007;

Polley et al. 2010), but others have found strong correlations (Yuan et al. 2009;

Desai 2010).

In a recent effort, the LBA Data Model Inter-comparison Project (LBA-DMIP)

(http://www.climatemodeling.org/lba-mip/) run a suite of 21 land surface models

(some of them including dynamic vegetation models), driven by standardised

meteorological forcing data from the flux towers (for details, see Gonçalves

et al. 2013; Von Randow et al. 2013). Here, we present the general relationships

between the annual values of carbon and water exchange with climate variables, as

measured at the LBA forest towers (K34, K67, K83, and RJA) and as an ensemble

mean of the LBA-DMIP model simulations at each site and year (Figs. 8.5 and 8.6).

The four forest sites were grouped in the figures, resulting in a total of 13 site-

years available in the dataset, but they are presented showing each site in different
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colours. Although the grouping of the sites into broad categories may augment the

spurious variability in each group, this classification is necessary because the

dataset is too small for a more detailed analysis. Figure 8.5a–f shows NEE against

annual average net radiation (Rn), total precipitation (P), and the dryness index

(D¼Rn/λ P, λ¼ 2.45 MJ kg�1, latent heat of vaporisation).

There were similarities in the general responses in the annual values of carbon

and water exchange to climate variables between the model simulations and the

observed data; however, some differences were obvious. The magnitude of vari-

ability among sites was larger than the variability of model simulations (note the

scale of the y-axis in the top rows is larger than in the lower rows). There appeared

to be little relationship of the observed fluxes with Rn (Fig. 8.5a); contrary to this,

model simulations were more radiation related (Fig. 8.5d). It appeared that the sites

with low annual rainfall had lower C uptake than sites with high precipitation; some

low precipitation sites in some years, in fact, were a source of carbon to the

atmosphere (Saleska et al. 2003; Zeri et al. 2014; Gatti et al. 2014). This resulted

in a pattern of higher net uptake at sites/years with higher annual rainfall or lesser

D (Fig. 8.5b, c), which was also captured by the models (Fig. 8.5e, f).

Annual ET was largely related to Rn (Fig. 8.6a), and this pattern was well

represented by the models for individual sites (Fig. 8.6d), but without a significant

Fig. 8.5 The relationship between annual totals of NEE and climate drivers. Top rows observed
data; bottom rows output averaged over a suite of 21 land surface models. Data from flux tower

sites in dense ‘terra firme’ forests: Manaus (K34), Santarém (K67, K83); and open ‘terra firme’:
Jarú (RJA).The four sites were grouped in the figures, resulting in a total of 13 site-years available

in the dataset, but they are presented showing each site in different colours (adapted from von

Randow et al. 2013)
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correlation (Von Randow et al. 2013). Previous studies have also shown a strong

control of Rn on ET at seasonal scales (Costa et al. 2010; Fisher et al. 2009; da

Rocha et al. 2009). Measured data showed a weak relationship between ET, P, and
D, while the models were sensitive to these variables (Fig. 8.6b, c, e, and f).

In a study where worldwide tower flux measurements were scaled up, using a

machine learning technique to provide a global grid of energy fluxes and NEE and

its components gross primary productivity (GPP) and terrestrial ecosystem respi-

ration (TER), it was found that the IAV of NEE was dominated by variability in

GPP for the majority of the land surface, but not for the Amazonian region, where

the dominant variability was derived from ecosystem respiration (Jung et al. 2011).

Analysing the IAV of TER, the authors found that it was more strongly correlated

with precipitation than with temperature, which also corroborates our results. This

may be related to soil respiration in tropical forests being more limited by the

moisture content of the soil/litter than by temperature.

Von Randow et al. (2013) further developed the analyses, by calculating the

correlation coefficients of environmental variables and fluxes, finding that the

negative correlation between NEE and annual rainfall was significant in the BLA

dataset. While the average of the models also indicated a similar correlation, only

three of the individual models had statistically significant values. For the ET values,

the situation was reversed: measurements did not show any significant correlation

Fig. 8.6 The relationship between annual total evapotranspiration (ET) and observed climate

drivers (top rows) or averaged over a suite of 21 land surface models (bottom rows). Data from flux

tower sites in dense ‘terra firme’ forests: Manaus (K34), Santarém (K67, K83); and open ‘terra
firme’: Jarú (RJA). Sites are grouped in the figures as in figure 6 (adapted from von Randow

et al. 2013)
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with precipitation, but the majority of the simulations of ET were correlated with

precipitation.

Should the general characteristics of the interactions between tropical forests

and climate variables be maintained in the future, the findings of the LBA-DMIP

suggest that forecast decreases in precipitation in some parts of the Amazonia basin

could weaken CO2 uptake by vegetation. The surface models are able to reproduce,

to some extent, these general relationships; however, improvements are needed to

better capture the characteristics of IAV.

8.7 Conclusions

At the dense ‘terra firme’ forests near the equator (K34, K67, and CAX), GEP

increased gradually during the dry season, reaching a maximum from the middle to

the end of this season, whereas at the southern open ‘terra firme’ site (RJA) it

decreased. In absolute terms of GEP, RJA is the most seasonal site, followed

by CAX.

Although GEP is strongly driven by PAR and controlled by VPD, soil moisture,

and Ta on an hourly basis, the same is not observed on a seasonal basis. This

mismatch is an indication that GEP responds to a combination of vegetation

phenology (which biologically determines photosynthetic capacity through leaf

flush and litterfall seasonality) and climate (available sunlight energy and water).

Net carbon uptake by vegetation is observed at all times at K34 and CAX.

However, during the wet season the dense ‘terra firme’ forest at K67 and during the
dry season the open ‘terra firme’ forest at RJA are sources of CO2.

The Pc curves were similar to that of GEP throughout the year, most likely as a

response of increase in LAI, or the production of new photosynthetically more

efficient leaves, or the shedding of old leaves, or even any combination of the three.

The dense ‘terra firme’ sites seem to be light limited, although among all four sites

the weakest correlation with PAR was observed at CAX. Wood increment appears

to be prioritised over leaf production by the forest of CAX. At the open ‘terra firme’
site RJA, Pc was much reduced in the dry season, corroborating the observed

reduction in GEP. The forest at RJA seems to be water limited in the dry season

as it takes little or no advantage of increased PAR.

Among the dense ‘terra firme’ sites, the relationship between LAI and Pc

indicates that Pc is an indicator of both quantity and quality of leaves and could

be interpreted as a proxy for chlorophyll content.

Assessment of the relative importance of particular climatic factors that affect

carbon and water exchange at different site locations requires the analysis of the

relationships between annual NEE and ET with climatic drivers (Rn, P, and D) as
measured in LBA flux towers or computed by a suite of land surface model

simulations.

8 Ecosystem–Atmosphere Exchanges of CO2 in Dense and. . . 163



Annual measurements of NEE are negatively correlated with annual rainfall.

Although the average of land surface models yield a similar result, few individual

models reproduce a significant negative correlation of simulated NEE with rainfall.

For the IAV of ET, data from tower measurements are related to annual

variations in radiation which is partly captured by the average of the models, at

individual sites, but no significant correlation between modelled ET and net radi-

ation is found when all forest sites are grouped. Instead, simulated ET values are

correlated with the amount of precipitation.

This work sheds some light on the mechanistic understanding of the dynamics of

biosphere–atmosphere exchange of CO2 in both dense and open ‘terra firme’ forests
in BLA. The incorporation of this knowledge in the parameterization of the new

generation of surface models is paramount for predicting the future of BLA under

climate change.
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Négron-Juárez RI, Hodnett MG, Fu R, Goulden ML, von Randow C (2007) Control of dry season

evapotranspiration over the Amazonian forest as inferred from observations at a southern

Amazon forest site. J Climate 20:2827–2839

Nepstad DC, De Carvalho CR, Davidson EA, Jipp PH, Lefebvre PA, Negreiros GH, Da Silva ED,

Stone TA, Trumbore SE, Vieira S (1994) The role of deep roots in the hydrological and carbon

cycles of Amazonian forests and pastures. Nature 372:666–669

8 Ecosystem–Atmosphere Exchanges of CO2 in Dense and. . . 167

http://dx.doi.org/10.1029/2001JD000623
http://dx.doi.org/10.1029/2001JD000623
http://dx.doi.org/10.1175/2007JCLI1600.1
http://dx.doi.org/10.1175/2007JCLI1600.1
http://dx.doi.org/10.1029/2011GL047436
http://dx.doi.org/10.1029/2011GL047436
http://dx.doi.org/10.1038/nature07949
http://dx.doi.org/10.1038/nature07949
http://mirador.gsfc.nasa.gov/cgi-bin/mirador/
http://mirador.gsfc.nasa.gov/cgi-bin/mirador/


Nobre CA, Obregon GO, Marengo JA, Fu R, Poveda G (2009) Characteristics of Amazonian

climate: main features. In: Keller M, Bustamante M, Gash JHC, Silva Dias P (eds) Amazonia

and global change, Geophysical monograph series. American Geophysical Union,

Washington, DC, pp 149–162

Oliveira RS, Dawson TE, Burgess SSO, Nepstad DC (2005) Hydraulic redistribution in three

Amazonian trees. Oecologia 145:354–363

Oliveira PHF, Artaxo P, Pires C, De Lucca S, Procópio A, Holben B, Schafer J, Cardoso LF,
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Chapter 9

Overview of Forest Carbon Stocks Study

in Amazonas State, Brazil

Niro Higuchi, Rempei Suwa, Francisco G. Higuchi, Adriano J.N. Lima,

Joaquim dos Santos, Hideyuki Noguchi, Takuya Kajimoto,

and Moriyoshi Ishizuka

9.1 Background

Tropical forests are focal ecosystems in research on the effects of climate change on

biological systems and their functioning, such as carbon fluxes. Amazonian forests

account for a substantial portion of carbon stock and net primary production among

global terrestrial ecosystems (e.g. Melillo et al. 1993; Malhi et al. 2006). However,

large-scale estimates of carbon stock in the Amazon still include considerable

uncertainty (Houghton et al. 2001; Eva et al. 2003; Fearnside and Laurance 2003;

Chave et al. 2008) because of regional-scale variation in carbon stocks, likely

caused by heterogeneity in vegetation structure among different Amazonian

regions and methodological disagreements. For example, previous studies in Ama-

zonian forests have reported that biomass, including roots, can range from 155 to

425 Mg ha�1 (Houghton et al. 2001) and 285–401 Mg ha�1 (Lima 2010). Saatchi

et al. (2007) estimated the total carbon stock in the Amazonian forests at 86 Pg C

including dead and below-ground biomass, based on remote sensing metrics and

geoprocessing.

Amazonas State extends across the Central Amazon region and occupies over

1.5 million km2, with geographical coordinates of the capital city, Manaus, of 03�

060 S and 60� 010 W. Based on the Deforestation Monitoring Program (PRODES) of

the National Spatial Research Institute (INPE) of Brazil, the deforestation in
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© Springer-Verlag Berlin Heidelberg 2016

L. Nagy et al. (eds.), Interactions Between Biosphere, Atmosphere and Human Land
Use in the Amazon Basin, Ecological Studies 227,
DOI 10.1007/978-3-662-49902-3_9

171

mailto:higuchi.niro@gmail.com
mailto:niro@inpa.gov.br


Amazonas has been modest (5%) compared with that in neighbouring states, such

as Pará (34%), Rondônia (14%), and Mato Grosso (34%) (PRODES 2014). In light

of the considerable uncertainty regarding carbon stocks, the introduction of forest

conservation programmes, such as the programme for Reducing Emissions from

Deforestation and Forest Degradation (REDD+) (see Box 9.1 for details), lacks a

solid basis in the Amazonia. In particular, in a large part of Amazonas State there is

a gap of basic information on baseline carbon stocks (Asner et al. 2005; Saatchi

et al. 2007). This can partly be ascribed to the inaccessibility to extensive and

remote forest areas.

Box 9.1: Reducing Emissions from Deforestation and Forest Degradation

(REDD-plus)

Tropical deforestation is responsible for approximately 20% of total human-

caused greenhouse gas (GHG) emissions (IPCC 2007). REDD-plus is a

proposed scheme to financially compensate countries to reduce such emis-

sions by better managing forest resources. It is discussed extensively how to

set up and incorporate a scheme for REDD-plus as a global warming mitiga-

tion option, into a post-2012 Kyoto Protocol framework. However, REDD-

plus assumes that carbon emissions from deforestation and forest degradation

are Measurable, Reportable, and Verifiable, namely MRV. In order for the

REDD-plus scheme to be realised, it is necessary to develop a monitoring

method for quantitative evaluation of carbon dynamics (emissions/uptakes)

in the Amazonian forests.

To counter this, a pilot study on Continuous Forest Inventory (CFI) in forests

areas of Amazonas State, including managed (logged) and primary forests, was

launched by the Forest Management Laboratory (LMF) of the National Institute for

Amazonian Research (INPA) in 2004. The project carries out field work across the

whole of state. In total, 1272 plots (20� 125 m and/or 100� 100 m) were

established at 16 different sites (including two managed forests). In 2009, a

follow-up project (Carbon Dynamics of Amazonian Forests—CADAF, http://cse.

ffpri.affrc.go.jp) was launched to use the plot data in ground-truthing and include

remote sensing techniques for carbon estimation. An additional 6 sites, summing

564 plots, were added to the original dataset (total¼ 22 sites and 1836 plots) across

Amazonas State.

At two of these sites, allometric equations for individual carbon stock estimation

were developed based on a destructive method. The selected equations were single-

entry models, considering exclusively diameter at breast height (DBH). For statis-

tical analysis, models were tested based on DBH and height (stem and total height),

but due to the unfeasibility (time-consuming, high uncertainty, and non-sampling

errors in the field assessment) and the low benefit–cost ratio of the inclusion of a
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second independent variable (estimated error of the equation is not significantly

lower), these models were discarded. In this chapter, we describe the recent

development made in estimating the carbon stocks and show the plot-based esti-

mates of carbon stocks in the Amazonas State on the basis of the results from these

two projects.

9.2 Development of Allometric Equations

9.2.1 Allometric Equations for Old-Growth Amazonian
Forests

Tree biomass can be estimated using a relationship between stem diameter at breast

height (DBH) and tree mass, namely allometry. Past studies developed allometric

models of Amazonian forests, primarily for above-ground biomass (Overman

et al. 1994; Santos 1996; Higuchi et al. 1998; Araújo et al. 1999; Chambers

et al. 2001), and there are few allometric models for below-ground biomass (Sierra

et al. 2007; Silva 2007; Lima et al. 2012). Allometric models should be selected

carefully by considering forest type and available tree and environmental variables

(e.g. Brown 1997; Chave et al. 2005; Kenzo et al. 2009, 2010). Allometric models

for estimating biomass can substantially differ between secondary and primary

forests, as Silva (2007) showed in her experiment near Manaus in Amazonas State,

Brazil.

Silva (2007) developed allometric equations for estimating above-ground and

total (including coarse roots) biomass for terra firme forests in Manaus, based on

494 harvested trees (DBH> 5 cm) (see Box 9.2 for methodology) and the following

model was developed:

PFabg ¼ 2:274DBH1:916 n ¼ 494,R2 ¼ 0:85, uncertainty ¼ 8:4%
� � ð9:1Þ

where PFabg is individual fresh above-ground mass (kg) and the unit of DBH is

cm. To evaluate the goodness of fit of model, the coefficient of determination and

uncertainty were estimated (see Box 9.3 for uncertainty). For estimating total

biomass, the following model was developed:

PFtot ¼ 2:718DBH1877 n ¼ 131,R2 ¼ 0:94, uncertainty ¼ 7:8%
� � ð9:2Þ

where PFtot means whole individual weight of fresh mass (kg).
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Box 9.2: Data Collection for Developing Allometric Models

The sample trees (DBH> 5 cm) were collected from a terra firme forest at

ZF2 experimental forest of INPA, in Manaus. The DBH, tree heights (H ), and

fresh mass weights of each component (stem, branches, leaves, and roots)

were measured in the field (see the left photograph). To facilitate mass

measurements, stems of sample trees were cut into smaller pieces using a

chainsaw. The mass of saw dust was also weighted. Large branches (diameter

�10 cm) and small branches (diameter <10 cm) were weighed separately.

All leaves were clipped completely and their fresh masses were measured.

Below-ground parts were excavated manually to include most coarse roots

(>~2 mm) (see the right photograph). Coarse roots were classified into large

roots (diameter>5 cm) and small roots (diameter between 2 and 5 cm), which

were weighed separately after carefully removing attached soil by hand. To

determine the average water contents of stems, three discs (2–5 cm in

thickness) were collected from the top, middle, and bottom positions of

each individual. Three discs of large branch and coarse root were also cut

to determine average water contents. We collected samples (~2 kg) of small

branches, leaves, and small roots from each individual. The collected samples

were transported to the laboratory and oven dried at 65 �C to constant dry

mass.

(continued)

174 N. Higuchi et al.



Box 9.2 (continued)

9 Overview of Forest Carbon Stocks Study in Amazonas State, Brazil 175



Box 9.3: Uncertainty

In this study, the uncertainty is considered as the confidence interval (CI), at a

95% probability, of the estimated mean value, evaluated according to the

IPCC guideline (IPCC 2006). The estimation process of the uncertainty is as

below:

sx ¼ s
ffiffiffi
n

p

where sx, s, and n mean the standard deviation of the mean, standard devia-

tion, and number of samples, respectively. The sx is also known as the

standard error of the mean. The uncertainty in percentage (U ) can be defined

as follows:

U ¼ 2sx
x

� 100

where x means the mean value of focal variable.

The U for the allometric models was estimated on the basis of the residual

sum of squares.

For estimating dry mass above-ground and whole individual mass (PSabg and

PStot, respectively, in kg), the following conversion factors were determined (Silva

2007):

PSabg ¼ 0:592PFabg ð9:3Þ
PStot ¼ 0:584PFtot ð9:4Þ

A conversion factor of 0.485 was applied to estimate the individual carbon stock,

i.e. 48.5% of the dry mass corresponds to its carbon amount, which was determined

by measuring carbon contents of the tree samples used for developing the allometric

equations (see Silva 2007 for details). Hence, all estimates presented in this chapter

are in carbon units.

9.2.2 Common Allometry with Dominant Height

Allometric models vary by region (Malhi et al. 2006; Lima et al. 2012), regardless

of the forest type. Lima et al. (2012) compared the allometric above-ground

equations in three, very distinct, Amazonian regions, including Manaus (Silva

2007), Tomé Açu (Araújo et al. 1999), and S~ao Gabriel da Cachoeira (Lima

et al. 2012), and found that the regional difference in the allometric equations can
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be partly ascribed to the regional differences in the DBH–height (H ) relationships,

especially for large trees (Fig. 9.1). In other words, the DBH–H relationship

significantly differed among the three regions (F-test, p< 0.001), and tree height

decreased in the sequence Tomé Açu>Manaus> S~ao Gabriel da Cachoeira when

DBH> 35 cm. Corroborating with the same descending order of the pattern of

allometry for above-ground carbon stock.

To compensate for regional tree height differences in the allometric equations

(of which considers only DBH), dominant height (Loetsch et al. 1973) can be used,

as proposed by Higuchi et al. (2009). The dominant height (Hdom), according to

Weise, cited by Loetsch et al. (1973), can be defined as the average height of the

uppermost quintile for trees with a DBH> 10 cm. By incorporating Hdom into

Eqs. (9.1) and (9.2), the following models can be obtained, respectively:

PFabg ¼ 2:274DBH1:916Hdom

28:6
ð9:5Þ

PFtot ¼ 2:718DBH1877Hdom

28:6
ð9:6Þ

where 28.6 is the dominant height (m) for Manaus site. The generality of Eqs. (9.5)

and (9.6) was tested by applying them to the datasets of above-ground mass

Fig. 9.1 (a) Relationships between stem diameter at breast height DBH and above-ground dry

weight AGW at three Amazonian regions. (b) Relationships between DBH and tree height H at

three Amazonian regions. Open circles and solid line represent data from Tomé Açu (Araújo

et al. 1999) (R2 0.80; Syx% 1.69). Closed circles and short dashed line, data from Manaus (Silva

2007) (R2 0.84; Syx% 1.39). Closed triangles and long dashed line, data from S~ao Gabriel da

Cachoeira (Lima et al. 2012) (R2 0.85; Syx% 1.54). Those figures were drawn on the basis of Lima

et al. (2012)
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collected from different Amazonian regions, including Tomé Açu and S~ao Gabriel

da Cachoeira (Table 9.1). Uncertainty, the difference between the real and esti-

mated mass, was reduced by incorporating the correction factor using the Hdom.

9.3 Plot-Based Carbon Stock Estimation

9.3.1 Structural Features of Inventory Plots

A grand total of 1836 plots were established in 22 different sites across Amazonas

State, until June 2012 (Fig. 9.2 and Table 9.2). All sample units (plots) were placed

based on a random and systematic sampling distribution, and stem diameter at

breast height (DBH) of all alive and standing dead trees, with DBH equal or greater

than 10.0 cm, was recorded (see Boxes 9.4 and 9.5 for details). For BIONTE and the

two sites of EMBRAPA, the dimensions of each plot are 100 m by 100 m; for the

remaining 1800 plots, they were 20 m� 125 m. Sampling was restricted to primary

terra firme forests, with exception to two sites: Mil Madeiras and ST Manejo de

Florestas, which are logging areas. In terms of area, the CFI system of the Forest

Management Laboratory (LMF) of INPA has totaled 486 ha. The number of trees

per hectare of CFI of LMF/INPA averaged 491� 47 (CI 95%); and the minimum

and maximum were 168 ha�1 at Manacapuru and 748 ha�1 at BIONTE, respec-

tively. The mean basal area of the same plots was 25.7� 1.3 m2 ha�1, and the

minimum and maximum basal areas were 18 m2 ha�1 at ST Manejo de Florestas

Ltda in Lábrea and 31 m2 ha�1 at BIONTE, respectively.

Table 9.1 The results of the comparisons of the applications of the models with or without

dominant height Hdom (Eqs. 9.1 and 9.5, respectively) for estimating above-ground fresh weight

are shown. The datasets (DBH> 10 cm) collected from Tomé Açu and S~ao Gabriel da Cachoeira

were based on Araújo et al. (1999) and Lima et al. (2012), respectively

Site Equation N Hdom (m) Uncertaintya (%)

S~ao Gabriel da Cachoeira Eq. (9.1) 59 – 19.09

Eq. (9.5) 59 25.7 14.43

Tomé Açu Eq. (9.1) 127 – 13.90

Eq. (9.5) 127 30.5 12.91
aThe uncertainty was calculated based on the comparison of the estimated individual biomass and

the observed weight of each sampled tree. Considering the application of the same equation, with

and without the correction factor (cf) based on the dominant height, it was found that the inclusion

of this cf actually improves the accuracy of the estimation
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Fig. 9.2 Spatial distribution of study sites around Amazonas State. Grey lines indicate boundaries
of municipalities

Table 9.2 General descriptions of the inventory sites: site name, project involved, year of

installation, and number of plots (n)

Site Site’s code Project Year N plots

Manacapuru MCU Chichuá 2004 32

Fonte Boa (ZFV) ZFV Chichuá 2004 72

Jutaı́ JUT Chichuá 2004 64

ST Manejo Florestal (Lábrea)a STM Chichuá 2005 87

EMBRAPA (Rio Preto da Eva)b ZF5 Chichuá 2005 15

FE de Maués (Maués)c FEM PPOPE/Chichuá 2005 100

Resex do Baixo Juruád RBJ ICMBio/Chichuá 2006 83

Mil Madeiras (Itacoatiara)a MIL Chichuá 2006 204

Resex Auati Paraná (Fonte Boa)d AUP ICMBio/Chichuá 2007 107

BIONTE—control (Manaus) ZF2 Chichuá 2007 3

Resex Capan~a Grande (Manicoré)d CAP ICMBio/Chichuá 2008 82

RDS do Amapá (Manicoré)e AMP SDS/Chichuá 2008 61

(continued)
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Box 9.4: Forest Inventory

The sampling of the forest inventory counted with the installation of fixed

area units (sample plots), with ¼ ha each (25� 125 m), with the exception of

the EMBRAPA and BIONTE site, which counted with squared, 1 ha plots.

The ¼ ha sample plots were established in conglomerates (cross and/or

transects) as shown below. All sample points (the first sample plot of the

conglomerate) were randomly selected, based on geographical coordinates

and feasible accessibility, and the following plots were systematically

installed.

Within each plot three main biomass categories were sampled: biomass

(live trees), necromass (standing and/or fallen dead trees), and palm trees. All

individuals were identified by its local common name, botany family, and

genus name by a botanical team. The minimum diameter (DBH) measured

was 10.0 cm; procedures of DBH measuring are described below. Additional

information was registered, such as stem quality, decomposition status (of the

necromass), and the presence of epiphytes (i.e. vines) among others.

Sub-plots of 200 m2 (10� 20 m) were installed within the ¼ ha plots to

sample the smaller individuals (5.0�DBH< 10.0 cm).

(continued)

Table 9.2 (continued)

Site Site’s code Project Year N plots

Flona de Pau Rosa (Maués)f FPR ICMBio/Chichuá 2009 81

Resex do Rio Unini (Barcelos)d RUN Pronex/Chichuá 2009 90

RDS do Juma (Novo Aripuan~a)e JUM FAZ/SDS/Chichuá 2009 115

FE de Maués (Maués)c FEM SDS/Chichuá 2010 76

BEFORE CADAF 1272

S~ao Gabriel da Cachoeira SGC CADAF/Pronex 2010 100

Mil Madeiras (Itacoatiara)a MIL CADAF/Pronex 2010 119

Benjamin Constant and Atalaia do Norte ABC CADAF 2011 105

Jutaı́ JUT CADAF 2011 104

EMBRAPA (Rio Preto da Eva)b ZF5 CADAF 2011 18

Resex Capan~a Grande (Manicoré)d CAP CADAF 2012 118

WITH CADAF 564

Total until JUNE, 2012 1836
aSites submitted to selective logging, under a Sustainable Forest Management Plan
bSite with sample plots of 1 ha (100� 100 m)
cFE stands for State Forest, State Conservation Unit
dResex stands for Extractive Reserve, Federal Conservation Unit
eRDS stands for Sustainable Development Reserve, State Conservation Unit
fFlona stands for National Foresta, Federal Conservation Unit
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Box 9.4 (continued)

Measuring points (PDM) of the diameter of the sampled trees, in the forest

inventories.
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Box 9.5: Description of the Sites Where Biomass Destructive Allometry

Were Conducted

Tomé-Açu

Located in Pará State, at 250 km from the capital city, Belém. The city has

little over 5100 km2 of area, with a total population of 56,500 people. The

geographic coordinates of the study site are 02�300S and 48�080W, with an

Altitude above sea level of 145 m. Climate information: average temper-

ature is 26.2 �C, total annual precipitation 2524 mm, with a relative

humidity of 80%. The dominant height of the site was estimated in

30.5 m. Main three botanical families found in the forest inventory data

were Sapotaceae (20%), Burseraceae (13%), and Piperaceae (13%).

Diameter distribution of the forest follows the same trend as all natural

tropical, as inverted ‘J’, where 70% of all sampled individuals presented

DBH below 20.0 cm.

Manaus

Capital city of Amazonas State, with approximately 11,400 km2, and 2million

people living within its limits. Average Altitude is 92 m above sea level.

Climate, according to K€oppen classification, is Awf. Mean temperature of

27.6 �C and annual precipitation of 2286 mm. The study site, where the

destructive sampling took place, is located at the ZF2 Tropical Silviculture

Experimental Station of INPA, at 90 km from the city. Coordinates:

02�350S and 60�120W. Dominant height estimated in 28.6 m. Main botan-

ical families found in the study site, based on forest inventory data, are

Euphorbiaceae (18%), Fabaceae (15%), and Lecythidaceae (10%).

S~ao Gabriel da Cachoeira

Located in Amazonas State, at 852 km from Manaus, with an area of

approximately 109,000 km2, 41,500 people, and an average Altitude of

90 m above sea level. The climate is classified as equatorial Af. Average

annual rainfall is 2811 mm, with a mean temperature of 25.5 �C. Dominant

height estimated is 27.3 m. Main botanical families found: Fabaceae

(33%), Euphorbiaceae (13%), and Myristicaceae (11%).

Considering the allometric model of Silva (2007) for carbon stock estimation,

Hdom was estimated for six sites (Table 9.3). To overcome the difficulties of tree

height measurement in the field (Chave et al. 2005), the heights of 1883 newly

naturally fallen trees, whose canopy shape was entirely retained, were measured

around the inventory plots (Lima 2010). This sampling was plot free, where each

single fallen tree was considered a sample. From each fallen tree sampled, the DBH,

stem height, and total height, with a metric tape were measured. The maximum and

minimum of Hdom were recorded at Maués (30.2 m) and at Barcelos (25.3 m),

respectively.
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9.3.2 Carbon Stock Estimation

As for the carbon stock estimation of the entire State of Amazonas, the average of

each sampled site, except the selectively logged sites, was calculated. The above-

ground and total (above-ground + coarse roots) oven-dry biomass averaged

300.7� 18.1 and 329.6� 19.0 Mg ha�1, respectively (Table 9.4). In terms of

Table 9.3 Dominant height

(Hdom) was estimated, with

uncertainty, for six sites in

Amazonas State

Site n Hdom (m) Uncertainty (%)

Itacoatiaraa 117 28.6 5.36

Fonte Boa 567 26.6 3.72

Manicoré 217 27.9 5.75

Maués 302 30.2 5.15

Barcelos 326 25.3 3.92

Novo Aripuan~a 354 27.8 3.88
aHdom at Itacoatiara was estimated using the datasets with

DBH> 45 cm

Table 9.4 Carbon stocks at different sites in Amazonas State

Site Cabg (Mg ha�1)

CI 95%

(�) Ctot (Mg ha�1)

CI 95%

(�)

Manacapuru 122.8 9.6 124.2 9.6

Fonte Boa (ZFV) 163.1 6.9 167.6 7.0

Jutaı́ 167.2 7.2 172.7 7.4

ST Manejo Florestal (Lábrea)a 111.3 6.8 114.7 6.9

EMBRAPA (Rio Preto da Eva) 157.0 6.6 177.4 8.3

Maués 119.4 6.8 137.2 11.1

Resex do Baixo Juruá 150.2 4.6 170.5 5.5

Mil Madeiras (Itacoatiara) a 149.4 29.4 153.8 29.5

Resex Auati Paraná 148.9 5.3 170.7 6.3

BIONTE—control (Manaus) 188.6 12.6 194.7 13.3

Resex Capan~a Grande 131.9 5.2 148.5 6.3

Flona de Pau Rosa 172.8 7.7 177.1 7.6

Resex do Rio Unini 147.1 5.0 151.5 5.0

RDS Juma (Manicoré) 146.8 6.1 151.1 6.0

FE de Maués (Maués) 145.5 6.2 168.0 7.7

S~ao Gabriel da Cachoeira 109.0 5.5 125.1 6.1

Benj. Const. and Atalaia do

Norte

143.9 4.1 175.4 5.3

Jutaı́ 139.2 4.7 169.7 6.0

EMBRAPA (Rio Preto da Eva) 158.1 7.6 178.1 8.9

Resex Capan~a Grande 144.8 5.8 168.8 7.0

Mean 145.9 – 159.8 –

Confidence interval (95%) 145.9� 8.8 – 159.8� 9.2 –
aSites submitted to selective logging, under a Sustainable Forest Management Plan
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carbon stock, the above-ground and total averaged 145.9� 8.8 and

159.8� 9.2 Mg C ha�1, respectively.

According to PRODES from INPE (2014), based solely on deforestation esti-

mation, more than 1.5 million km2 of old-growth forest of the Amazonas State still

remain undisturbed. Based on this figure, the total C stock, considering above- and

below-ground of live trees (DBH� 10.0 cm), in Amazonas State should be from

22.6 to 25.4 Pg C (CI at 95%). The estimated variation of the mean value is <6%,

which is ‘extremely likely’ according to IPCC (2010) likelihood scale—see

Table 9.5.

9.4 Perspective for Future Studies on the Carbon Stocks

in Amazonas State

The availability of suitable allometric equations is one of the crucial requirements

for accurate forest biomass/carbon assessments to reduce estimates uncertainties

(Chave et al. 2004). Few allometric equations exist for Amazonian forests, and, as a

result, sometimes generalised allometric equations (Brown 1997; Chave et al. 2005)

are used as a default (Asner et al. 2010; Saatchi et al. 2011). In addition, since these

generalised allometric equations involve wood density as an independent variable,

systematic bias may exist in data inputs into the allometric equations: such as bias

or errors in botanical identifications for assigning wood density information and the

wood density data itself (Saatchi et al. 2011).

Saatchi et al. (2011) developed a benchmark map of forest carbon stocks in

tropical regions across three continents using a combination of biomass data from in

situ inventory plots and global forest height data measured by satellite LiDAR

(GLAS). It has shown relatively low biomass density of the Rio Negro Basin due to

low forest height measured by GLAS. However, the biomass carbon data of

inventory plots in their paper was estimated from DBH, using generalised allome-

tric equations, which might have introduced non-random, and potentially signifi-

cant and systematic, errors as mentioned above. These non-random errors

Table 9.5 Likelihood scale

for describing quantified

uncertainty (IPCC 2010)

Term Likelihood of the outcome

Virtually certain 99–100% probability

Extremely likelya 95–100% probability

Very likely 90–100% probability

Likely 66–100% probability

About as likely as not 33–66% probability

Unlikely 0–33% probability

Very unlikely 0–10% probability

Exceptionally unlikely 0–1% probability
aOnly for Assessment Report number 4
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associated with ground-based estimation of forest biomass will remain uncertain

until consistent allometric equations within forest types or regions are developed

(Saatchi et al. 2011).

The common allometric equations with dominant height of canopy trees pro-

posed by Higuchi et al. (2009), derived from destructive sampling in three distinct

regions, in terms of geographical location, forest structure, DBH–H relationship,

and tree species distribution (Tomé Açu, Manaus and S~ao Gabriel da Cachoeira),

are currently the most robust allometric equations applicable to areas of mature

forests with different heights across the Brazilian Amazon. Dominant height of

canopy trees can be measured directly from naturally recent fallen trees through

field assessment, as for standing tree height, satellite, or airborne LiDAR are most

commonly used.

There is an ongoing project (CADAF, http://cse.ffpri.affrc.go.jp) that aims to

refine carbon stock distribution and its variations (over time and in different

regions), which remains with large uncertainties (Saatchi et al. 2007, 2011), across

central Amazonia, based on the common allometric equations newly developed and

large-scale systematic forest inventories. We expect that these will improve the

quality of tropical biomass estimates and enhance the awareness regarding the

contribution of this biome to the global carbon cycle.
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Araújo TM, Higuchi N, Carvalho JA (1999) Comparison of formulae for biomass content

determination in a tropical rain forest site in the state of Pará, Brazil. For Ecol Manage
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Chapter 10

Recent Changes in Amazon Forest Biomass

and Dynamics

Oliver L. Phillips, Simon L. Lewis, Niro Higuchi, and Tim Baker

10.1 Introduction

10.1.1 Overview

There is a major planet-wide experiment under way. Anthropogenic changes to the

atmosphere–biosphere system mean that all ecosystems on Earth are now affected

by human activities. While outright deforestation is physically obvious, other

subtler processes, such as faunal imbalances and surface fires, impact forests in

ways less evident to the casual observer (cf. Lewis et al. 2004a; Malhi and Phillips

2004; Estes et al. 2011). Similarly, anthropogenic atmospheric change is intensi-

fying (Friedlingstein et al. 2006). By the end of the twenty-first century, carbon

dioxide concentrations may reach levels unprecedented for at least 20 million years

(e.g. Retallack 2001) and climates may move beyond Quaternary envelopes (Meehl

et al. 2007). Moreover, the rate of change in these basic ecological drivers may be

unprecedented in the evolutionary span of most species on Earth today. Addition-

ally, these atmospheric changes are coinciding with probably the greatest changes

in land cover and species’ distributions since at least the last mass extinction at c. 65

million years ago (Ellis et al. 2011). The collective evidence points to conditions
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with no clear past analogue. We have entered the Anthropocene, a new geological

epoch dominated by human action (Crutzen 2002; Steffen et al. 2011).

In this chapter, we focus on the changes occurring within remaining tropical

forests, with an emphasis on Amazonia. Most forest vegetation carbon stocks lie

within the tropics. Tropical forest ecosystems store 460 billion tonnes (Pg) of

carbon in their biomass and soil (Pan et al. 2011), equivalent to more than half

the total atmospheric stock, and annually process 40 Pg (Beer et al. 2010). They

have other planetary influences via the hydrological cycle, and emit aerosols and

trace gases, and are also characterised by their exceptional variety and diversity of

life. Changes here therefore matter for several key reasons. First, the critical role

that tropical forests play in the global carbon and hydrological cycles affects the

rate and nature of climate change. Second, as tropical forests are home to at least

half of all Earth’s species, changes here impact on global biodiversity and the

cultures, societies, and economies that are bound to this diversity (Groombridge

and Jenkins 2003). Finally, as different plant species vary in their ability to store

and process carbon, climate and biodiversity changes are linked by feedback

mechanisms (e.g. Lewis 2006). The identities of the ‘winner’ species under envi-
ronmental changes might exacerbate, or perhaps mitigate, human-driven climate

change.

That remaining forests globally are now changing fast there is no doubt. Anal-

ysis of the global carbon cycle shows that after accounting for known atmospheric

and oceanic fluxes there is a large, and increasing, carbon sink in the terrestrial

biosphere, reaching >3 Pg by the middle part of the last decade (Le Quéré

et al. 2009); independent analyses of atmospheric carbon dioxide concentration

data to infer sources and sinks of carbon imply carbon uptake over the terrestrial

land mass in both tropical and extra-tropical latitudes (Stephens et al. 2007); a

ground-up, independent analysis by foresters suggests that forests in every vege-

tated continent are implicated in this terrestrial sink (Pan et al. 2011). One critical

question is therefore: how should scientists go about documenting and monitoring

the changing behaviour of tropical forests?

Of the many approaches and technologies available, it is careful, persistent, on-

the-ground monitoring at fixed locations on Earth that can provide reliable long-

term evidence of ecosystem behaviour, and this is the focus of this chapter. On-the-

ground measurements can provide information on subtle changes in species com-

position, biomass, and carbon storage—none of which has been successfully done

using satellites in mature lowland tropical forests, as signals saturate at high

biomass (e.g. Mitchard et al. 2009) and cannot yet detect species composition and

hence the density of each tree’s wood, which substantially drives forest biomass

(Mitchard et al. 2014). Yet, permanent sample plot work in the tropics has until

quite recently been very sparse and mostly focused on a few well-known locations,

leaving most of the ~10 million km2 expanse of the world’s richest ecosystems

unstudied. This is particularly risky given that no one location, or small number of

studied forests, can be taken as the mean conditions of all forests. Site-centric

ecology is invariably skewed, since peculiar local features—such as fragmentation,

unusual soil conditions, cyclones, or fires—strongly colour interpretations. In most
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fields, such as climate change, it would be an obvious folly to infer the presence or

absence of global effects from records at a few sites, but long-term ecological

monitoring is difficult and under-funded. As a result, attempts are still made to scale

results from a few selected locations to draw conclusions about what the behaviour

of the whole biome might be.

10.1.2 A Networked Approach

A robust approach to monitoring change needs to be much more synoptic. The first

attempts to do this (Phillips and Gentry 1994; Phillips et al. 1994, 1998; Phillips

1996) drew inspiration from the macroecological work of Gentry, who had used

intensive floristic inventories across hundreds of forest locations to reveal the major

geographic gradients in diversity and composition (e.g. Gentry 1998a, b). But,

unlike Gentry’s floristic work, these first macroecological analyses of tropical forest

dynamics lacked methodological standardisation. They relied heavily on published

data from different teams worldwide and had limited sample sizes. To try to

eliminate these weaknesses, since 2000 with many colleagues we have focused

on developing standardised, international, long-term networks of permanent plots

in mature forests across Amazonia and Africa. These first draw together the existing

efforts of local foresters and ecologists, often working hitherto largely in isolation.

Then, by analysing the gaps in geographical and environmental space, efforts can

be made to extend the site network to fill the gaps and build support for long-term

spatially extensive monitoring. The network of Amazonian-forest researchers,

known as RAINFOR (Red Amaz�onica de Inventarios Forestales, http://www.

geog.leeds.ac.uk/projects/rainfor/), now represents the long-term ecological moni-

toring efforts of 43 institutions worldwide including many from Amazonia itself. A

parallel initiative in Africa, AfriTRON (African Tropical Rainforests Observation
Network, http://www.geog.leeds.ac.uk/projects/afritron/), spans 11 countries across
the African wet tropics. Here our aim is to synthesise some published results from

RAINFOR to assess how Amazon forests have, on average, changed recently.

Where appropriate, we also discuss results from the African network and from

additional, individual sites where these shed light on the processes involved.

10.2 Methods

For these analyses, we define a monitoring plot as an area of old-growth, physiog-

nomically mature forest where all trees �10 cm diameter at breast height (dbh,

measured at 1.3 m height or above any buttress or other deformity) are tracked

individually over time. ‘Maturity’ is inferred by the existence of a complex multi-

age structure, multiple canopy tree species, large lianas, and large dead trees,

together implying forests at least several centuries old. All trees are marked with
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a unique number, measured, mapped, and identified. Periodically (generally every

1–5 years) the plot is revisited, all surviving trees are remeasured, dead trees are

noted, and trees recruited to 10 cm dbh are uniquely numbered, measured, mapped,

and identified. This allows calculation of (i) the cross-sectional area that tree trunks

occupy (basal area), which can be used with allometric equations to estimate tree

biomass (Higuchi et al. 1998; Baker et al. 2004a; Chave et al. 2005); (ii) tree growth

(the sum of all basal-area increments for surviving and newly recruited stems over a

census interval); (iii) the total number of stems present; (iv) stem recruitment

(number of stems added to a plot over time); and (v) mortality (either the number

or basal area of stems lost from a plot over time). We present results from 50 to

123 plots, depending upon selection criteria for different analyses. The ‘Amazon’
plots span the forests of northern South America (Fig. 10.1), including Bolivia,

Fig. 10.1 Locations of RAINFOR and AfriTRON network plots used in this study. For each we

indicate whether they individually increased in biomass or decreased in biomass over the period

monitored (ending prior to the 2005 drought for Amazonia)
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Brazil, Colombia, Ecuador, French Guiana, Peru, and Venezuela, from the driest to

the wettest and the least to the most fertile soils. Most plots are 1 ha in size and

comprise ~400–600 trees of �10 cm dbh, but the smallest is 0.25 ha and the largest

10 ha. The large majority result from applying locally randomised or systematic

sampling protocols to locate plots in apparently old-growth forest landscape and

then tracking their subsequent dynamics. Many plots have been monitored for more

than a decade, although they range in age from 2 to 30 years (mean ~10 years). Here

we analyse results of censuses completed up to 2007, but for Amazonia we first

report results prior to the intense drought of 2005 (Arag~ao et al. 2007) and then also
summarise the impact of the drought and briefly review the latest findings from

RAINFOR (Brienen et al. 2015). Details of the exact plot locations, inventory and

monitoring methods, and issues relating to collating and analysing plot data are

discussed elsewhere in detail (Phillips et al. 2002a, b, 2004, 2009; Baker

et al. 2004a, b; Malhi et al. 2002, 2004; Lewis et al. 2004b, 2009a; Lopez-Gonzalez

et al. 2011). It is important to point out that the samples are not evenly distributed

over Amazonia because they use historical plot data, where possible, and also

because considerations of access limit where it is practical to work; nevertheless,

a wide range of environmental space is captured by the samples (c.f. Fig. 10.2).

Scaling from individual tree to Amazon plot biomass is based on the diameter-

based allometric equations detailed in Baker et al. (2004a). Thus, we used an

equation developed for the Manaus area (Chambers et al. 2001a), modified by

taking account of the taxon-specific wood density of each tree relative to the mean

wood density of trees in the Manaus region. Alternatively, biomass can be esti-

mated by universal, tropical forest equations such as those of Chave et al. (2005).

The Manaus equation is based on a smaller sample size but has the advantage of

being local. More allometric equations have been developed by the research

community. For simplicity, we only show results using the Baker et al. (2004a)

equation here, but note that while different methods certainly result in systematic

differences in biomass estimates (e.g. Chave et al. 2003; Peacock et al. 2007;

Feldpausch et al. 2012), the rates of net biomass change calculated across Amazo-

nia are largely insensitive to the equation used (Baker et al. 2004a). For Africa, we

use the Chave et al.’s (2005) moist forest equation including tree height and

propagate the uncertainty in both the diameter and height parameters to obtain

final biomass estimates (Lewis et al. 2009a). We summarise findings from mature

forests in terms of (a) structural change, (b) dynamic-process change, and

(c) functional and compositional change, over the past two–three decades, includ-

ing taking account of recent droughts in Amazonia.
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10.3 Results and Discussion

10.3.1 Structural Change

Among 123 long-term mature forest Amazonian plots with full tree-by-tree data,

there was a significant increase in above-ground biomass between the first mea-

surement (late twentieth century, median date 1991) and the last measurement

before the 2005 drought (median date 2003). For trees �10 cm diameter, the

increase has been 0.45 (0.33, 0.56) Mg C ha�1 year�1 (mean and 2.5, 97.5%

confidence limits; Phillips et al. 2009). Across all 123 plots, the above-ground

change was approximately normally distributed and shifted to the right of zero

(Fig. 10.3a). The overall net increase estimated is slightly lower than but statisti-

cally indistinguishable from the 0.54� 0.29 Mg C ha�1 year�1 estimated by

Phillips et al. (1998) for the lowland Neotropics using 50 sites up to 1996, and

the Baker et al.’s (2004a) estimate of 0.62� 0.23 Mg C ha�1 year�1 for 59 core

RAINFOR Amazon plots up to 2000. In the large dataset now available, estimates

of biomass carbon change are also rather insensitive to different weightings based

on measurement interval and plot area (supplementary information in Phillips

et al. 2009). Using the same approach, we also discovered a similar phenomenon

in African forests (see Box: ‘Changing African Forests’).

Fig. 10.2 Sampling in

environmental space across

Amazonia. Most plots

sampled are on acid soils in

weakly seasonal rainforest

climates, reflecting the

dominant conditions of the

region, but span a broad

environmental range that

includes more than two

orders of magnitude in soil

acidity for example.

Figure depicts the location

of 87 Amazon plots whose

soil has been characterised

by the time of the post-2005

drought analysis
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Fig. 10.3 Above-ground biomass carbon change of trees >10 cm diameter. (a) Across 123 Ama-

zonian plots, based on initial and final stand-biomass estimates calculated using an allometric

equation relating individual tree diameter and wood density to carbon. (b) Across 79 plots from

Africa, but including estimated tree height for each stem, in addition to diameter and wood density,

to estimate carbon, with uncertainty in the height and diameter measurement both propagated to

final biomass carbon change estimates. As would be expected in a random sample of small plots

measured for a finite period, some sites show a decline in biomass carbon during that period

indicating that at that particular point in space and time tree mortality has exceeded tree growth.

However, the mean and median are shifted significantly to the right for both datasets (P< 0.001)
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Changing African Forests

African plots have been monitored in Liberia, Ivory Coast, Ghana, Nigeria,

Cameroon, Central African Republic, Gabon, Democratic Republic of

Congo, Uganda, and Tanzania and span West, Central, and East Africa

biogeographic regions and from wet (~3000 mm rainfall per year) to dry

(those adjacent to the savanna boundary) climates and a range of soil types

(Lewis et al. 2009a).

Here, we measured a similar net sink in trees>10 cm diameter with a mean

of +0.63 (bootstrapped 95% CI 0.22–0.94) tonnes of carbon per hectare per

year (n¼ 79 plots, mean start date 1987 and mean end date 1996; Lewis

et al. 2009a). The distribution is left skewed and shifted to the right of zero

(see Fig 10.3b). Resampling shows that obtaining such a sample of increasing

biomass from a domain that was not increasing in biomass is highly unlikely

(P< 0.001; Lewis et al. 2009a). African forests have greater biomass per unit

area than Amazon forests (202 versus 154 Mg C ha�1); once this difference is

accounted for, both forest blocks have been gaining net biomass at the same

relative rate (0.30% per year for Amazonia, 0.29% per year for Africa).

In Africa, Lewis et al. (2009a) also reported the relative change in biomass

for 916 species from 79 plots across the tropical region, showing that there

was no relationship between the wood density of a species and its change in

biomass, relative to the stand. Similarly, there was no relationship between

relative change in biomass and mean wood density when 200 common genera

rather than species were analysed. Taken together with the results from

Amazonia, this runs counter to expectations if tropical forest plots were

mostly in late successional recovery from past disturbances.

There are various ways by which these plot-based measures can be scaled to

tropical forests across Amazonia and Africa. We adopted a relatively simple

approach given the various uncertainties, not all quantifiable, for example in

terms of smaller stems, below-ground (root) biomass carbon, carbon in dead trees

and litter, area of each forest type, and degree of human disturbance. Thus, we

assumed that our measurements were, on average, representative of the wider forest

landscape, and that other biomass and necromass components were also increasing

proportionally but that soil carbon stocks were static, and estimated the magnitude

of the sink in each continent by multiplying the plot-based net carbon gain rate by a

series of correction factors to account for biomass of lianas, trees<10 cm diameter,

necromass, and below-ground carbon, and a mid-range estimate of the surviving

forest area for the year 2000 (Table 10.1). For the 1990s, this yielded a total

estimated South American forest sink of 0.65� 0.17 Pg C year�1 and a

corresponding sink in African forests of 0.53� 0.30 and 0.14� 0.04 Pg C year�1

in mature undisturbed Asian forests if these responded as other tropical forests did

(Pan et al. 2011). Thus, the combined mature tropical forest sink in the 1990s is
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estimated to have been 1.3� 0.35 Pg C year�1, before allowing for any possible net

change in soil carbon stock. This is similar to the figure given by Lewis

et al. (2009a), of 1.3 Pg C year�1 (bootstrapped CI 0.8–1.6) using plots with a

mean interval of 1987–1997 and slightly differing methodology (Tropical America,

0.62; Tropical Africa, 0.44; and Tropical Asia 0.25 Pg C year�1). In the decade of

the 2000s, the American tropical sink apparently declined partly as a result of the

2005 Amazon drought; we discuss this later below.

The validity of these estimates depends on (i) measurement techniques; (ii) how

representative the plots are of mature forests in South America, and the rest of the

tropics; (iii) assumptions about the extent of mature forest remaining; and (iv) the

extent to which we have sampled the regional-scale matrix of natural disturbance

and recovery. Moreover, they represent average annual estimates for the period

around the turn of the twenty-first century—forest plots are rarely measured

sufficiently frequently in enough places to estimate biome carbon balance on a

year-by-year basis. However, they are consistent with independent evidence from

recent inversion-based studies, showing the tropics are either carbon neutral or sink

regions, despite widespread deforestation (Denman et al. 2007, p. 522; Stephens

et al. 2007), and the large net sink in the terrestrial biosphere after accounting for

other sources and sinks (e.g. Le Quéré et al. 2009).

10.3.2 Recovery from Large Disturbances?

The finding of increasing forest biomass over recent decades has been remarkably

controversial (cf. for example Clark 2002; Phillips et al. 2002a; Wright 2005; Lewis

et al. 2006, 2009b), despite the fact that an uptake of>2 Pg C year�1 somewhere on

Earth’s land surface is evident from independent mass-balance observations of the

global carbon cycle. The most persistent area of controversy has been prompted by

the statement ‘Slow in, rapid out’ (K€orner 2003). The ‘Slow in, rapid out’ argument

stresses that forest growth is a slow process while mortality can potentially be

singular in time, thereby causing rapid biomass loss and sometimes resetting forest

stand structure. Consequently, limited sampling or sampling over short observation

periods may tend to miss severe perturbation events over large scales. Inferences

based on such sampling could therefore result in positively biased estimates of

above-ground biomass trends in mature forests when results from plot networks are

extrapolated to a large area. Given the still relatively small number of tropical

plots—relative to the total biome area—this concern is understandable. However, it

is unlikely to be a major source of uncertainty or bias in our calculations for three

reasons.

Firstly, large and intense natural disturbances are rare in the lowland humid

tropics, and probably much rarer than in temperate and boreal forests. Thus, even

when accounting for Landsat-based measurements of large disturbances and con-

servatively using a disturbance frequency/magnitude model fit that overestimates

the frequency of large magnitude disturbances, it is clear that disturbances capable
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of removing 100 Mg above-ground biomass at the 1-ha scale (i.e. about one-third of

total standing biomass) have return times of 1000 years or more in Amazonia

(Gloor et al. 2009: Table 1). Furthermore, Gloor et al. (2009) used a stochastic

simulator to show for South American forests that any sampling biases resulting

from such a disturbance regime, given the sample sizes available in the RAINFOR

network, are too small to explain the gains detected by the plot network. Recent,

independent analyses using satellite data from across the Amazon basin (Espı́rito-

Santo et al. 2010, 2014) show just how rare large, intense disturbances in fact are.

Thus, the return time of stand-initiating scale disturbances in western Amazonia is

c. 27,000 years, while in eastern Amazonia it is �90,000 years. The basin-wide

mean, c. 39,000 years, is so large that any impacts on our Amazon dataset are

negligible (and in light of these values it is hardly surprising that RAINFOR plots

have yet to sample a single stand-resetting disturbance). This accords with the first

pioneering large-scale analysis, which also showed the rarity of large-scale distur-

bance events in the Amazon basin (Nelson et al. 1994). The ‘Slow-in, rapid-out’
debate was magnified by a theoretical paper which attempted to simulate its impacts

(Fisher et al. 2008), but which parameterised the size-frequency distribution of

disturbance events incorrectly—thus overestimating the frequency of large distur-

bance events (c.f. Lloyd et al. 2009)—, and then managed to compare single-year

time-step simulations with actual RAINFOR results which averaged intervals of

10 years. These large errors both exaggerated the apparent magnitude of the ‘Slow-
in, rapid-out’ effect. A recent analysis of the entire Amazon disturbance intensity/

frequency spectrum using LiDAR, Landsat, and multiple on-the-ground measure-

ments has shown quite clearly that the large majority of tree death in Amazonia

occurs in very small events (one, two, or three trees) and that large disturbances are

much too rare to affect the inference from the plot network of a sustained,

widespread biomass carbon sink into mature Amazon forests (Espı́rito-Santo

et al. 2014).

Secondly, the RAINFOR network was successfully utilised to detect the impact

of a major disturbance (the 2005 Amazon drought; see below) and to differentiate

its dynamic and floristic effects from the background state of long-term biomass

accumulation. This biomass decline was in fact dominated by a clearly detectable

increase in mortality (Phillips et al. 2009). Thus, if there was a dominating impact

of very large, late-twentieth century disturbance events on Amazon forests, for

example associated with intense El Ni~no or La Ni~na years, these should have been

detected. It has been suggested that Amazonia may still be recovering from earlier

potentially greater ‘mega-disturbances’, such as the 1926 drought, or even wide-

spread deforestation pre-1492. While such ideas can be appealing, simple back-of-

the-envelope calculations show that for the forest to still be recovering at the end of

the twentieth century at the rate of hundreds of millions Mg C year�1, then the

carbon lost to the atmosphere at the time needs to be in the order of tens of billions

of tonnes—or more—well beyond anything recorded in the global atmospheric

record of CO2. We note that while the 2005 impact was large in magnitude at the

scale of 1–2 years, its impacts were in the order of one to two billion tonnes of

carbon, much too weak to shut down the sink even for a decade.
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Thirdly, our plots lack the basic ecological signatures of forests recovering from

large disturbances. Thus, the biomass increase has been only one of several changes

recorded in Amazonian forest plots. Across 91 RAINFOR plots where we tracked

populations to 2002, there was also a small increase in the stand density between the

first and last measurements, of 0.84� 0.77 stems ha�1 year�1, an annual increase of

0.15� 0.13% (Phillips et al. 2004). The same test using a longer-term subset of

plots (50 plots from Lewis et al. 2004b) showed a slightly larger increase

(0.18� 0.12% per year). These increases in stand density, while proportionally

smaller than the biomass changes, are counter to expectations if the plots were in an

advanced state of secondary succession (e.g. Coomes and Allen 2007), as do the

simultaneous increases in tree growth rates (see below). In Africa stand density

changes have yet to be evaluated, but in both Africa and Amazonia there has been

no shift in species composition towards more shade-tolerant taxa that would occur in

a domain that was recovering from past disturbance events (e.g. Lewis et al. 2009a;

Phillips et al. 2009), nor has there been on average over the networks the clear decline

in growth and slowing stem dynamics that late-recovery tropical forests exhibit

(Chambers et al. 2004). In sum, analysis of other structural, dynamic, and floristic

change in the same plots is not consistent with a widespread disturbance-recovery

signature. These results argue against the notion that the generalised biomass increase

observed across Amazon and African plots can be explained as a result of a

combination of disturbance recovery and small sample sizes.

Lastly, independent evidence from a network of large plots (Chave et al. 2008a),

from atmospheric CO2 data (Denman et al. 2007; Stephens et al. 2007), and from

carbon mass-balance approaches (Le Quéré et al. 2009) all imply a carbon sink in

tropical forests (c.f. Phillips and Lewis 2014). Parsimony therefore suggests that the

increase in biomass is not the result of a statistical artefact based on frequent forest

disturbance episodes that have been poorly sampled.

The plots in the long-term monitoring networks are, however, not randomly

distributed. It is possible to test whether this spatial bias might be driving the result

by assessing whether we have oversampled unusually heavily in regions that

happened to be gaining biomass, and under-sampled those that happened to lose

biomass. At smaller scales this is unlikely, since the long-term mean net gain in

Amazonia is almost identical whether the sampling unit is taken to be the ‘plot’
(as here), or a larger unit such as a ‘landscape cluster of plots’ in both Amazonia and

Africa (Phillips et al. 2009; Lewis et al. 2004b, 2009a). At larger scales while the

networks still leave large expanses of Brazilian Amazonia and the Central Congo

Basin unmonitored (Fig. 10.1), the climate- and soil-environmental space is well

covered (Fig. 10.2).

Looking forward, much greater monitoring efforts in the vast still difficult-to-

access regions of Amazonia are clearly needed in the future to reduce the uncer-

tainty due to incomplete spatial coverage. One strategy would be to purposefully try

to fill the large spatial gaps. Alternatively/additionally, a systematic grid-based

approach is also appealing and is being planned by some national-level inventory

programmes. The access challenges in many tropical forests for once-off inventory,

let alone for sustaining multiple high-quality remeasurements in remote locations,
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can hardly be overstated however. We expect that the most cost-effective strategy

for monitoring the more remote remaining tropical forests would combine (1) -

gap-filling the monitoring networks where possible—with locally randomised

plots—with (2) extensive remote sensing (viz. LiDAR, radar). The potential

power of remote sensing techniques for scaling-up is abundantly clear. The need

for careful ground-based assessments to permit calibrating and validating forests’
electromagnetic reflectance in terms of productivity, biomass, and biodiversity is

equally obvious.

10.3.3 Dynamic Changes

An alternative way of examining forest change is to look for changes in the

processes (growth, recruitment, death), as well as the structure: have these forests

simply gained mass, or have they become more or less dynamic too? For Amazonia

we have measured the dynamics of forests in two ways. Firstly, we examined

changes in stem population dynamics. By convention we estimated stem turnover

between any two censuses as the mean of annual mortality and recruitment rates for

the population of trees �10 cm diameter (Phillips and Gentry 1994). Secondly, we

examined changes in biomass fluxes of the forest—in terms of growth of trees and

the biomass lost with mortality events. These stand-level rates of biomass growth

and biomass loss should be approximately proportional to the rate at which surviv-

ing and recruiting trees gain basal area and the rate at which basal area is lost from

the stand through tree death (Phillips et al. 1994).

Among 50 mature forest plots across tropical South America with at least three

censuses to 2002 (and therefore at least two consecutive monitoring periods that can

be compared), we found that all of these key ecosystem processes—stem recruit-

ment, mortality, and turnover, and biomass growth, loss, and turnover—increased

significantly (Fig. 10.4) when the first monitoring period is compared with the

second (Lewis et al. 2004b). Thus, over the 1980s and 1990s these forests on

average became faster growing and more dynamic, as well as bigger. The increases

in the rate of the dynamic stem fluxes (growth, recruitment, and mortality) were

about an order of magnitude greater than the increases in the structural pools

(above-ground biomass and stem density; Lewis et al. 2004b).

These and similar results can be demonstrated graphically in a number of ways.

In Fig. 10.5, we plot the across-site mean values for stem recruitment and mortality

as a function of calendar year. The increase is evidently not the short-term result of

a year with unusual weather: recruitment rates on average consistently exceeded

mortality rates, and mortality appears to have lagged recruitment (Phillips

et al. 2004; Lewis et al. 2004b).

For the 50 Amazon plots which have two consecutive census intervals, we can

separate them into two groups, one fast-growing and more dynamic (mostly in

western Amazonia), and one slow-growing and much less dynamic (mostly in

eastern and central Amazonia), which reflects the dominant macroecological
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gradient across Amazonia (Phillips et al. 2004; ter Steege et al. 2006; Quesada

et al. 2012). Both groups showed increased stem recruitment, stem mortality, stand

basal-area growth, and stand basal-area mortality, with greater absolute increases in

rates in the faster-growing and more dynamic sites than in the slower-growing and

less dynamic sites (Fig. 10.6; Lewis et al. 2004b), but proportional increases in rates

that were similar and statistically indistinguishable among forest types (Lewis

et al. 2004b). It should be stressed that these results represent the mean response

of all mature forests measured. Within the dataset naturally there are many
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Fig. 10.4 Annualised rates of stand-level basal-area growth, basal-area mortality, stem recruit-

ment, and stem mortality from plots with two consecutive census intervals, each giving the mean

from 50 plots with 95% confidence intervals. Paired t-tests show that all of the increases are

significant. The average mid-year of the first and second censuses was 1989 and 1996, respectively

(from Lewis et al. 2004b)
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Fig. 10.5 Mean and 95% confidence intervals for stem recruitment and mortality rates against

calendar year, for plots arrayed across Amazonia. Rates for each plot were corrected for the effects

of differing census-interval lengths, for ‘site-switching’ (changes through time in the plots being

measured), and for ‘majestic-forest bias’ (potential avoiding of gaps when establishing plots). A

detailed justification methodology for these corrections is given in Phillips et al. (2004); all trends

hold if these corrections are not applied; black indicates recruitment, grey indicates mortality, solid
lines are means, and dots are 95% confidence intervals (from Phillips et al. 2004)
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individual plots showing different, individual responses, just as within the whole

literature there are some reports of individual sites showing similar or different

patterns (e.g. Chave et al. 2008b; Feeley et al. 2007). Nevertheless, when viewed as

whole the permanent plot record from Amazon and neotropical mature forests

indicates that increasing growth, recruitment, and mortality occurred for at least

two decades across different forest types and geographically widespread areas.

The simultaneous recent increases in plot dynamic rates, biomass, and stand

density raise the question—for how long has this been going on? Only a handful of

Amazon plots were monitored before the 1980s. To go further back in time requires

alternative methods, for example annual dating of growth rates of a large sample of

individual trees from different species, such as has been done in two locations in

non-flooded mature forest (Vieira et al. 2005), using radiocarbon dating. Although

the majority of trees tested did grow faster since 1960 than before 1960, the null

hypothesis of no change in growth rate could not be rejected. This technique is

complicated by potential ontogenetic variation in growth rates, partly related to

changing light environments (e.g. Worbes 1999), and could overestimate stand-

level growth rates in the past because individual trees with slow and declining

growth are more susceptible to mortality (Chao et al. 2008) and therefore less likely

to survive to the point at which they are dated. Similarly, as trees mature and

increasingly allocate resources to flower, fruit, and seed production, ageing cohorts

can exhibit slowing growth over time.

An alternative approach has been to analyse multiple dated herbarium samples

stretching back to the nineteenth century for δ13C, 18O, and stomatal density to

assess possible changes in photosynthesis (and by implication, growth). For two

species from the Guiana Shield, both showed implied increased photosynthesis over

the past century (Bonal et al. 2011). A third approach—using tree rings to project

growth of some tree species back in time—suffers from similar biases as the

radiocarbon studies.
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Fig. 10.6 Annualised rates of stand-level basal-area growth, basal-area mortality, stem recruit-

ment, and stem mortality over consecutive census intervals for plots grouped into ‘slower-growing
less-dynamic’ (left) and ‘faster-growing more-dynamic’ (right) forests. Of the slower-dynamics

group, 20 of 24 plots are from eastern and central Amazonia, whereas just two are from western

Amazonia. Of the faster-dynamics group, 24 of 26 plots are from western Amazonia, with just one

from central Amazonia. The remaining three plots are from Venezuela and outside the Amazon

basin. Changes have occurred across the South American continent and in both slower- and faster-

dynamic forests (from Lewis et al. 2004b)
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10.3.4 Functional Compositional Changes

Changes in the structure and dynamics of tropical forests can be expected to be

accompanied by changes in species and functional composition. Phillips

et al. (2002a) studied woody climbers (structural parasites on trees, also called

lianas), which typically contribute 10–30% of forest leaf productivity, but are

ignored in most stem monitoring studies. Across the RAINFOR plots of western

Amazonia, there was a concerted increase in the density, basal area, and mean size

of lianas (Fig. 10.7; Phillips et al. 2002b). Over the last two decades of the twentieth

century, the density of large lianas relative to trees increased here by 1.7–4.6% per

year—i.e. roughly doubling over the period, albeit from a low base. This was the

first direct evidence that mature tropical forests are changing in terms of their life

form composition. Other scattered reports since have suggested that the phenom-

enon of increasing lianas extended across other neotropical forests too (reviewed by

Schnitzer and Bongers 2011). There is some limited experimental evidence (Gra-

nados and K€orner 2002) for growth responses in tropical lianas to elevated atmo-

spheric CO2 concentrations to be stronger than those of trees.

Finally, a handful of studies have considered whether there have been consistent

changes in tree species composition in forests over the past two decades (Laurance

et al. 2004; Chave et al. 2008a; Lewis et al. 2009a; Butt et al. 2012). In the first, on a

large cluster of plots in north of Manaus, many faster-growing genera of canopy and

emergent stature trees increased in basal area or density, whereas some slower-

growing genera of subcanopy or understory trees declined. Laurance et al. (2004)

provided evidence of pervasive changes in this locality: growth, mortality, and

recruitment all increased significantly over two decades (total basal area also

increased, but not significantly so), with faster-growing genera showing larger

increases in growth, relative to slower-growing genera. Further studies are needed

to determine whether comparable shifts in tree communities are occurring through-

out Amazonia.

Second, in Africa (see Box) wood density of a taxon has no predictive value of

its change through time (Lewis et al. 2009a). Thirdly, Chave et al. (2008a) reported

functional changes across ten forest plots across the tropics, by grouping species

into quartiles based on growth rate, wood density, seed size, and maximum plant

size. On an absolute basis, there were significant increases in biomass of the fastest-

and slowest-growing quartiles of species, no significant change in biomass of the

highest and lowest quartiles based on wood density, a significant increase in

absolute biomass of the quartile with the smallest seed size, and no changes in

biomass of quartiles based on maximum tree size. However, if these shifts are

calculated relative to the changes in biomass of the stand, only one result is

significant: the largest trees significantly decreased in biomass relative to the

stand, whereas the smallest trees showed no relative change. Collectively, results

from these three studies suggest that the increase in forest stand biomass is being

caused by concurrent increases of many species with differing ecological habits.
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10.3.5 Recent Drought Impacts in Amazonia

The Amazon results discussed so far reflect forest changes up to the early part of the

first decade of the twenty-first century. In 2005, the region was struck by a major

drought, with the unusual characteristic of being driven by strong warming in the

tropical north Atlantic, a feature that appears in some global circulation model

outcomes of projected climate change (e.g. Cox et al. 2004). With the RAINFOR

network largely in place and a good forest dynamics baseline established, we had an

opportunity to use this ‘natural experiment’ to assay the sensitivity of the largest

tropical forest to an intense, short-term drought, by rapidly re-censusing plots

across the basin. Of 55 plots which we surveyed in 2005, the mean annual above-

ground biomass change was�0.59 (�1.66, +0.35) Mg ha�1, and among those plots

that were actually impacted by drought the above-ground biomass change rate was

clearly negative [�1.62 (�3.16, �0.54) Mg ha�1]. Moreover, across the measured

plots the magnitude of the biomass change anomaly was closely correlated to the

magnitude of the moisture deficit anomaly experienced in the same period, with

most of the difference being related to increased mortality, implying that it was the

unusual moisture deficits that were responsible for the biomass loss by contributing

to an enhanced mortality.

We estimated the basin-wide impact of the drought on biomass carbon, as

compared to the baseline of a net biomass sink in pre-drought measurement period,

as between �1.21 (�2.01, �0.57) Pg C and �1.60 Pg C (�2.63, �0.83)

(Tables 10.2 and 10.3). The first value is based on scaling the per-plot impact by

the total area impacted by drought; the second greater value is based on using

remotely sensed rainfall data to scale from the relationship of biomass change data

with relative drought intensity. The biomass dynamics/climate approach makes use

of more of the information on forest response to drought than the simple scaling-up

of the mean drought-impacted plot effect, but requires additional assumptions
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Fig. 10.7 Five-year running means (solid line) with 95% confidence intervals (dashed lines) of
liana stem density per hectare (�10 cm diameter at breast height), with values plotted separately

for northern Peru ( filled squares), southern Peru ( filled triangles), Bolivia ( filled circle), and
Ecuador (unfilled squares) (adapted from Phillips et al. 2002b; see that paper for full details of field

and analytical methodology)
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Table 10.2 Estimated 2005 Amazon drought impact, from plot data, using two different

approaches. (A) Scaling from the statistical distribution of plot biomass change data (sampling

effort-corrected AGB change relative to pre-2005 for each plot) to the whole area of Amazon

forest affected in 2005

Mean 2.5% CI 97.5% CI

Mg AGB
ha�1 a�1

�2.39 �1.12 �3.97

Expansion factor

Mean 2005 interval
length, years

1.97

Smaller trees and lianas 1.099

Droughted forest area,
ha (TRMM data)

3.31� 108

Additional fraction of
Amazonia with
unreliable TRMM data

1.031

Sum AGB impact, Mg �1.76� 109 �8.25� 108 �2.93� 109

Below ground 1.37 �6.52� 108 �3.05� 108 �1.08� 109

Sum biomass impact, Mg �2.41� 109 �1.13� 109 �4.01� 109

Sum carbon impact, Mg 0.5 �1.21� 109 �0.57� 109 �2.01� 109

For details of the methodology, see online supplementary information published with Phillips

et al. (2009)
*The text in italics and bold italics signify 95% confidence intervals

Table 10.3 Estimated 2005 Amazon drought impact, from plot data, using two different

approaches. (B) Scaling from the plot biomass dynamics versus climate relationship to the

whole Amazon forest area affected in 2005, using the relationship between change in mean annual

maximum cumulative water deficit values and change in biomass dynamics

Mean 2.5% CI 97.5% CI

Mg
AGB

�1.05� 10�9 �5.46� 10�8 �1.72� 10�9

Expansion
factor

Mean 2005 interval length,
years

1.97

Additional proportion of
Amazonia with unreliable
TRMM data

1.031

Smaller trees and lianas 1.099

Sum AGB impact, Mg �2.33� 10�9 �1.22� 10�9 �3.83� 10�9

Below ground, Mg 1.37 �8.63� 10�8 �4.51� 10�8 �1.42� 10�9

Sum biomass impact, Mg �3.20� 10�9 �1.67� 10�9 �5.25� 10�9

Sum carbon impact, Mg 0.5 �1.60� 10�9 �0.83� 10�8 �2.63� 10�9

For details of the methodology, see online supplementary information published with Phillips

et al. (2009)
*The text in italics and bold italics signify 95% confidence intervals
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which may introduce error. The consistency of the results from the different

analyses indicated a significant regional impact (confirmed now by new, indepen-

dent analyses, e.g. Gatti et al. 2014; Grace et al. 2014), but much of this might not

be ‘seen’ by the atmosphere until future years. Thus, the main impact was a

temporary increase in dead wood production, implying losses to the atmosphere

over future years as these dead trees decompose. In the drought year itself the sink

may decline (reduction in growth) but not halt (as the new necromass only begins to

decompose). Potentially, the sink could even increase temporarily if potential short-

term reductions in soil respiration are allowed for, although aircraft measurements

of atmospheric CO2 concentrations show that in the 2010 drought the overall effect

was indeed to completely suppress the long-term biomass sink for a year (Gatti

et al. 2014).

Regardless of these details, the total committed carbon impact of the 2005

drought exceeds the annual net C emissions due to land use change across the

Neotropics (0.5–0.7 Pg C) (Pan et al. 2011, Figure 1). By combining results from

2005 with published and unpublished information on tropical tree mortality from

elsewhere, we have been able to extend the drought–mortality response relationship

further. This second analysis (Phillips et al. 2010) suggested that across the biome,

forest sensitivity to moisture anomalies may be predictable, and that even relatively

weak drying compared to normal climatology can cause excess deaths once ade-

quate sampling is in place to detect them. However, it should be noted that these are

the impacts of short-term intense drought events. Recent analyses of 19 long-term

plots fromWest Africa, which has seen a decades-long drying, saw a net increase in

biomass coupled with strong increase in dry-adapted species over a c. 20-year

period of monitoring (Fauset et al. 2012), similar to preliminary findings from

western Amazonia (Butt et al. 2012). This might reflect the fact that the more

marginal forest climate in West Africa and Pleistocene history of dry episodes may

have already reduced the diversity and importance of wet forest taxa (Parmentier

et al. 2007). Fuller understanding of the impacts of drought will require monitoring

of forests through post-drought recovery and repeated droughts (such as occurred

also in Amazonia in 2010) over the long term.

10.3.6 What is Driving these Changes?

What could have caused the continent-wide increases in tree growth, recruitment,

mortality, stem density, and biomass? Many factors could be invoked, but there is

only one parsimonious explanation for the pre-2005 pattern. The results appear to

show a coherent fingerprint of increasing growth [i.e. increasing net primary

productivity (NPP)] across tropical South America, probably caused by a long-

term increase in resource availability (Lewis et al. 2004a, b; 2009a, b). According to

this explanation, increasing resource availability increases NPP, which then

increases stem growth rates. This accounts for the increase in stand basal-area

growth and stem recruitment rates and the fact that these show the clearest, most
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highly significant changes (Lewis et al. 2004b). Because of increased growth,

competition for limiting resources, such as light, water, and nutrients, increases.

Over time some of the faster-growing, larger trees die, as do some of the ‘extra’
recruits, as the accelerated growth percolates through the system. This accounts for

the increased losses from the system: biomass mortality and stem mortality rates

increase. Thus, the system gains biomass and stems, while the losses lag some years

behind, causing an increase in above-ground biomass and stems. Overall, this suite

of changes may be qualitatively explained by a long-term increase in a limiting

resource.

The changes in composition may also be related to increasing resource avail-

ability, as the rise in liana density may be either a direct response to rising resource

supply rates or a response to greater disturbance caused by higher tree mortality

rates. The changing tree composition in central-Amazonian plots (Laurance

et al. 2004) is also consistent with increasing resource supply rates, as experiments

show that faster-growing species are often the most responsive, in absolute terms, to

increases in resource levels (Coomes and Grubb 2000). Others, however, have

argued (e.g. K€orner 2004; Lloyd pers. comm.) that the greatest proportional

response should be in understory seedlings and saplings for whom a small increase

in photosynthetic rate here could have a great proportional impact on carbon

balance—and there is some experimental evidence to support this view

(e.g. Kerstiens 2001; Aidar et al. 2002).

What environmental changes could increase the growth and productivity of

tropical forests? While there have been widespread changes in the physical, chem-

ical, and biological environment of tropical trees (Lewis et al. 2004a), only increas-

ing atmospheric CO2 concentrations, increasing solar radiation inputs (Wong

et al. 2006), rising air temperatures, and changing precipitation patterns (Trenberth

et al. 2007) have been documented across most or all of Amazonia over the relevant

time period and could be responsible for increased growth and productivity.

Additionally, it is conceivable that nutrient inputs have increased, first, from

biomass burning that is occurring closer to once-remote tropical forest plots that

are increasingly encroached upon by deforestation (Laurance 2004), and second,

long-range inputs of Saharan dust to Amazonia (and west African forests) have

increased over recent decades, possibly in response to climate change.

Yet for only one of these changes do we have clear evidence that the driver has

both certainly changed over a large enough area and that such a change is likely to

accelerate forest growth (Lewis et al. 2004a, 2009b). The increase in atmospheric

CO2 is the primary candidate, because of the undisputed long-term increase in CO2

concentrations, the key role of CO2 in photosynthesis, and the demonstrated

positive effects of CO2 fertilisation on plant growth rates, including experiments

on forest stands, although not yet in the tropics (Norby et al. 2002; Hamilton

et al. 2002; Lewis et al. 2004a, 2009b; Norby and Zak 2011). However, some

role for increased insolation (e.g. Nemani et al. 2003; Ichii et al. 2005), or aerosol-

induced increased diffuse fraction of radiation (e.g. Oliveira et al. 2007), or nutrient

inputs, or rising temperatures increasing soil nutrient mineralisation rates, cannot be

ruled out (Lewis et al. 2004a, 2006; 2009b; Malhi and Phillips 2004, 2005). Lastly,
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given the global nature of the CO2 increase and ubiquitous biochemistry of the plant

response involved, we may expect to see the same phenomenon in other biomes.

Similarly to the tropics, increases in biomass and/or growth have recently been

reported in maritime forests of western Canada (Hember et al. 2012), and across the

temperate forests of the northern hemisphere (Luyssaert et al. 2008), and indeed on

every continent where foresters are making measurements in multiple sites (Pan

et al. 2011).

10.3.7 The Future: Potential Susceptibility of Amazon Forest
to Environmental Stress and Compositional Changes

Long-term observations indicate that Amazonia, the world’s largest tract of tropical
forest, has shown concerted changes in forest dynamics over recent decades. Such

unexpected and rapid alterations—regardless of the cause—were not anticipated by

ecologists and raise concerns about other possible surprises that might arise as

global changes accelerate in coming decades. On current evidence, tropical forests

are sensitive to changes in resource levels and may show further structural and

dynamic changes in the future, as resource levels alter further, temperatures con-

tinue to rise, and precipitation patterns shift. The implications of such rapid changes

for the world’s most biodiverse region could be substantial.

Mature Amazonian forests have evidently helped to slow the rate at which CO2

has accumulated in the atmosphere, thereby acting as buffer to global climate

change. The concentration of atmospheric CO2 has risen recently at an annual

rate equivalent to ~4 Pg C; this would have been significantly greater without the

tropical South American biomass carbon sink of 0.4–0.7 Pg C year�1 (and an

African sink of 0.3–0.5 Pg C year�1). This subsidy from nature could be a relatively

short-lived phenomenon. Mature Amazonian forests may (i) continue to be a carbon

sink for decades (e.g. Chambers et al. 2001b; Cramer et al. 2001; Rammig

et al. 2010), (ii) soon become neutral or a small carbon source (Cramer

et al. 2001; Phillips et al. 2002b; K€orner 2004; Laurance et al. 2004; Lewis

et al. 2011), or (iii) become a mega-carbon source (Cox et al. 2000; Cramer

et al. 2001; Rammig et al. 2010; Galbraith et al. 2010), with modelling results

reporting all three responses following a major model-inter-comparison project

(Friedlingstein et al. 2006). Given that a 0.3% annual increase in Amazonian forest

biomass roughly compensates for the entire fossil-fuel emissions of Western

Europe (or the deforestation in Amazonia), a switch of mature tropical forests

from a moderate carbon sink to even a moderate carbon source would impact on

global climate and human welfare. The ~0.3% annual increase in carbon storage

represents the difference between two much larger values: stand-level growth

(averaging ~2%) and mortality (averaging ~1.7%), so a small decrease in growth

or a sustained increase in mortality would be enough to shut the sink down. There

are several mechanisms by which such a switch could occur, apart from the obvious
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and immediate threats posed by land use change and associated disturbances by

fragmentation and fire, which we discuss below.

10.3.7.1 Moisture Stress

Anthropogenic climate change will include altered precipitation patterns. There are

critical thresholds of water availability below which tropical forests cannot persist

and are replaced by savanna systems; currently, as long as soil conditions are

adequate, the threshold lies around 1000–1500 mm rainfall per annum (Salzmann

and Hoelzmann 2005; Staver et al. 2011), but this level could increase with rising

temperatures which increase evaporation, or it could decrease if rising atmospheric

CO2 concentrations reduce transpiration. The outcome of the interplay between

these factors is therefore critical to determining transitions between carbon-dense

tropical forests and carbon-light savanna systems. The degree to which tropical

forests may be ecophysiologically resilient to extreme temperatures, particularly in

the context of rising atmospheric CO2 concentration, is a subject of active research,

reviewed elsewhere (Lloyd and Farquhar 2008; Lewis et al. 2009b), and explored

on a biome-wide scale by Zelazowski et al. (2011).

The 2005 drought provides direct evidence of the potential for intense dry

periods to impact rainforest vegetation. However, while events such as the 2005

Amazon drought are clearly capable of at least temporarily disrupting some of the

long-term trends in forest biomass, it remains to be seen whether they are powerful

and frequent enough to permanently shift the dominant regime of biomass gains

witnessed across mature tropical forests wherever they have been extensively

monitored. The 1998 El Ni~no drought was equally strong in parts of Amazonia,

but its impacts are not distinguishable from the signal of increased biomass and

growth over the c. 5-year mean interval length available for plots at that time (fig.

1 in Phillips et al. 2009), implying a rapid recovery. We expect therefore that only

frequent, multiple droughts would cause the sustained increases in necromass

production needed to turn the long-term carbon sink in mature forest into a

sustained source.

In 2010, a new drought affected the Amazon forest, again dropping some rivers

to record lows. If the water deficit intensity–forest carbon loss relationship that we

measured during 2005 also holds for the 2010 drought, then a total impact on

mature forest biomass carbon in the region of c. 2 Pg can be anticipated (Lewis

et al. 2011). It remains an open question as to how much the forest had recovered

from the 2005 drought before the 2010 drought impacted the forest plots. Only

coordinated monitoring with distributed networks of plots can determine whether

the recent events represent one-off perturbations for forest carbon stocks from

which a full recovery is made within 5 years, or the start of a longer-term

climate-induced phase shift in which mature Amazonia becomes carbon neutral

or a carbon source. A more recent, long-term analysis from a larger RAINFOR plot

dataset (Brienen et al. 2015) has found evidence of a progressive decline in the net

Amazon sink, in spite of the long-term growth gains. Recent droughts have played a

part, but this enhanced dataset also indicates clearly that mortality has been
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increasing over a longer period, suggesting that other mechanisms are also

constraining the carbon density of Amazon forests.

10.3.7.2 Photosynthesis/Respiration Changes

Forests remain a sink as long as carbon uptake associated with photosynthesis

exceeds the losses from respiration. Under the simplest scenario of a steady rise

in forest productivity over time, it is predicted that forests would remain a carbon

sink for decades (e.g. Lloyd and Farquhar 1996). However, the recent increases in

productivity, apparently caused by continuously improving conditions for tree

growth, cannot continue indefinitely: if CO2 is the cause, trees are likely to become

CO2 saturated (i.e. limited by another resource) at some point in the future. More

generally, whatever the driver for recently accelerated growth, forest productivity

will not increase indefinitely, as other factors, such as soil nutrients, will limit

productivity.

Rising temperatures could also reduce the forest sink or cause forests to become

a source in the future. Warmer temperatures increase the rates of virtually all

chemical and biological processes in plants and soils, until temperatures reach

inflection points where enzymes and membranes lose functionality. There is some

evidence that the temperatures of leaves at the top of the canopy, on hot days, may

be reaching such inflection points around midday at some locations (Lewis

et al. 2004a; Doughty and Goulden 2008). Canopy-to-air vapour deficits and

stomatal feedback effects may also be paramount in any response of tropical forest

photosynthesis to future climate change (Lloyd et al. 1996). Simulations suggest

that the indirect effect of rising temperatures on photosynthesis via stomatal closure

is the dominant negative impact on tropical forest growth (Lloyd and Farquhar

2008), which is currently more than offset by increases in photosynthesis from

increasing atmospheric CO2. Alternatively, there is evidence that electron transport

is the critical step in maximising photosynthesis at a given light level (Haxeltine

and Prentice 1996), and the electron transport chain undergoes a reversible point of

inflection as low as c. 37 �C (Lloyd and Farquhar 2008), thereby reducing photo-

synthesis at higher temperatures. Additionally, higher air temperature also means

higher respiration costs which will also impact on the ability of plants to maintain a

positive carbon balance in the future, which has been argued to be already affecting

one forest in Costa Rica (Clark et al. 2010).

Understanding this complex relationship between temperature changes and their

impacts on respiration and photosynthesis, plus the impact of rising atmospheric

CO2 on tree growth, is critical. The first global circulation model (GCM) to include

dynamic vegetation and a carbon cycle that is responsive to these dynamic changes

suggested that under the ‘business as usual’ scenario of emissions, IS92a, atmo-

spheric CO2 concentrations reach >900 ppmv (parts per million by volume) in

2100, compared to ~700 ppmv from previous GCMs (Cox et al. 2000, 2004). These

concentrations depend on (1) dieback of the eastern Amazonian forests, caused by

climate change-induced drought, and (2) the subsequent release of C from soils.

The release of C from soils is critically dependent on the assumed response of
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respiration to temperature, coupled with the simplified representation of soil mois-

ture and soil carbon. A decade on, both Galbraith et al. (2010) and Rammig

et al. (2010) reanalysed the climate and dynamic vegetation models and found

that rising air temperature was an important cause of dieback in most models.

However, the dominant temperature-related mechanism differed among models,

with, variously, increases in plant respiration, reduced photosynthesis, and

increased vapour pressure deficit all resulting in loss of carbon. Yet, the level of

the positive impact of CO2 fertilisation had the largest single impact within the

models, larger than the negative temperature and negative rainfall reduction

impacts. In a recent review of free-air carbon dioxide enrichment (FACE) exper-

iments, Norby and Zak (2011) conclude that photosynthetic C uptake increases in

response to CO2 under field conditions and that the enhancement is sustained over

time. But they point out that it remains to be seen whether these growth-related

responses also apply to tropical forests. Thus, overall, the uncertainties about

(1) how much tropical plants will respond to CO2, (2) how they will respond to

long-term increases in high air temperatures, (3) how much rainfall may decline by

in the dry season, and (4) how much plants will respond to the decline in rainfall

still preclude robust statements about the timing and magnitude of any reversal of

the tropical forest carbon sink.

To conclude, carbon losses from respiration will almost certainly increase as air

temperatures continue to increase. The key question is what form this relationship

takes. Carbon gains from photosynthesis cannot rise indefinitely and will almost

certainly reach an asymptote. Thus, we conclude the sink in mature tropical forests

is bound to diminish and possibly even reverse. The more catastrophic outcomes of

large-scale biomass collapse indicated in some models appear very unlikely, but

cannot be ruled out.

10.3.7.3 Compositional Change

Biodiversity change has inevitable consequences for climate change because dif-

ferent plant species vary in their ability to store and process carbon and different

plant species will benefit and decline as global environmental changes unfold. Yet

most models that project the future carbon balance in Amazonia (and future

climate-change scenarios) make no allowance for changing forest composition.

Representation of composition is challenging, both because of the computational

complexities in integrating ecological processes into ecophysiology-driven models

and because the ecological data themselves are sparse. Representing composition

better, and its potential for change, is important. Lianas, for example, ignored in all

forest models, often contribute little to forest biomass but heavily affect productiv-

ity (Schnitzer and Bongers 2002), while killing trees (Phillips et al. 2005) and

preferentially infesting denser-wooded species (van der Heijden et al. 2008); their

recent increase suggests that the tropical carbon sink might shut down sooner than

models suggest. Large changes in tree communities could also lead to net losses of

carbon from tropical forests (Phillips and Gentry 1994; K€orner 2004). One way this
could happen is a shift to faster-growing species, driven by increasing tree mortality
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rates and frequency of gap formation (Phillips and Gentry 1994; Phillips et al. 2004;

Lewis 2006). Such fast-growing species generally have lower wood specific grav-

ity, and hence less carbon (West et al. 1999), than shade-tolerant trees. The

potential scope for such impacts of biodiversity changes on carbon storage is

highlighted by Bunker et al. (2005), who explored various biodiversity scenarios

based on the tree species at Barro Colorado Island: if slower-growing tree taxa were

lost from an accelerated, liana-dominated forest, as much as one-third of the carbon

storage capacity of the forest could be lost. In Amazonia a small and sustained

basin-wide annual decrease in mean wood specific gravity could potentially cancel

out the carbon sink effect. Currently, the more dynamic forests in the west of

Amazonia have c. 20% less dense wood than the slower-growing forests of the

east (Baker et al. 2004b); because these faster-growing western forests also have

lower basal area, the differences in terms of biomass carbon stored are somewhat

greater still (Fig. 10.8). Concerted compositional changes driven by greater

resource supply, increased mortality rates, and possible increases in the proportion
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Fig. 10.8 Tree biomass as a function of mean stem turnover rates, for 127 lowland forest plots

across South America monitored in the 1980s and 1990s. Note that the faster forests, typically in

western Amazonia, have lower wood density and much lower biomass
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of faster-growing trees which escape lianas could therefore shut down the carbon

sink function of tropical forests earlier than ecophysiological analyses predict.

While the initial moves towards individual-based models within Global Circulation

Models provide a framework within which to evaluate these types of interaction and

changing composition (Purves and Pacala 2008), any such analyses will need to be

data driven.

10.4 Conclusion

By carefully tracking the lives, deaths, and identities of trees at hundreds of plots, it

has been possible over the past three decades to build a preliminary understanding

of how the world’s mature tropical forests have been changing. The picture that

emerges is at once both surprising and, perhaps for some, not so unexpected. Thus,

in experiencing accelerated growth, mortality, and generally increasing biomass,

the tropical biome appears to have been responding for many years to the kind of

large-scale but slow-acting drivers that until recently have been unfamiliar to

ecologists. New technologies are now helping us to see tropical landscapes with

fresh perspectives, but gaining an authoritative understanding of how forest biodi-

versity and carbon may be changing in the Anthropocene remains a huge challenge.

Repeated, standardised, careful, and adequately replicated on-the-ground measure-

ments will be key to making significant progress towards this goal.
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Jiménez E, Lloyd G, Meir P, Mendoza C, Morel A, Neill D, Nepstad D, Pati~no S, Pe~nuela MC,

Prieto A, Ramı́rez F, Schwarz M, Silva J, Silveira M, Sota Thomas A, ter Steege H, Stropp J,

Vásquez R, Zelazowski P, Alvarez Dávila E, Andelman S, Andrade A, Chao K-J, Erwin T, Di

Fiore A, Honorio E, Keeling H, Killeen TJ, Laurance WF, Pe~na Cruz A, Pitman NCA, Nú~nez
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Chapter 11

The Biogeochemistry of the Main Forest

Vegetation Types in Amazonia

Erika Buscardo, Gabriela Nardoto, Flávio Luiz~ao, Maria T.F. Piedade,

Jochen Sch€ongart, Florian Wittmann, Christopher E. Doughty,

Carlos A. Quesada, and Laszlo Nagy

11.1 Introduction

Proponents of the ecosystem ecology approach have argued that integrative

methods that ignore species composition/vegetation type are valid because most

photosynthetic organisms operate the Calvin cycle; ‘greenness’ can be used to

estimate photosynthesis; productivity is dependent on energy absorbed; and con-

vergent vegetation types have comparable productivities. In the meantime, it is also

recognised that individual species can have species-specific effects on resource

capture and use and thus impact biogeochemistry (Mooney 2001). Thus, we may

postulate that different habitats (vegetation–soil complexes or henceforth
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vegetation types) will have differences in their biogeochemical functioning. Veg-

etation types, especially those related to deficiency or overabundance of certain

resources (e.g. heath forests vs. seasonally flooded forests), can differ in their

elemental cycles and the characteristic environment–vegetation type correlations

can be used to estimate differences in biogeochemical properties.

The prevailing focus of studies on biogeochemistry has centred on the carbon

cycle. Carbon makes up about 50% of vegetative matter and large quantities of it

are stored in the vegetation–soil system; its atmospheric cycling has become of

great interest for counterbalancing carbon emissions by human activities.

Patterns of the carbon cycle and balance estimated by various indirect methods

are available elsewhere in this volume: Brazilian Legal Amazon (Gloor 2016), eddy

covariance methods, using the network of flux towers in Amazonia (Araújo et al.

2016) secondary forests (Fearnside 2016), forest carbon stocks (Higuchi et al. 2016;

Phillips et al. 2016), and an evaluation of the methods and a recap of the Amazon-

wide C balance (Grace 2016). This chapter synthesises C, N, and P stocks and

fluxes from plot-based studies in the major vegetation types within the Amazon

basin—unflooded or terra firme lowland evergreen rainforests (both dense and

open), seasonal unflooded forests, seasonally flooded forests (v�arzea and igap�o),
heath forests (tall and low-stature heath forests locally known as campina(rana),
varillal, caatinga, bana), and montane forests.

11.2 Physiography and the Atmosphere–Vegetation–Soil

System in the Major Vegetation Formations

of the Amazon Basin

11.2.1 Introduction: Nutrient Cycles

Mineral nutrients in forest ecosystems originate from a variety of sources from

weathering of parent material to deposition from the atmosphere. The atmosphere

supplies CO2 for photosynthesis, N2 for N fixation, and various organic and

inorganic compounds as part of air- and precipitation-borne input. Some of the

nutrients in precipitation can be absorbed by the canopy, while incoming precipi-

tation can also leach elements and compounds from the vegetation.

Nutrients can become temporarily unavailable for plant uptake by

‘immobilisation’ in microbial biomass, and, depending on soil type and geological

processes, they can be adsorbed to clay surfaces, organic matter, or fixed into

mineral lattices. Part of the mineral nutrients that are taken up by plants is

incorporated into organic compounds and some of it forms biomass. A fraction of

these elements from biomass returns to the forest floor and through litter decom-

position process is converted from organic into inorganic form and/or accumulates

as decomposed organic matter. Leaching of elements from the soil (in inorganic or

organic forms) occurs, and these eventually enter into aquatic ecosystems.
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The major factors underlying patterns of nutrient cycling in ecosystems, includ-

ing tropical forests, are represented by climate, species composition, soil fertility,

and successional status (Vitousek and Sanford 1986). Various levels of

interdependence among these factors and their correlation with physiography

make it difficult to evaluate the contribution of each single component to the

variation in nutrient cycling.

11.2.2 Physiography of the Amazon Basin

The physiography of the Amazon hydrographic basin includes the extensive humid

and seasonal tropical lowlands (ca. 80%) and it is characterised by a steep elevation

gradient along the Andes, extending from tropical forest through montane forest to

alpine biomes at over 5000 m a.s.l. The unflooded lowlands in the tropical forest

biome are termed terra firme; substantial parts of this terra firme are characterised
by a dissected topography, consisting of plateaux with clayey soil (referred in this

chapter as clayey ferralsols) and valleys with sandy soil (referred in this chapter as

sandy ferralsols), which may be occasionally affected by excess surface run-off.

The lowland part of the Amazon basin is characterised by a gradient of decreasing

rainfall and increasing seasonality from the perhumid, north-west, to the southern

and eastern regions, where a strongly seasonal climate prevails with a dry season

(precipitation< 100 mm per month) reaching> 5 months in the Cerrado biome

(Fig. 11.1). Rainfall in Amazonia is intensely affected by El Ni~no/Southern Oscil-

lation (ENSO) and by sea surface temperature anomalies from the tropical Atlantic

Ocean (Marengo et al. 2016) and the central and eastern portions of the basin can be

subject to episodic droughts (Davidson et al. 2012). There is a steep decrease in

temperature with elevation on the Andean slopes; precipitation initially increases

and then, above the cloud base, decreases. The decrease in precipitation is also

apparent in north to south direction from páramo (humid alpine) to puna (xeric

alpine).

Climate exerts a dominant control on the spatial distribution of biomes and their

vegetation types at the hydrographic basin scale and on ecosystem biogeochemical

properties at the macro scale. Within-biome scale soil physical and chemical

properties and topography-related hydrological characteristics are among the

most important environmental determinants of observed vegetation types and

their productivity and nutrient cycling.

We consider here vegetation formations on a variety of soil types (see also

Quesada and Lloyd (2016)) and observe case by case the patterns of nutrient

biomass, cycling, and loss in different forest types: dense and open lowland

evergreen rainforests on ferralsols and acrisols (terra firme), seasonal unflooded
forests, heath or white sand forests/vegetation on heavily eluted ‘white sand’ or
podzol, seasonally flooded forests (igap�o, v�arzea) on fluvisol and partially on

gleysol, and montane forests from tropical to alpine elevations. The selected

vegetation types are the best studied in the Amazon basin and represent a range
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of resource availabilities and habitat differences at the extremes of gradients: a

topo-hydro gradient (seasonally flooded vs. unflooded), an elevation gradient (low-

land vs. montane), and between major soil formations (non-podzolic to heavily

podzolised). This is the basis for our treatment of biogeochemistry in the terrestrial

part of the Amazon basin. The aquatic systems are treated in Melack (2016).

Fig. 11.1 The Amazon basin (thick black line) encompasses a range of climates, mostly aseasonal

to seasonal tropical and various arid and temperate variants. K€oppen–Geiger classifications,

following the rules defined in (Hijmans et al. 2005) as applied to the 50 resolution WorldClim

global climatology (www.worldclim.org; Version 1.4, release 3; (Kriticos et al. 2012), were

downloaded from the CliMond set of climate data products (www.climond.org; Kriticos

et al. 2012). Climate classes: Af, tropical wet; Am, tropical monsoonal; Aw, tropical wet—dry

(savanna); Bsh, subtropical dry semiarid; Bsk, mid-latitude dry semiarid; Cfa, humid subtropical;

Cwa, Cwb, Cwc, tropical montane; ET, alpine climate above the treeline
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11.3 Carbon

11.3.1 Carbon Stocks, Allocation, and Fluxes

For C stocks of major importance is how much of the photosynthetically fixed C is

retained (carbon use efficiency) in perennating organs, primarily in the stem,

branches, and coarse root wood. Part of the fixed C in organs of shorter longevity

contributes to annual fluxes in the internal ecosystem cycling of elements in the

form of litterfall and fine root turnover. Most measurements of stocks and growth

(total net annual primary production or NPP) report total stem volume and growth

from repeated tree census data. Few studies have recorded simultaneously all

components of stock and fluxes in vegetation (Table 11.1), and studies that also

integrated soil carbon are rare (e.g. Malhi et al. 2009).

11.3.1.1 Carbon Stocks

Above-ground biomass (AGB) AGB carbon stocks in unflooded lowland vegeta-

tion are highly variable, with average values that decrease from terra firme forests
(137 Mg C ha�1) to tall heath forest formations, seasonal forests, open terra firme,
and low-stature heath forest formations (37 Mg C ha�1; Table 11.2; Fig. 11.2).

V�arzea and pre-montane forests show values comparable with those of terra firme,
while AGB carbon stocks decrease with elevation from lower (92 Mg C ha�1) to

upper montane forests (55 Mg C ha�1).

Wood debris (WD) Most of the available data on WD refer to dense terra firme
forests (14 Mg C ha�1) with values similar to those found in two studies for open

terra firme forests (16 Mg C ha�1), while heath forest formations show pronounced

differences between tall (13Mg C ha�1) and low-stature heath forests (4 Mg C ha�1),

the latter being comparable with average values reported for seasonally flooded

forests (Table 11.2; Fig. 11.2). In montane forests values of WD carbon stocks are

intermediate between those found in terra firme and low-stature heath forests and are
higher in upper (11 Mg C ha�1) than in lower montane forests (7 Mg C ha�1).

Coarse roots C stock values for coarse roots were estimated on total AGB data,

considering a root:shoot ratio of 0.21 following Malhi et al. (2009) and they follow

the pattern found for AGB (Table 11.2). This value by Malhi et al. (2009) is based

on values reported for tropical forests by Jackson et al. (1996; 0.34 for tropical

deciduous and 0.19 for tropical evergreen forests) and by Cairns et al. (1997; 0.24).

Higuchi et al. (2016) based on allometric equations fitted to values obtained by

destructive sampling reported root:shoot ratios between 0.01 and 0.22 in terra firme
across 18 locations in the State of Amazonas, Brazil (in 10 locations the value

was< 0.1, an unlikely low figure); Lima et al. (2012) reported a ratio of 0.14, using

allometric equation, based on 101 trees in north-western Amazonas State, Brazil.
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Table 11.1 Net primary production (NPP) and respiration (in Mg C ha�1 year�1) as determined

by measuring individual components in 16 paired 1-ha plots that were established by the GEM

network. The plots are distributed across lowland dense evergreen and seasonal deciduous forests

to various montane and upper montane formations across Brazil, Bolivia, and Peru

Above-ground net primary

productivity (NPPAG)

Site name Country Forest type Soil type NPPACW NPPBT NPPlitterfall

Caxiuan~a National For-

est Reserve, Pará

Brazil Terra firme Acrisol 2.55� 0.06 1.20� 0.12 2.94� 0.04

Caxiuan~a National For-

est Reserve, Pará

Brazil Terra firme (secondary

forest)

Terra preta 2.92� 0.29 1.10� 0.11 4.52� 0.18

Hacienda Kenia,

Guarayos Province,

Santa Cruz

Bolivia Terra firme (drought-

deciduous trees

species)

Inceptisol

(shallow)

2.56� 0.26 0.58� 0.06 4.23� 0.57

Hacienda Kenia,

Guarayos Province,

Santa Cruz

Bolivia Terra firme (typical) Inceptisol

(deep)

4.12� 0.41 0.57� 0.06 5.65� 0.65

Allpahuayo-Mishana

National Reserve,

Maynas Province

Peru Terra firme Haplic

Gleysol

3.45� 0.35 1.42� 0.14 4.20� 0.85

Allpahuayo-Mishana

National Reserve,

Maynas Province

Peru Terra firme Haplic

Arenosol

2.73� 0.27 1.01� 0.10 5.66� 0.80

Tambopata Candamo

Reserve, Madre de Dios

Region

Peru Terra firme (on Holo-

cene floodplain terrace)

? 2.64� 0.24 0.95� 0.10 5.61� 0.36

Tambopata Candamo

Reserve, Madre de Dios

Region

Peru Terra firme (on Pleis-

tocene terrace)

? 2.64� 0.25 0.50� 0.05 7.75� 0.91

Parque Nacional del

Manú, Cusco, San

Pedro

Peru Lower montane forest,

1500 m a.s.l.

Umbrisol 2.93� 1.47 0.52� 0.07 5.33� 0.22

Parque Nacional del

Manú, Cusco, San

Pedro

Peru Lower montane forest,

1750 m a.s.l.

Umbrisol 1.87� 1.18 0.38� 0.04 3.52� 0.24

Parque Nacional del

Manú, Cusco,

Esperanza

Peru Upper montane forest,

2825 m a.s.l.

Umbrisol 1.65� 0.15 0.75� 0.07 2.69� 0.28

Parque Nacional del

Manú, Cusco,

Wayqecha

Peru Upper montane forest,

3025 m a.s.l.

Umbrisol

(100 m

below the

tree line)

1.35� 0.12 0.54� 0.05 3.67� 0.28

Fazenda Tanguro, Mato

Grosso

Brazil Semi deciduous transi-

tional forest

Ferralsol 2.63� 0.29 0.08� 0.01 5.00� 0.47

NPPACW above-ground coarse wood NPP; NPPBT branch turnover NPP; NPPlitterfall litterfall NPP;

NPPherb. loss to leaf efflux; RH heterotrophic soil CO2 efflux; Rleaves canopy respiration; Rstems

above-ground live wood respiration; Rc.roots herbivory; NPPc.roots coarse root NPP; NPPf.roots fine

root NPP; Rsoil total soil CO2 efflux; Rrhizosph. autotrophic soil CO2 coarse root respiration
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Below-ground net

primary productivity

(NPPBG) Autotrophic and heterotrophic respiration

ReferencesNPPherb. NPPc.roots NPPf.roots Rsoil Rrhizosph. RsoilH Rleaves Rstems Rc.roots

0.09� 0.001 0.54� 0.84 3.89� 0.80 15.99� 1.69 9.93� 1.63 6.06� 0.47 5.69� 2.14 10.21� 4.49 2.14� 3.50 da Costa et

al. (2014)

0.21� 0.01 0.53� 0.05 6.41� 1.08 16.75� 1.40 4.58� 0.67 12.17� 1.79 5.09� 1.67 8.46� 2.82 1.94� 1.03 Doughty

et al.

(2014)

0.42� 0.05 0.44� 0.04 3.04� 0.28 11.91� 1.90 2.40� 0.53 9.51� 1.37 4.43� 1.24 7.26� 3.16 1.52� 0.19 Araujo-

Murakami

et al.

(2014)

0.55� 0.06 0.57� 0.06 4.04� 0.51 12.87� 1.97 4.40� 0.99 8.47� 0.98 5.23� 1.59 7.44� 3.14 1.56� 0.19 Araujo-

Murakami

et al.

(2014)

0.50� 0.06 0.69� 0.07 3.02� 0.29 18.12� 2.39 4.44� 0.92 13.69� 2.64 8.92� 3.00 9.63� 3.05 1.89� 0.97 del Aguila-

Pasquel

et al.

(2014)

0.76� 0.11 0.55� 0.06 3.50� 0.38 18.18� 1.71 6.38� 0.93 11.80� 1.97 11.35� 3.50 8.11� 2.55 1.77� 0.91 del Aguila-

Pasquel

et al.

(2014)

0.76� 0.05 0.51� 0.05 4.54� 0.71 12.15� 0.82 5.07� 0.61 7.08� 8.86 8.86� 2.84 5.43� 1.77 1.14� 0.59 Malhi et al.

(2014)

0.70� 0.06 0.52� 0.05 2.11� 0.31 10.97� 0.54 4.62� 0.57 6.34� 0.76 6.43� 2.07 7.62� 2.48 1.60� 0.82 Malhi et al.

(2014)

0.66� 0.03 0.61� 0.06 1.89� 0.30 13.42� 1.16 8.79� 1.36 4.63� 0.70 7.06� 2.48 8.91� 2.82 1.87� 0.95 Huasco

et al.

(2014)

0.42� 0.03 0.36� 0.04 1.22� 0.23 10.47� 0.86 6.11� 0.96 4.37� 0.62 6.55� 2.17 9.70� 3.07 2.04� 1.02 Huasco

et al.

(2014)

0.25� 0.04 0.32� 0.03 1.41� 0.21 9.52� 0.59 2.71� 0.36 6.81� 0.87 6.10� 1.92 4.87� 1.54 1.02� 0.52 Girardin

et al.

(2014)

0.32� 0.02 0.25� 0.03 1.90� 0.35 10.63� 0.81 3.42� 0.50 7.22� 1.02 5.18� 1.63 7.69� 2.42 1.61� 0.81 Girardin

et al.

(2014)

0.32� 0.26 0.47� 0.14 1.86� 0.13 14.47� 1.19 3.30� 0.63 11.17� 1.01 7.48� 2.30 4.57� 1.82 0.96� 0.36 Rocha et al.

(2014)
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Table 11.2 Carbon cycling in different forest formations in the Amazon basin

Terra firme
Open Terra
firme Seasonal forest THF

Pools (Mg ha�1)

AGBa 137� 2 (182) 62� 15 (3) 104� 9 (32) 116� 10 (7)

WDd 14.1� 1.3 (51) 15.6� 0.6
(2)

� 12.5� 4.3 (4)

Fine rootsc 0–10 cm 1.4� 0.2 (4) � � �
0–20 cm 6.2� 4.5 (3) � � 5.5 (1)

0–30 cm 6.5� 0.8 (3) � � �
0–40 cm � � � �

Coarse roots 29� 0 (182) 13� 3 (3) 22� 2 (32) 24� 2 (7)

Soilc

TOTALc

Inputs (kg ha�1 year�1)

C in precipitation � 106 (1)DOC � �
Outputs (kg ha�1 year�1)

BVOCs 190b � � �
Surface flow � � 0.5 (1)DIC/5.5 (1)

DOC
�

Leaching � � � �
Base flow � � � �
Deep groundwater
flow

� � 113 (1)DIC/ �

Stream export 1.5� 0.5 (2)DOC 4.4 (1)DOC 6.4(1)DOC/ �
25� 24 (2)TC/

7.8 (1)DIC/

12.5� 9.5 (3)DOC

Balance (INPUTS–OUTPUTS)c

Internal cycling

Litterfall
(Mg ha�1 year�1)

4.4� 0.1 (36) 5 (1) 4.9� 0.7 (2) 2.8� 0.2 (3)

Fine root turnoverc

(Mg ha�1 year�1)

0–10 cm � � � �
0–20 cm 1� 0.1 (2) � � 3.2� 0.2 (2)

0–30 cm 1.3� 0.1 (3) � � �
0–40 cm 3� 0.4 (12) � 4� 1 (2) �

C in throughfall
(kg ha�1 year�1)

166 � 10 (4)DOC 302 (1)DOC � �

TOTALc

THF tall heath forest; LSHF low-stature heath forest; DOC dissolved organic C; DlC dissolved

inorganic C; TC total C
aTrunks and branches
bEstimated value
cAll underground components have been reported in an individualistic manner based on sampling

to different depths. For this reason, no total estimates are given. We call for standardised protocols

to allow comparative biogeochemical/earth system science studies
dThe values include the undetermined proportion relative to annual decomposed wood, which

should be considered as part of flux. The rate of decomposition, however, is highly variable (see

values and references in text Section ‘Carbon Fluxes’)
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LSHF V�arzea Igap�o Pre-montane forest Lower montane Upper montane

37� 14 (6) 151� 8 (18) 111� 23 (4) 144� 16 (7) 92� 14 (10) 55� 5 (10)

4.4� 2.5 (5) 5.6� 1.3 (6) 7.5� 0.3 (2) � 7.3� 1.5 (3) 10.7� 4.6 (4)

� � � � � �
� � � � � �
� � � 2.1� 0.7 (2) 3.1� 0 (2) 5.4 (1)

� � � 2.6 (1) 6.7� 0.1 (2) 4.5� 0.5 (2)

8� 3 (6) 32� 8 (18) 23� 5 (4) 30� 3 (7) 19� 3 (10) 12� 1 (8)

� � � � 102–117 (3)TOC �

� � � � � �
� � � � � �

� � � � � �
� � � � � �
� � � � � �

� � � � � �

1.2 (1) 4� 0.3 (9) 4� 0.4 (2) 3.7 (1) 4.5� 0.4 (4) 2.9� 0.4 (3)

� � � � � �
� � � � � �
� � � 1.4� 0.2 (2) 1.6� 0.2 (4) 2.7� 1 (3)

� � � 2.4 (1) 2.5� 0.7 (2) 1.5� 0.2 (2)

� � � � � �
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Fine roots Patterns in root biomass, growth, and decomposition are influenced by

numerous physiological and environmental factors, including nutrient accumula-

tion in the upper horizons of mineral soil and in litter, possibly stimulating the

development of a mat of absorbing fine roots near the soil surface and even within

the freshly fallen litter layer (Cuevas and Medina 1988).

While in terra firme forests the root mat develops near the soil surface as well as

within the non-decomposed litter layer, heath forest formations are characterised by

an accumulation of fine roots in a humus matrix near the soil surface and do not

grow into the litter layer (Cuevas and Medina 1988; Coomes and Grubb 1996). The

efficiency of the root mat to capture or to extract nutrients from decomposing litter

appears to be associated with the presence of mycorrhizal fungi that colonise the

majority of the roots present in the root mat (Herrera et al. 1978).

What can be considered as fine root stock depend on turnover rates: the lesser the

rate of death and production of new roots the larger the stocks are (and the smaller

the fluxes are). Data on carbon stocks in fine roots (diameter� 2 mm) in forest

formations within the Amazon basin are scant and they are difficult to express on a

common basis as they have been obtained at different soil depths. Carbon stocks in

fine roots in terra firme forests increase from 1.4 Mg C ha�1 at 0–10 cm to 6.2 Mg C

ha�1 at 0–20 cm and 6.5 Mg C ha�1 at 0–30 cm (Table 11.2).

Major variation in root dynamics can be observed even within one soil type.

Improved nutrient and carbon availability, aeration, and more penetrable soil

concur to create a favourable environment for fine root growth in organic layers

(Girardin et al. 2013). Studies in lowland terra firme forest showed that fine root

biomass was higher in sandy soils than clayey soils (Silver et al. 2000). The authors

suggested that patterns of root dynamics in sandy soils were possibly driven by
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Fig. 11.2 Carbon stocks (in Mg ha�1) in above-ground biomass (left scale, black circles), wood
debris, and litterfall (right scale, brown and green circles) in different forest type formations

within the Amazon basin. W, white water (locally known as v�arzea); B, black water (locally

known as igap�o). For number of replicates used for each value see Table 11.2
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water limitation for decomposer activity, poor litter quality, and low soil nutrient

availability. Notably, the usual topography-related pattern present in large areas of

undulating terrain in Amazonia, where waterlogged sandy soils are found in

depressions, did not apply in this study, where the terrain was flat. Arag~ao
et al. (2009) suggested that sandy soils might favour the allocation to below-

ground structures due to their greater penetrability than clay-rich soils and to poorer

water holding capacity of sandy soils that may induce the increase of root produc-

tivity to maintain soil water access during dry periods. Fine root biomass in terra
firme forests was found to be negatively correlated with N mineralisation rates and

positively correlated with extractable soil P concentrations (Silver et al. 2000),

while changes in the availability of mineral N over time and the initial soil NO3
�

pool were positively correlated with fine root decay (Silver et al. 2005). The

correlation could result from an increase in substrate availability for N

mineralisation and nitrification, together with decreased plant uptake of mineral

N because of root mortality.

Carbon stocks in the few available datasets for fine roots of pre-montane and

montane forests at a soil depth of 0–30 cm and 0–40 cm appear to have a tendency

to increase from pre- to upper montane at both soil depths (Table 11.2).

11.3.1.2 Carbon Fluxes

Litterfall Total annual litterfall production for terra firme forests averages 4.4 Mg C

ha�1 year�1 (Table 11.2; Fig. 11.2) and there is no or little difference in total fine

litter production with soil type. Similar values were recorded for flooded, lower

montane, and seasonal forests, while much lower values were found for tall (2.8 Mg

C ha�1 year�1) and low-stature heath forests (1.2 Mg C ha�1 year�1) and for upper

montane forests (2.9 Mg C ha�1 year�1).

Release from branch turnover Part of the C from wood debris (WD) decomposi-

tion is lost into the atmosphere as CO2 and part is redistributed via surface and sub-

surface water flow. Chambers et al. (2001b) estimated 76% C loss via microbial

respiration (1.9 C Mg C ha�1 year�1) and 24% redistributed in a terra firme forest
in central Brazilian Amazonia. Above-ground coarse WD accounts for 14–19% of

the annual above-ground C flux in tropical forests (Palace et al. 2008). However,

decomposition rates are variable depending on climate, WD quality (e.g. chemical

composition) and size, and decomposer communities (i.e. bacteria, fungi, and soil

fauna), with values that vary across different forest types and within the same forest

type. For example, decomposition constants in terra firme forests in eastern Ama-

zonia decreased withWD size, being 0.12 year�1 for large, 0.33 year�1 for medium,

and 0.47 year�1 for small size class (Palace et al. 2008), and, on average, they have

been estimated between 0.12 and 0.17 year�1 in central and eastern Amazonian

terra firme forests (Chambers et al. 2000, 2001b; Rice et al. 2004; Palace

et al. 2007, 2008) and 0.09 year�1 in a montane forest in Ecuador (Wilcke

et al. 2005).
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Fine root turnover Average C values for fine root production in terra firme,
pre-montane, and montane forests, at different soil depths, appear to follow the

same pattern as that for C stocks in fine roots (Table 11.2); in tall heath forest

formations it averages 3.2 Mg C ha�1 year�1; no data are available for flooded

forests.

Nutrient fluxes produced by the release of nutrients after the death and decom-

position of fine roots depend on the rate of annual turnover (calculated as the

product of fine root production/fine root mass). Values found for turnover (range

0.13–0.92) indicate that fluxes vary between 13.5% and 92.4% of the stocks. In

addition, there is a poorly quantified component of C flux from root exudates and

carbohydrates transferred to mycorrhiza. This portion was estimated recently in

eight locations across the Amazon basin as part of measured/estimated rhizosphere

respiration (Table 11.1).

It has been shown that fine root dynamics is not limited by the same set of

nutrients in different forest types (Cuevas and Medina 1988). Increased root growth

was observed after annual P and Ca addition in a terra firme forest and N and P

addition in an open low-stature heath forest stand, while fine root growth was

significantly increased by N addition in a tall heath forest formation.

11.4 Nitrogen and Phosphorus

11.4.1 External Sources

Biological nitrogen fixation is the main pathway by which atmospheric nitrogen

(N) is converted and introduced as ammonium into the pedosphere. Additional

sources of N include atmospheric inputs in particulate, dissolved, and gaseous

inorganic and organic forms. Phosphorus (P) enters ecosystems mainly by

weathering of rocks, but can be deposited from aerosol/dust (largely unknown in

amounts actually reaching soil surface), aerosol from biomass burning, and bio-

genic materials, such as pollen and spores.

11.4.1.1 Nitrogen Fixation

Nodulation Leguminous plants have evolved specialised symbioses with a group of

bacteria called Rhizobia that exchange fixed N for C compounds. Leguminous tree

species are abundant in Amazonian lowland forests, but only some of them

nodulate and fix N symbiotically (Sprent 2009). Nodulation rates can range from

low to abundant across forest types (Moreira et al. 1992; de Faria et al. 2010). In

contrast to low rates of legume nodulation in mature lowland forests (Sylvester-

Bradley et al. 1980), major nodulation rates were observed in seasonally flooded

and in disturbed terra firme forests (Moreira et al. 1992). Such landscape-level
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pattern is consistent with the facultative fixation hypothesis in response to local

variations in N availability (Hedin et al. 2009): low rates of nodulation point to

downregulation of fixation as a consistent plant strategy and suggest that sufficient

soil N is available to support demand, while high rates of nodulation point to

upregulation in environments where soil N is scarce (Barron et al. 2011). For

example, N leaching, low rates of organic matter mineralisation, and high denitri-

fication rates appear to favour nodulation in flooded forests (Moreira et al. 1992;

Barrios and Herrera 1994; Sprent 1999; James et al. 2001).

N2-fixation rates N2-fixation rates in natural ecosystems are most frequently

assessed by using indirect approaches, such as the 15N abundance method. This

approach assumes that N2-fixation can be calculated from a simplified isotope

mixing equation between atmospheric N2 and soil N (Hedin et al. 2009). Several

such studies have indicated that putatively N2-fixing leguminous species in

undisturbed terra firme forests often do not fix N (Gehring et al. 2005; Ometto

et al. 2006; Nardoto et al. 2008; Barron et al. 2011), despite having higher foliar N

concentrations than non-leguminous plants (Thompson et al. 1992; Martinelli

et al. 1999; Davidson et al. 2007; Nardoto et al. 2008; Fyllas et al. 2009).

Dense and open terra firme forests. Estimated values for N2-fixation in

undisturbed forests on terra firme are relatively low. Using a combination of

model-generated and empirically derived data Cleveland et al. (2010) estimated

rates of N2-fixation for open terra firme forests on acrisols at the dry end of the

rainfall spectrum for Amazonian tropical rainforests at between 4 and 7 kg N ha�1

year�1. These values are comparable with the fixation rate of 3 kg N ha�1 year�1

estimated for lowland tropical forests across the Amazon basin with the isotopic

abundance method by Nardoto et al. (2014). The latter study has shown that 15N

variation was attributable to site-specific conditions, with 15N being strongly related

to extractable soil P and dry season precipitation (Nardoto et al. 2014). The authors

suggested that low N availability is only likely to affect forest growth on immature

or old weathered soils and/or where dry season precipitation is low. The higher

values (16.2 kg N ha�1 year�1) obtained by Jordan et al. (1982) might be attribut-

able to the use of the different methods.

Heath forest. The only estimate (35 kg N ha�1 year�1), available for N2-fixation

in a heath forest formation is by Jordan et al. (1982), although high, when compared

with that found by the same authors for terra firme forest, seems to agree with the

fact that heath forests tend to be more N-limited than terra firme forests with

N2-fixation being lower in the latter one.

The use of the natural 15N abundance method is dependent on local conditions:
15N values of non-nodulating species should be higher than those of nodulating

species and sufficiently different from atmospheric N2 (Pons et al. 2007). These

assumptions are not met for heath forests where soil 15N values are close to unity and

there is an absence of a relationship of foliar 15N of nodulating species with

nodulation (Martinelli et al. 1999; Roggy et al. 1999; Pons et al. 2007). Nodulating

legumes in heath forest on heavily eluted white sand soils are different from

nodulating legumes on other soils because they do not show a higher leaf N

concentration compared with non-nodulating trees (Pons et al. 2007). Low foliar
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15N in plants on heath forest formations with low concentration of extractable P are

possibly attributed to a low availability of N in these soils that, as well as flooded

forests, are N-limited due to low rates of mineralisation and nitrification (Vitousek

and Matson 1988; Luiz~ao et al. 2004; Nardoto et al. 2008; Mardegan et al. 2009).

While it is likely that species that nodulate abundantly on white sand in heath

forests, such as Ormosia coutinhoi, fix atmospheric N2, this could be limited at

low availability of P due to the high P requirement of the process (Pons et al. 2007).

Therefore, while individual trees may or may not fix atmospheric N2 depending on

N availability, P may ultimately constrain biological N2-fixation in tropical soils

(Binkley et al. 2003; van Groenigen et al. 2006).

Flooded forest. Isotopic evidence suggests that N2-fixing may contribute signif-

icantly to N input in floodplain forests (Martinelli et al. 1992; Kreibich et al. 2006).

Kreibich et al. (2006) estimated that most nodulated legume species of floodplain

forests obtained more than 30% of their N from the atmosphere with no seasonal

variation in 15N values. The authors estimated also that N input derived from

atmosphere for v�arzea forests was c. 4–5%. Considering that net biomass produc-

tion in v�arzea requires, on average, 323 kg N ha�1 year�1 (Furch 1999), Kern

et al. (2011) converted the values in a range of N gain via N2-fixation between 12.9

and 16.1 kg N ha�1year�1.

Montane forest. Data on biological N2-fixation in montane forests of the Ama-

zon basin are not available. However, considering that leguminous species are less

common in these ecosystems than in lowland vegetation (Crews 1999; ter Steege

et al. 2000, 2006, 2013) their overall potential for N2-fixation is likely to be low.

While the 15N natural abundance method is the only method available for

quantitative estimations of symbiotic N2-fixation in natural forest ecosystems

(Pons et al. 2007), it is, at present, insufficient for clearly resolving the rate of

N2-fixation at the individual plant level (Hedin et al. 2009). Its validity is

questioned on the grounds that it is a two-source mixing model and that it is not

possible to exclude that variation in 15N is caused by reasons other than N2-fixation

only (Roggy et al. 1999; Pons et al. 2007). The considerable complexity observed in
15N across different soil N pools and fractionating paths of the plant-soil N cycle is

therefore oversimplified by the method (Hedin et al. 2009).

11.4.1.2 Atmospheric Deposition and Canopy Leaching

Rainfall and fog can contain airborne nutrients that can reach the vegetation during

precipitation/fog events. Studies on aerosol and rainfall chemistry in the central part

of the Brazilian Amazon basin showed that N-containing aerosols in the atmo-

sphere are primarily derived from oceanic and biogenic sources that are the main

determinant of rainfall solute composition in the wet season (Williams et al. 1997;

Pauliquevis et al. 2012). In contrast, in the dry season biomass burning emissions

have a high impact on rainfall solute composition.

In general, rainfall in Amazonia is characterised by low concentrations of major

ions but it contributes important quantities of weak organic acids (Andreae
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et al. 1990; Williams et al. 1997; Pauliquevis et al. 2012). While Lesack and Melack

(1991) reported that overall deposition is seasonally similar, owing to the higher

frequency of large precipitation events in the wet season and their relatively large

loads, Williams et al. (1997) found seasonal differences in ionic deposition, which

occurred in proportion to total rainfall amount. The concentrations of most solutes

in rainfall above a terra firme forest in central Brazilian Amazonia declined as the

wet season advanced (Forti and Moreira-Nordemann 1991). Biomass burning

(Germer et al. 2007) is an important source of both NO3
� and NH4

+ (Andreae

et al. 1988a). Concentrations of aerosol at the transition zone from open terra firme
rainforest to Cerrado in southern Amazonia undergo pronounced seasonal changes,

with peaks occurring at the end of the dry season, when biomass burning is most

widespread (Artaxo et al. 2002). In terra firme values of NH4
+ in rainfall average

6.6 kg ha�1 year�1, with NO3
� being 6.1 kg ha�1 year�1 (Table 11.3). Values of

PO4
3� are much lower (0.11 kg ha�1 year�1) and are generally of biogenic origin

(Table 11.4). While only single studies on nutrient input with rainfall in a tall heath

forest are available (Tables 11.3 and 11.4), we expect input to be in the range of

values for terra firme with variations as a function of the distance from oceanic

sources and from anthropogenic activities, as it has also been shown for montane

forests.

In montane forests, biomass burning and industrial emissions contribute to high

values of NO3
� in rainfall, while air masses fromAfrican deserts carry PO4

3� (Gerold

2008). Boy et al. (2008) found a significant increase in element concentrations

of rainfall for total N as well as NO3
�, with high values of dry deposition of

biomass burning-related elements in a montane forest in Ecuador. Values of

NH4
+ plus NO3

� in rainfall reaching lower montane forests in southern Ecuador

range between 9 and 12 kg ha�1 year�1, while PO4
3� ranges between 0.3 and

1.8 kg ha�1 year�1 (Tables 11.3 and 11.4).

Precipitation that reaches the forest floor in terra firme forest by throughfall

(78–91%) and stemflow (0.3–1.8%) appears to be similar to values on other forest

types: c. 79 % for flooded blackwater forest or igap�o (Filoso et al. 1999) and 84–

94% for tall heath forest formations (Herrera 1979; Cornu et al. 1998) with

stemflow values of 1.2% and 1.5%. Throughfall values in montane forests vary

considerably within lower and upper montane forests ranging from 43% to 91%

and 74–92%; stemflow ranges between 0.08% and 1.1%.

Element concentrations in throughfall are greater than in rainfall as a result of

leaching from the leaves, particulate dry deposition (NH4
+), and gaseous dry

deposition (NO3
�, total N). Values of NH4

+ and NO3
� for throughfall in terra

firme forests average 11.8 and 18.3 kg ha�1 year�1 (Table 11.3), while PO4
3�

averages 1.2 kg ha�1 year�1 (Table 11.4); in lower montane forests total N ranges

from 19 and 29 kg ha�1 year�1 and PO4
3� from 2.3 to 5.3 kg ha�1 year�1

(Tables 11.3 and 11.4).

However, throughfall in upper montane forests is often much reduced in NO3
�

and in some cases PO4
3� compared to concentrations in incident rainfall and cloud

water (Giambelluca and Gerold 2011). Negative values were reported for difference

in annual flux in throughfall and rainfall for total N, NO3
�, and PO4

3� in upper

11 The Biogeochemistry of the Main Forest Vegetation Types in Amazonia 239



Table 11.3 Nitrogen cycling in different forest formations in the Amazon basin

Terra firme Open Terra firme Seasonal forest

Pools (kg ha�1)

AGBa 1063� 278 (2) 1476� 124 (2) �
WDe 85� 10 (10) � �
Fine rootsd 41� 3 (6)

(0–10 cm)

� �

Coarse roots 540 (1) � �
Soild

TOTALd

Inputs (kg ha�1 year�1)

NH4
+ in precipitation 6.6� 2.6 (3) 4.5 (1) �

NO3
� in precipitation 6.1� 5.9 (2) 0.8 (1) �

N2-fixation 4–7b 3b �
Outputs (kg ha�1 year�1)

Surface flow � � �
Leaching 14 (1) � �
Base flow � � �
Deep groundwater flow � � �
Stream export � � �
Denitrification � � �

N2O 3.7� 1.8 (5) 2.5� 0.2 (9) �
NO 2� 0.5 (4) 1.9� 0.5 (2) �

Balance (INPUTS–OUTPUTS)c

Internal cycling (kg ha�1 year�1)

Litterfall 83� 4 (18) 5.7 (1) �
Fine root turnoverd 28� 3 (4)

(0–10 cm)

2.1 (1) �

NH4
+ in throughfall 11.8� 2.8 (6) � �

NO3
� in throughfall 18.3� 6.8 (4) � �

TOTALd

THF tall heath forest; LSHF low-stature heath forest; TN total N
aTrunks and branches
bEstimated value
cNH4

+ plus NO3
�

dAll underground components have been reported in an individualistic manner based on sampling

to different depths. For this reason, no total estimates are given. We call for standardised protocols to

allow comparative biogeochemical/earth system science studies
eThe values include the undetermined proportion relative to annual decomposed wood, which should

be considered as part of flux. The rate of decomposition, however, is highly variable (see values and

references in text Section ‘Carbon Fluxes’)
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THF LSHF V�arzea Igap�o
Pre-montane

forest Lower montane

Upper

montane

� � � � � � �
� � � 46.6 (1) 34 (1) � �
� � � � 72� 19 (2)

(0–30 cm)

54� 1 (2)

(0–30 cm)

59 (1)

(0–30 cm)

� � � � � � �

21 (1)TN � 2.3� 0.8 (2) 0.8 (1) � 8.7–11.9 (3)TN �
� 6.3� 0.9 (2) 3.5 (1) � �

35 (1) � 12.9–16.1b � � � �

� � 4.3 (1) � � 4 (1)TN �
9 (1) � 2.5 (1)c � � � �
� � 16.7 (1) � � � �
� � � � � � �
� � 12 (1)TN � � 3.8 (1)TN �
� � � � 0.32� 0 (2) � �
� � � � � � �
� � � � � 0.07(1) 0.01 (1)

44� 16 (2) 12 (1) 115� 18 (2) � 117 (1) 129� 44 (3) 45 (1)

� � � � 48� 3 (2)

(0–30 cm)

29� 4 (2)

(0–30 cm)

51 (1)

(0–30 cm)

9 (1)c � 13 (1) 0.7 (1) � 19.2–28.7 (3)TN �
� � 21 (1) 2.7 (1) � �
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Table 11.4 Phosphorus cycling in different forest formations in the Amazon basin

Terra firme Open Terra firme Seasonal forest

Pools (kg ha�1)

AGBa 27� 1 (2) 39� 2 (2) �
WDc 0.9� 0.1 (10) � �
Fine rootsb 1� 0.6 (2) (0–10 cm) � �
Coarse roots 17 (1) � �
Soilb

TOTALb

Inputs (kg ha�1 year�1)

PO4
3� in precipitation 0.11� 0.06 (3) � �

Outputs (kg ha�1 year�1)

Surface flow � � �
Leaching � � �
Base flow � � �
Deep groundwater flow � � �
Stream export 0.008 (1) � �
Balance (INPUTS–OUTPUTS)c

Internal cycling (kg ha�1 year�1)

Litterfall 2� 0.2 (14) � �
Fine root turnoverb � � �
PO4

3� in throughfall 1.2� 0.4 (5) � �
TOTALb

THF tall heath forest; LSHF low-stature heath forest

Source references for Tables 11.2, 11.3 and 11.4: Adis et al. (1979); Araujo-Murakami et al. (2014);

Baker et al. (2007) (raw data from Chao et al. 2009); Barbosa and Fearnside (1996); Barbosa and

Ferreira (2004); Barlow et al. (2007); Bongers et al. (1985); Boy et al. (2008); Brown et al. (1995);

Chambers et al. (2000); Chao et al. (2008, 2009, unpublished); Chave et al. (2010); Cleveland et al.

(2010); Coolman (1994); Cuevas and Medina (1986); Cummings et al. (2002); da Costa et al. (2014);

Davidson et al. (2008); del Aguila-Pasquel et al. (2014); Ferraz et al. (1997) with biomass data from

(Chambers et al. 2001a); Filoso et al. (1999); Garcia-Montiel et al. (2001, 2004); Germer et al. (2007);

Gibbon et al. (2010); Girardin et al. (2010, 2014); GouveiaNeto (2006); Gurdak et al. (2014); Huasco et

al. (2014); Jiménez et al. (2009); Johnson et al. (2006); Jordan et al. (1982); Kauffman et al. (1988,

1995); Keller et al. (2004); Kern et al. (2011); Kesselmeier et al. (2002a); Klinge and Herrera (1983);

Klinge and Rodrigues (1968); Kreibich et al. (2003); Leopoldo et al. (1987); Lesack (1993); Lesack and

Melack (1996); Lips and Duivenvoorden (1996); Lopez-Gonzalez et al. (2014); Lugli (2013); Lugli

(personal communication); Luiz~ao (1989, 1996); Luiz~ao and Schubart (1987); Luiz~ao et al. (2004);

Malhi et al. (2009, 2014); Martins (personal communication); Martins et al. (2014); Martinson et al.

(2013);Martius (1997);Martius andBandeira (1998);Melillo et al. (2001);Metcalfe et al. (2007, 2008);

Mitchard et al. (2014); Monteiro et al. (2014); Moser et al. (2011); Nardoto et al. (2014); Nascimento

and Laurance (2002); Nebel et al. (2001); Neu (2009); Neu et al. (2011); Palace et al. (2007, 2008);

Pauliquevis et al. (2012); Pavlis and Jenı́k (2000); Pyle et al. (2008); Rice et al. (2004); R€oderstein et al.
(2005); Roman-Cuesta et al. (2011); Saldarriaga et al. (1988); Sch€ongart andWittmann (2011); Scott et

al. (1992); Selva et al. (2007); Silver et al. (2000, 2005); Smith et al. (1998); Steudler et al. (2002);

Tobón et al. (2004); Uhl and Jordan (1984); Unger et al. (2012); Vasconcelos andLuiz~ao (2004);Villela
and Proctor (1999); Waterloo et al. (2006); Wilcke et al. (2005, 2008, 2013); Williams and Melack

(1997); Williams et al. (1997); Wolf et al. (2011); Wullaert et al. (2010); Yasin (2001)
aTrunks and branches
bAll underground components have been reported in an individualistic manner based on sampling

to different depths. For this reason, no total estimates are given. We call for standardised protocols

to allow comparative biogeochemical/earth system science studies
cThe values include the undetermined proportion relative to annual decomposed wood, which

should be considered as part of flux. The rate of decomposition however is highly variable (see

values and references in text Section ‘Carbon Fluxes’)
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THF LSHF V�arzea Igap�o Pre-montane forest Lower montane Upper montane

� � � � � � �
� � � 0.9 (1) 0.9 (1) � �
� � � � � � �
� � � � � � �

� � 0.14(1) 0.13 (1) � 0.31–1.77 (3) �

� � 0.08 (1)TP � � � 0.55 (1)

� � � � � � �
� � 0.19 (1)TP � � � �
� � � � � � �
� � 0.06 (1)TP � � � �

1.4� 0.6 (2) 0.4 (1) 2.3� 0.6 (2) � 5.7 (1) 10.5� 1 (2) 2 (1)

� � � � � �
� � 2.9 (1) 0.9 (1) � 2.3–5.3 (3)
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montane forests in Bolivia (outside the Amazon basin), suggesting that these

nutrients are being absorbed by the canopy through foliar uptake by trees and

uptake/storage by epiphytes (Gerold et al. 2008). The authors showed that main

macronutrients decreased in throughfall from lower to upper montane despite

higher rainfall with elevation.

A decrease in total N from rainfall to throughfall (Table 11.3) was also reported

in a heath forest formation by Jordan et al. (1982). However, more data would be

required to be able to confirm the possible absorption of N by the canopy.

11.4.2 Nitrogen and Phosphorus Stocks and Fluxes

11.4.2.1 Stocks

Above-ground biomass (AGB) Data on N and P stocks are available exclusively

for dense (1063 kg N ha�1 and 27 kg P ha�1) and open terra firme forests

(1476 kg N ha�1 and 39 kg P ha�1) (Tables 11.3 and 11.4).

Wood debris (WD)-Data on N and P stocks in wood debris are available from two

studies, for terra firme and flooded forests in central Brazilian Amazonia and for a

lower montane forest site in southern Ecuador (Tables 11.3 and 11.4). N stocks

average 85 kg N ha�1 for terra firme, while single values are available for flooded
forests (47 kg N ha�1) and lower montane forest (34 kg N ha�1). P stocks for terra
firme average 0.9 kg P ha�1. The same value was found for a flooded forest and a

lower montane forest (Table 11.4).

Coarse roots A single study conducted in forest on terra firme on ferralsols in

Venezuela showed stocks of 540 kg ha�1 for N and 17 kg ha�1 for P in total roots

(coarse and fine).

Fine roots Few data on N stocks in fine roots are available, exclusively for terra
firme forests and along an elevation gradient from pre- to upper montane forests.

Values average 41 kg N ha�1 for terra firme (0–10 cm), 72 kg N ha�1 in

pre-montane forests, and 54 and 59 kg N ha�1 in lower and upper montane forests

(0–30 cm; Table 11.3). Data on P stocks in fine roots were reported exclusively for

terra firme (0–10 cm) and average 1 kg P ha�1 (Table 11.4).

11.4.2.2 Fluxes

Litterfall Litterfall nutrient concentrations have been shown to be related to soil

fertility, with forests on the ferralsol/acrisol groups returning smaller amounts of P

and Ca than moderately fertile sites, although N concentrations were similar

(Vitousek and Sanford 1986). Nitrogen concentrations in leaf litterfall vary sub-

stantially within terra firme forests, both at small and across large scales. Forests on

relatively fertile soils and on clayey ferralsols tend to have relatively high litterfall

N concentrations and recycle large amounts of N annually, while forests on sandy

ferralsols are characterised by low litterfall N concentrations and they annually

recycle less N (Vitousek and Sanford 1986). Within ferralsols, leaf litterfall from
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sandy soils are characterised by lower N content than clayey soils (69 vs.

100 kg ha�1 year�1) and values for acrisols are on average 70 kg ha�1 year�1.

Within ferralsols the same trend was observed for living mature leaves in clayey

and sandy soils and the differences were not related to possible differences in the

amount of leguminous trees, which was similar in valley (sand) and plateau (clay)

(Luiz~ao et al. 2004). Lower values were found for heath forests, both in tall

(44 kg ha�1 year�1) and low-stature (12 kg ha�1 year�1) formations, while higher

N litterfall contents were observed in flooded v�arzea (115 kg N ha�1 year�1;

Table 11.3, Fig. 11.3).

The available data for montane forests in Ecuador show values of 129 kg ha�1

year�1 in lower montane and 45 kg N ha�1 year�1 in upper montane forests

(Table 11.3, Fig. 11.3).

Phosphorus content in leaf litterfall of terra firme forests is on average 2.8 kg ha�1

year�1 on acrisols, 1.7 kg ha�1 year�1 on clayey ferralsols, and 1.6 kg ha�1 year�1

on sandy ferralsols. Higher P content is found in pre-montane (5.7 kg ha�1 year�1)

and lower montane forest (10.5 kg ha�1 year�1), while values for upper montane

forest (2 kg ha�1 year�1) are comparable to the values for terra firme forests

(Table 11.4). Litterfall P content in v�arzea is on average 2.3 kg ha�1 year�1, while

it is lower in low-stature (0.4 kg ha�1 year�1) and tall (1.4 kg ha�1 year�1) heath

forests (Table 11.4).

Decomposition of litter on the forest floor Decomposition rates are highly variable

which can be linked to the quality of organic material—high when the C:N ratio is

low and decomposers are not N limited and low when C:N is high (Vitousek 1982).

Values of the C:N ratio for leaf litter vary across forest types, being intermediate in

terra firme forests (25–44)—on acrisols (28–44) and on sandy ferralsols (33–43),
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year�1) in litterfall of different forest type formations within the Amazon basin. W, white
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lower on clayey ferralsols (25–33) and v�arzea (24), and very high on podzols in

heath forest formations, both tall (41–64) and low stature (78).

There are variations locally within terra firme forests and seasonally inundated

forests, and regionally, with decomposition rates being significantly higher in terra
firme when compared with those of heath forest formations and flooded and

montane forests. At the local scale decomposition rates in terra firme on ferralsols

can be higher on clayey than on sandy soils (Luiz~ao and Schubart 1987), or they can
be similar in the two distinct soils (Luiz~ao et al. 2004). Decomposition and nutrient

turnover rates in heath forest formations are generally low because of nutrient

limitation of the decomposers, periodic water shortage or excess, and the high

degree of sclerophylly, resulting in low litter quality (Cuevas and Medina 1986).

Within terra firme, on ferralsols, decomposition is less in both plateau and

valley, during the dry season than during the wet season (Vasconcelos and Luiz~ao
2004). The acceleration of litter decomposition during the rainy season is attribut-

able to increased activity of microbes and macro-arthropods, especially termites of

the genus Syntermes (Luiz~ao and Schubart 1987). Humidity stimulates the growth

of fine roots (Luiz~ao and Schubart 1987) which directly, or through mycorrhizae,

can penetrate the decomposing material and remove essential nutrients (Smith and

Read 2008). In contrast, decomposition processes in floodplain forests during the

flooded period are slowed down (Adis et al. 1979). There is evidence, at the local

scale, that leaf litter in seasonally inundated forest decomposes slower than that in

adjacent forest on terra firme (Rueda-Delgado et al. 2006; Capps et al. 2011; dos

Santos and Nelson 2013). The reduced litter breakdown and decomposition in

inundated forests could be attributable to the scarcity of invertebrate leaf shredders

and to their probable minor role in organic matter processing (Wantzen et al. 2008;

Capps et al. 2011). While the presence of more sclerophyllous leaves in v�arzea and
igap�o forests (Prance 1979; Waldhoff and Furch 2002) could partly explain their

lower litter decomposition rates than those in adjacent terra firme forests, studies

that compare leaf chemistry in these environments are still scant (Klinge

et al. 1983) to allow any sound conclusion.

Tropical montane forest soils are typically covered by thick layers of organic

matter, in which a considerable amount of nutrients is locked up (Grubb 1977).

Lower litter decomposition and soil organic turnover rates are observed with

increasing elevation (Vitousek et al. 1994; Tanner et al. 1998; Leuschner

et al. 2007), and these have been linked to a decrease in temperature, increase in

water logging, increases in the concentrations of hydrogen ions, free aluminium or

phenols in the soil solution, and low N and high lignin concentrations of the litter

(Berg and McClaugherty 2008). Montane forests in Ecuador are characterised by an

increasing C:N ratio of the uppermost organic horizons (L/Of1) along an elevation

gradient—22 at 1050 m a.s.l. to 63 at 3060 m a.s.l. (Leuschner et al. 2007)—and an

increasing total litter C:N ratio from lower (31) to upper montane forests (59) (Wolf
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et al. 2011) that indicates possible N limitation of decomposer activity at high

elevations and thus low mineralisation rates (Leuschner et al. 2007).

Nitrogen mineralisation, nitrification, and immobilisation N mineralisation

involves the breaking down of dissolved organic N by microbes and release into

the soil of NH4
+. When dissolved organic N is insufficient to support microbial

requirements, additional inorganic N (NH4
+ or NO3

�) is absorbed by microbes

from the soil causing ‘immobilisation’.
Forest soils dominated by NO3

� over NH4
+ have been described as having a

relative excess of N with N losses through NO3
� leaching and NO and N2O

emissions, while forests soils with high concentrations of NH4
+ over NO3

� are

more N-limited ecosystems (Davidson et al. 2000; Amundson et al. 2003).

Within terra firme forests total soil N concentration is significantly higher in

clayey than sandy ferralsols and it generally decreases with soil depth (Chauvel

et al. 1987; Luiz~ao et al. 2004; Nardoto et al. 2008). Higher concentrations of total

mineral N in the upper soil layers are generally associated with greater biological

activity and consequently a higher intensity of the mineralisation processes (Luiz~ao
et al. 2004). Concentrations of NO3

� in terra firme on ferralsols ranged from

ca. 4 to 14 μg N g�1 dw while those of NH4
+ ranged from 3 to 40 μg N g�1 dw

(Silver et al. 2000; Luiz~ao et al. 1992). These values are comparable in magnitude

with those of NO3
� (2–17 μg N g�1 dw) and NH4

+ (1–14 μg N g�1 dw) in soils of

open terra firme on ferralsols in the state of Rondônia, Brazil (Piccolo et al. 1994;

Neill et al. 1997; Hughes et al. 2002). Clayey ferralsols have generally higher NO3
�

and lower NH4
+ concentrations than those on sandy soils (Livingston et al. 1988;

Silver et al. 2000; Luiz~ao et al. 2004). It has been shown that inorganic N in soil of

seasonally flooded forests is generally dominated by NH4
+ indicating the preva-

lence of reducing conditions throughout the year (Koschorreck and Darwich 2003);

NH4
+ tends to increase during the terrestrial phase, reaching the highest values

(25 μg N g�1 dw) shortly after flooding and then decreasing until the end of the

aquatic phase. Different trends were found by Kern et al. (2011) with highest values

of NH4
+ occurring during the aquatic phase and NO3

� values declining during the

terrestrial phase and increasing during the inundation period. Conversely, NO3
�

accumulated during the terrestrial phase in a seasonally flooded forest in Venezuela,

probably owing to the fine texture of the soils that prevented both desiccation and

oxygenation (Barrios and Herrera 1994). NH4
+ is also the dominant form of mineral

N in pre-montane (4 μg N g�1 dw), lower montane (10 μg N g�1 dw), and upper

montane forests (13 μg Ng�1 dw) in southern Ecuador, with NO3
� values of 1, 3,

and 0.3 μg N g�1 dw at 1000 m, 2000 m, and 3000 m, NO3 being below detection

limit in 60% of all extracts and in 90% of the extracts at 3000 m (Wolf et al. 2011).

Rates of net N mineralisation and nitrification in soils from open terra firme on
ferralsols range from 0.3 to 6 μg g�1 d�1 and from 0.2 to 5 μg g�1 d�1 (Piccolo

et al. 1994; Neill et al. 1997; Hughes et al. 2002). These values are comparable in

magnitude to those found in terra firme on ferralsols that tend to have higher rates

of net N mineralisation and nitrification on clayey plateaux than in sandy valleys,

with ranges of 0.5–2 μg g�1 d�1 and 0.7–2 μg g�1 d�1 (Silver et al. 2000). Low rates
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of net N mineralisation and net nitrification (as well as low N concentrations in tree

leaves) were reported from sandy valley soil in terra firme (Montagnini and

Buschbacher 1989; Silver et al. 2000; Luiz~ao et al. 2004). Sotta et al. (2008)

found in terra firme forest high gross N mineralisation rates and large microbial

biomass in plateau clay soils, while sandy valley soils were characterised by low

gross N mineralisation rates and lower microbial biomass. Clay soils also had

higher gross nitrification rates than sandy soil, suggesting that substrate availability

rather than insufficient aeration limited nitrification in sandy soils. Conversely,

Vitousek and Matson (1988) showed that N immobilisation, which could result

from a proliferation of soil microorganisms, was greater in sandy than in clayey

soils in terra firme forests. Fluctuations in the availability of soil N can also be

driven by seasonal changes in soil moisture, which appears to be related to the

delicate balance between the processes of immobilisation and mineralisation.

Luiz~ao et al. (1992) observed, for example, that rewetting of soil samples collected

after a dry period for the determination of microbial biomass appeared to induce net

immobilisation, whereas mineral-N accumulated in situ during dry periods due

to net mineralisation. Slow N cycling was found in heath forest formations,

where values for net N mineralisation were c. 0.3 μg g�1 d�1 for low-stature and

0.7 μg g�1 d�1 for tall heath forest, with net nitrification close to 0 and 0.1 μg g�1 d�1

(Luiz~ao et al. 2007). Slow mineralisation of organic matter has been proposed as a

primary mechanism that limits nutrient supply to vegetation in tropical montane

forests (Grubb 1977; Vitousek and Sanford 1986). Net mineralisation and nitrifi-

cation rates ranged, respectively, between 0.1–0.7 μg g�1 d�1 and 0–0.4 μg g�1 d�1

in pre-montane forests, 0.6–1.6 μg g�1 d�1 and 2 μg g�1 d�1 in lower montane

forests, and 0.1–1.1 μg g�1 d�1 and 0.1 μg g�1 d�1 in upper montane forests in

north-eastern Ecuador (Wolf et al. 2011; Martinson et al. 2013). With mean daily

net N mineralisation rates in the range of 1.5–1.6 μg g�1 d�1, these montane forests

(1500–2000 m) were supplied with similar amounts of mineral N to that found in

moderately fertile tropical lowland forest soils. While soil mass-related N net

mineralisation and nitrification rates remained invariant between 500 m and

2000 m, net N mineralisation and nitrification per stand area in montane forests

(2000 m a.s.l.) was about 40% lower than in terra firme (500 m a.s.l.).

Fine root turnover Some data on nutrient values for fine root production are

available for terra firme and along an elevation gradient. In terra firme forests N

averages 28 kg N ha�1year�1 (Table 11.3). Nitrogen values in pre-, lower, and

upper montane forests are on average 48 kg N ha�1year�1, 29 kg N ha�1year�1, and

51 kg N ha�1year�1; no data are available for heath and flooded forests.
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11.4.3 Losses

11.4.3.1 Leaching, Surface and Subterranean Flows, and Stream

Export of N, P, and C

Theoretically, the low cation exchange capacity of the most common Amazonian

soils (the dominance of iron and aluminium oxides and kaolinite clay minerals as

well as low soil organic matter contents and low pH values) makes these soils prone

to become ‘leaky’, retaining low amounts of mineral nutrients at the exchange sites.

On weathered and heavily leached tropical soils, throughfall and surface flows are

generally richer in solutes than either incident rainfall or base flow stream

water. Available data for terra firme on ferralsols showed rates of N leaching of

8 kg ha�1 year�1 NH4
+ plus 6 kg ha�1 NO3

�year�1 (Table 11.3) in the Rio Negro-

Casiquiare region of Venezuela (Jordan et al. 1982). Data on N losses (NH4
+ plus

NO3
�) in a tall heath forest and in v�arzea are available exclusively for leaching with

values of 9 kg N ha�1 year�1 (Jordan et al. 1982) and 3 kg N ha�1 year�1 (Kreibich

et al. 2003). Studies conducted in lower montane forests show values of total N in

surface flow (Wilcke et al. 2008) and stream export (Wilcke et al. 2013) of

4 kg N ha�1 year�1 (Table 11.3). Total surface and base flow N accounted in a

central Amazonian flooded forest for 4 kg N ha�1 year�1 (Williams and Melack

1997) and 17 kg N ha�1 year�1 (Lesack 1993), while stream water N export was

estimated to be of 12 kg N ha�1 year�1 (Lesack and Melack 1996).

Studies on P export, available exclusively for terra firme, flooded forests, and

lower montane forests show that P concentrations in soil solution and in forest

streams are typically very low. Values of total P in surface and base flow in a flooded

forest had values of 0.08 and 0.19 kg P ha�1 year�1 (Lesack 1993; Williams and

Melack 1997) with stream export of 0.06 kg P ha�1 year�1(Lesack and Melack

1996) (Table 11.4). Total P export in surface flowwas found to be 0.6 kg ha�1 year�1

in lower montane forest in Ecuador (Wilcke et al. 2008), while stream export in terra
firme showed a value of 0.01 kg ha�1 year�1 (Leopoldo et al. 1987).

Terra firme forests showed average values of streamDOC export of 1.5 kg C ha�1

year�1 (Table 11.2). Seasonal forests at the transition with Cerrado showed

values of surface flows of 0.5 kg C ha�1 year�1 for dissolved inorganic C

(DIC) and 6 kg C ha�1 year�1 for dissolved organic C (DOC) (Neu 2009).

Values of DOC in deep groundwater flows were comparable to those in surface

flows, while DIC values increased to 113 kg C ha�1 year�1 (Neu et al. 2011).

Stream C export reported for seasonal forests showed values of 8 kg DIC ha�1

year�1 and 13 kg DOC ha�1 year�1.
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11.4.3.2 N Trace Gas Emissions

Ammonia volatilisation, nitrification, and denitrification are related to the rates of

soil microbial processes and to soil and environmental characteristics, such as soil

N availability, water content, soil texture and structure, moisture-holding capacity,

pH, and organic C content. Soil water content, N availability, and labile organic C

control microbial nitrification and denitrification and hence the relative proportion

of gaseous products of these processes (Verchot et al. 1999; Chapin et al. 2002).

While nitrification often produces greater quantities of NO relative to N2O, the

opposite is true for denitrification (Davidson 1993). The first process is often

predominant at water content below field capacity, while denitrification increases

in wet soils, under conditions of high nitrate and low oxygen.

N2O. Garcia-Montiel et al. (2004) developed an empirical relationship between

N2O and CO2 emissions from tropical forest soils based on 7 years of field

measurements in Rondônia, Brazil, and combined this relationship with estimates

of forest soil respiration across the Amazon basin from a process-based biogeo-

chemistry model to estimate annual regional emissions and spatial patterns of

N2O. The authors concluded that N2O emissions were spatially variable, with

average basin-wide estimates from 7.4� 105 Mg year�1 to 8.3� 105 Mg year�1,

depending on the fraction attributed to root respiration (0.3 and 0.4 respectively).

The highest N2O emissions were estimated in the wettest north-west of the basin

and decreased with drier conditions towards the east and south.

Estimates for annual emissions of N2O from soils of terra firme and open

transitional forest average 3.7 kg N ha�1 year�1 and 2.5 kg N ha�1 year�1,

respectively (Table 11.3). N2O fluxes show seasonal variation that corresponds to

strong seasonal variation in soil water content and are higher in the wet season than

in the dry season (Garcia-Montiel et al. 2001; Davidson et al. 2008). A small

number of studies have shown that N2O fluxes were up to 10 times higher in clayey

than sandy ferralsols in terra firme forests (Luiz~ao et al. 1989; Matson et al. 1990;

Silver et al. 2005). These findings, together with the low rates of mineralisation and

nitrification that characterise white sand soils, suggest that annual emissions of N2O

from podzols underlying heath forests are likely to be lower than those found for

forests on ferralsols and acrisols.

Soil N2O emissions decreased along an elevation gradient (1000–3000 m a.s.l.)

in southern Ecuador and averaged 0.36 kg N ha�1 year�1 in lower montane and

0.06 kg N ha�1 year�1 in upper montane forests (Table 11.3). Gas fluxes decreased

towards ridge positions and showed negative annual N2O fluxes at the 3000 m site

and N2O fluxes exceeded NO fluxes at all elevations (Wolf et al. 2011).

NO. Estimates of annual emissions of NO from terra firme and open transitional

forest averaged 2 kg ha�1 year�1 (Table 11.3). NO emissions were lower than N2O

emissions from most forest formations and soils, especially during the wet season,
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because moist conditions favour reduction of NO to N2O (Garcia-Montiel

et al. 2001; Davidson et al. 2008).

The only available estimates of annual emissions of NO from montane forests in

the Amazon basin ranged from 0.01 N ha�1 year�1 in upper montane forests to

0.08 kg N ha�1 year�1 in pre-montane forests (Wolf et al. 2011) (Table 11.3). NO

emissions decrease with elevation with increasing thickness of organic layers, and

from lower slopes to ridge positions.

11.4.3.3 Biogenic Volatile Organic Compounds

Biogenic volatile organic compounds (BVOCs) include organic atmospheric trace

gases (e.g. isoprenoids, alkanes, alkenes, carbonyls, alcohols, esters, ethers, and

acids) (Kesselmeier and Staudt 1999; Jardine and Jardine 2016). Their emissions

are affected by a variety of factors, such as light intensity, temperature, and biotic

and abiotic stress. Their composition and concentration are determined by seasonal

changes as a consequence of distinct seasonal vegetation emissions, climate factors,

and anthropogenic influences, such as fires (Kesselmeier et al. 2009). Emission

inventories in terra firme forests in central and south-western Amazonia showed

isoprene, formic acid, and formaldehyde as the most prominent BVOC species

present in air at the canopy top, as well as above forests during wet season and wet-

to-dry season transition, while a significant increase in formic and acetic acids and

formaldehyde and acetaldehyde was observed at the transition phase from dry to

wet season (Kesselmeier et al. 2000, 2002b).

Bracho-Nunez et al. (2012) showed that under flooding stress condition, seed-

lings of tree species from Amazonian floodplain forests produced ethanol and

acetaldehyde at the beginning of root anoxia after short-term inundation, while

emission of isoprenoids, acetone, and methanol exhibited distinct behaviour related

to the origin of the tree species (i.e. igap�o or v�arzea). The length of the waterlogging
period affected the emission of BVOCs, which decreased considerably together

with photosynthesis, transpiration, and stomatal conductance.

Biogenic VOCs constitute an integral component of the global carbon cycle

(Guenther 2002). Kesselmeier et al. (2002a) estimated an annual loss of C via

BVOCs for tropical forests of 0.54% of gross primary production (GPP).

Kesselmeier et al. (2002a), using GPP values of 36 Mg C ha�1 year�1 for eastern

Amazonian forests on terra firme (Carswell et al. 2002), calculated that 0.19 Mg C

ha�1 year�1 released as BVOCs are emitted into the atmosphere, representing 3.4%

of net ecosystem production estimated for central Amazonian terra firme forests at
5.6 Mg C ha�1 year�1 by Malhi et al. (1998).

While it is known that BVOCs can be internally recycled with or without

intermediate chemical transformation into other organic compounds (e.g. Jardine

and Jardine 2016), they can be transformed in the atmosphere to CO2 by chemical

reactions or be deposited to the oceans following atmospheric transformation to

water-soluble species; estimates of their fate and the consequences for the carbon

cycle remain uncertain (Kesselmeier et al. 2002a). It is known that some potential
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oxidation products, such as organic acids and aldehydes, contribute significantly to

the acidity of the precipitation in central Amazonia (Andreae et al. 1988b). How-

ever, while it can be assumed that large amounts of these carbon emissions are

recycled within the biosphere, a substantial part is probably transformed into

longer-lived oxidation products that are lost from the terrestrial biosphere by

transport (Kesselmeier et al. 2009).

11.5 Synthesis and Conclusions

11.5.1 Emerging Patterns for Elemental Cycles Across
Forest Formations

11.5.1.1 Carbon

Above-ground biomass (AGB)—There is a clear decreasing pattern for AGB C,

from seasonally flooded, terra firme, and pre-montane forests, followed by tall

heath forests, seasonal and open terra firme forests, montane forests, and

low-stature heath forest formations. Wood debris (WD)—Values for WD C tend

to be higher in terra firme, tall heath, and upper montane forests and decrease in

seasonally flooded, lower montane, and low-stature heath forests. Fine roots/fine

root turnover—There is an insufficient number of studies for comparison owing to

the lack of standard protocols.Coarse roots—Values are calculated as a proportion

of AGB; there are wide-ranging values from destructive sampling/allometric equa-

tions for terra firme in the Amazonas State, Brazil (Higuchi et al. 2016). Input

from rainfall/throughfall—They seem higher in lowland than in montane forest;

however, the number of samples is very limited to allow any sound conclusion.

Losses through BCOCs—Estimates are available exclusively for terra firme.
Losses through leaching/streamflow—Data are available exclusively for dense

and open terra firme forests and for seasonal forests and are insufficient. Fine

litterfall—There is a decreasing pattern for fine litterfall, from seasonally flooded,

dense and open terra firme, and lower montane forests, followed by pre- and upper

montane forests and tall and low-stature heath forest formations.

11.5.1.2 Nitrogen

AGB—Scant information is available for dense and open terra firme forests only.
WD—N in WD is tentatively higher in terra firme forests, but for other forest types
(i.e. seasonally flooded and lower montane forests) only one study is available. Fine

roots/fine root turnover—Available data are insufficient to allow to draw sound

conclusions. Coarse roots—The available data are limited to a single study in a

forest on terra firme. Input from rainfall—This does not appear to vary with forest

type. N2-fixation—The available data are insufficient to allow to draw sound
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conclusions. Losses through leaching/streamflow—Data from very few studies

are available and this makes comparisons difficult once more. Litterfall—There is

a decreasing pattern from v�arzea and lower montane forests followed terra firme
and pre-montane forests with the lowest values for tall heath forest formations and

upper montane forests. Input from throughfall—Values for terra firme, v�arzea,
and lower montane forests appear similar and higher than those for the other forest

types.

11.5.1.3 Phosphorus

AGB—Scant information is available exclusively for dense and open terra firme
forests.WD—Information is available for terra firme and appears similar to values

for lower montane forests and seasonally flooded forests where only one study is

available. Fine roots/fine root turnover—Few data are available exclusively for

forests on terra firme. Coarse roots—Only a single study is available for terra
firme. Input from rainfall—Geographic location seems to play an important role

in determining the concentration of P in rainfall; however, the lack of data does not

allow the identification of potential patterns. Losses through leaching/

streamflow—There is a general lack of data. Litterfall—There is a decreasing

pattern from lower to pre-montane forests, v�arzea, terra firme, and upper montane

forests followed by tall and low-stature forest formations. Input from

throughfall—There is a general lack of data.

11.5.2 Hiatuses and the Way Forward

The above synthesis of available information on our understanding of biogeochem-

istry in Amazonia shows that despite a large body of literature, additional research

effort is required for reliable estimates of stocks and fluxes of elements in distinct

forest formations. Once such data are available, it will allow us to acquire spatially

explicit estimates of the biogeochemistry of the principal vegetation formations and

thus refine/extend a range of models (e.g. dynamic vegetation models, or land

surface models), currently parameterised using global Amazon basin-wide

estimates.

The existing body of work on biogeochemistry is biased towards certain vege-

tation types and locales. Some early studies are available from lowland forests in

Venezuela and Colombia; montane forests studies are few and are largely confined

to Ecuador and Peru. For floodplain forests (v�arzea and igap�o), only few data are

available for biomass stocks and estimates of the different compounds of the above-

ground and below-ground stocks and production. However, for some other wetland

types in Amazonia almost no data exist (e.g. palm swamps (buritizal), floodplains
along the clear-water rivers, and the extensive net of small streams—c. 1 million

km2).
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The great majority of lowland studies on N and P have been conducted in dense

forest on terra firme in a handful of locations, primarily around Manaus and

Santarem in central Brazilian Amazonia, with some additional studies in Rondônia

(transition between dense, open, and seasonal forest), sites that formed part of the

site network of the Large-scale Biosphere-Atmosphere experiment between 1998

and 2007. Given that dense humid lowland evergreen forests account for c. 40% of

the vegetation of Brazilian Amazonia, this focus appears to have resulted in under-

studying other important forest vegetation types, especially the various open low-

land forest formations (26% cover) and alluvial forests that cover an estimated

12% of the basin in Brazil (IBGE 2012). This is by no means to imply that the dense

lowland forest has been over-studied. Far from it, for example, long-term integrated

studies of linked biogeochemical cycles are acutely missing. Carbon stock studies

within the RAINFOR network have encompassed 130 1-km2 cells across the basin,

with some concentration near research bases, more balanced in terms of coverage

of vegetation type than dedicated nutrient cycling studies, however, still lacking

proportional coverage in relation to the cover of each vegetation formation.

The regional studies of C cycling in eight regions of the Amazon basin by the

GEM network (http://gem.tropicalforests.ox.ac.uk/) along with permanent LBA

sampling sites broadly represent changing temperature, water, and nutrient avail-

ability. However, their coverage is biased towards dense lowland evergreen

rainforest on terra firme and is not representative of open terra firme, floodplain,
and heath forest types. The inclusion of additional sites for representativeness of all

major Amazon basin vegetation types and studying N and P cycles in tandem with

the detailed studies of C cycle would be desirable since the cycles of C, N, and P are

interlinked.

There exists an imbalance in the number of studies whose focus has been C, N,

and P. There has been relatively more focus on C and N, than on P, and there is an

apparent lack of linked studies of C, N, and P cycles. Townsend et al. (2011)

pointed out some considerations for the importance of linked biogeochemical

cycles, such as (1) understanding nutrient ‘limitation’ is key to predicting how

the C cycle will respond to environmental change; (2) multiple nutrients may limit

aspects of the tropical C cycle, yet most models generally consider only single-

element limitation; and (3) nutrient interactions are largely absent from widely used

projections of future atmospheric CO2 levels, representing a critical gap in the

ability to predict climate change.

The Amazon basin is important in the earth system. Model projections that link

vegetation to atmosphere cannot reliably be based on spot studies that are biased

towards one or other vegetation type. Equally, most spatially explicit models would

require validation in the field, the number of minimum ground validation points

depending partly on the spatial coverage of biogeochemically distinct vegetation

units and partly on the variance within each unit. Such a spatially representative

coverage would allow obtaining more realistic estimates of basin-wide ecosystem

structure and function, including vegetation dynamics, biomass, and carbon balance
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in function of N and P (and other nutrient cycles), and would implicitly include a

measure of biodiversity in a broad sense, often undeservedly neglected in biogeo-

chemical studies. Such an information base is sorely missing for coupled

vegetation–biogeochemistry–atmosphere models (e.g. Kruijt et al. 2016).
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production and composition at Apiaú, Roraima, Brazil. Trop Ecol 37:115–125

Barbosa RI, Ferreira CAC (2004) Biomassa acima do solo de um ecossistema de “campina” em
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Pesquisas da Amazônia (INPA), Manaus, Brazil, pp 133–149

Filoso S, Williams M, Melack J (1999) Composition and deposition of throughfall in a flooded

forest archipelago. Biogeochemistry 45:169–195

Forti MC, Moreira-Nordemann LM (1991) Rainwater and throughfall chemistry in a “terra firme”

rain forest: central Amazonia. J Geophys Res Atmos 96:7415–7421
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monodominant forest on Maracá island, Roraima, Brazil. Biotropica 31:198–211

Vitousek P (1982) Nutrient cycling and nutrient use efficiency. Am Nat 119:553–572

Vitousek PM, Matson PA (1988) Nitrogen transformations in a range of tropical forest soils. Soil

Biol Biochem 20:361–367

Vitousek PM, Sanford RL Jr (1986) Nutrient cycling in moist tropical forest. Annu Rev Ecol Syst

17:137–167

Vitousek PM, Turner DR, Parton WJ, Sanford RL (1994) Litter decomposition on the Mauna Loa

environmental matrix, Hawaii—patterns, mechanisms, and models. Ecology 75:418–429

Waldhoff D, Furch B (2002) Leaf morphology and anatomy in eleven tree species from Central

Amazonian floodplains (Brazil). Amazoniana-Limnologia Et Oecologia Regionalis Systemae

Fluminis Amazonas 17:79–94

Wantzen KM, Yule CM, Mathooko JM, Pringle CM (2008) 3: Organic matter processing in

tropical streams. In: Dudgeon D (ed) Tropical stream ecology. Academic, London, pp 43–64

Waterloo MJ, Oliveira SM, Drucker DP, Nobre AD, Cuartas LA, Hodnett MG, Langedijk I, Jans

WWP, Tomasella J, de Araujo AC, Pimentel TP, Munera Estrada JC (2006) Export of organic

carbon in run-off from an Amazonian rainforest blackwater catchment. Hydrol Process

20:2581–2597

Wilcke W, Hess T, Bengel C, Homeier E, Valarezo C, Zech W (2005) Coarse woody debris in a

montane forest in Ecuador: mass, C and nutrient stock, and turnover. For Ecol Manage

205:139–147

Wilcke W, Yasin S, Fleischbein K, Goller R, Boy J, Knuth J, Valarezo C, Zech W (2008) Nutrient

status and fluxes at the field and catchment scale. In: Beck E, Bendix J, Kottke I, Makeschin F,

Mosandl R (eds) Gradients in a tropical mountain ecosystem of Ecuador. Springer, Berlin, pp

203–215

Wilcke W, Leimer S, Peters T, Emck P, Rollenbeck R, Trachte K, Valarezo C, Bendix J (2013)

The nitrogen cycle of tropical montane forest in Ecuador turns inorganic under environmental

change. Global Biogeochem Cycles 27:1194–1204

Williams MR, Melack JM (1997) Solute export from forested and partially deforested catchments

in the central Amazon. Biogeochemistry 38:67–102

Williams MR, Fisher TR, Melack JM (1997) Chemical composition and deposition of rain in the

central Amazon, Brazil. Atmos Environ 31:207–217

Wolf K, Veldkamp E, Homeier J, Martinson GO (2011) Nitrogen availability links forest produc-

tivity, soil nitrous oxide and nitric oxide fluxes of a tropical montane forest in southern

Ecuador. Global Biogeochem Cycles 25, GB4009

Wullaert H, Homeier J, Valarezo C, Wilcke W (2010) Response of the N and P cycles of an

old-growth montane forest in Ecuador to experimental low-level N and P amendments. For

Ecol Manage 260:1434–1445

Yasin S (2001) Water and nutrient dynamics in microcatchments under montane forest in the south

Ecuadorian Andes. University of Bayreuth, Bayreuth

266 E. Buscardo et al.



Chapter 12

Soil–Vegetation Interactions in Amazonia

Carlos A. Quesada and Jon Lloyd

12.1 Historical Perspective

The nature and properties of the soils associated with the apparently luxuriant

rainforest vegetation of the Amazon basin have been of interest since the earliest

visits of European naturalists to the region. Explorers such as Coudreau, Bates,

Katzer, Wallace, and LeCointe were amongst the first to describe Amazonian

vegetation and soils, with some of these early observations giving rise to the now

discredited idea that such dense and prolific vegetation cover must be associated

with a high level of soil fertility (Sombroek 1966; Richter and Babbar 1991). For

example, Wallace (1853) claimed that Amazonia’s plant production and the uni-

versal fertility of the associated soils were ‘unequalled anywhere on Earth’. Nev-
ertheless, once agricultural endeavours associated with the colonisation of the

interior regions of Brazil began to fail in Amazonia, this view became challenged,

and the role of a tight nutrient cycling between vegetation and soils was perceived

(Sombroek 1966).

The first real interest in describing the various soils of the Amazon region

followed the aftermath of the rubber boom (1879–1912) with the Crude Rubber

Survey (Schurz and Hargis 1923) and Marbut and Manifold (1926) first describing

the agricultural potentials of Amazonia in relation to its soils. After the collapse of

the rubber boom in Amazonia in the early 1900s, little new data were gathered until
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the end of the Second World War when Brazilian Federal initiatives were set in

motion to actively colonise the Amazon basin. It is thus the soil survey work of Day

and Bennema (1958), Day and Santos (1958), Day (1959, 1961), Day et al. (1964),

and Sombroek (1966) that provides the foundations for our current knowledge of

Amazonian soils. This knowledge was further expanded by the large-scale

RADAMBRASIL soil survey of the Brazilian Amazon (1978) and the survey studies

from Aubert and Tavernier (1972). The discovery in the 1960s of oil and gas

reserves east of the Andes in Peru and Bolivia brought an increased interest in the

soils of this ‘Low Jungle’ region of these countries with Sanchez and Buol (1975)

and Cochrane et al. (1985) first reporting on the soils found there. These two studies

modified to some extent our knowledge of basin-wide soil patterns, giving rise to a

new appreciation of a wider diversity of Amazonian soils than had been previously

the case.

Most early motivation for soil science was directed by a perceived need to

develop agriculture, and with the exception of Sombroek (1966), there was little

interest in the relationships between the natural vegetation and soils. Sombroek

(1966) discussed in detail the relationships between soils and the different timber

volumes of their forests. He also showed preliminary information about the distri-

bution of some timber species in relation to soils and tentatively related some

vegetation formation types to edaphic factors. Later, Sombroek (1984) reviewed

and expanded information on Amazonian soils in the light of new soil surveys

becoming available in Brazil and Colombia as well as reconnaissance surveys in

Peru, Venezuela, and Guiana. In a concluding synthesis study, he suggested that

13 different landforms could be found in Amazonia, each having its unique soil and

vegetation associations (Sombroek 2000).

Associated with the International Biological Programme in the 1960s, ecologists

began to investigate the functioning of tropical forest ecosystems, e.g. Went and

Stark (1968), Stark (1971a, b), Stark and Jordan (1978), Jordan and Stark (1978),

Herrera et al. (1978a, b), Medina et al. (1978), Jordan and Herrera (1981), Cuevas

and Medina (1986, 1989), Jordan (1989) and Golley (1983, 1986) and Golley

et al. (1978). This work, described in more detail in Sect. 1.3, gave the first

information about nutrient budgets, direct nutrient cycling, and mechanisms of

nutrient conservation on oligotrophic soils and resulted in the first comparative

studies in different locations in Amazonia. More recently, the Large-scale Bio-

sphere-Atmosphere Experiment/Programme in Amazonia (LBA) has brought atten-

tion once more to Amazonian soils and their influence of tropical forest ecosystem

structure and functioning. In this chapter, we review literature with relevance for

soil–vegetation interactions, with our main focus being on soils under primary

forest vegetation; see Davidson and Martinelli (2009) concerning the biogeochem-

istry of secondary forests, Luiz~ao et al. (2009) for managed systems, and Trumbore

and Camargo (2009) for a discussion on soil carbon stocks and flows in natural and

anthropogenic systems in Amazonia.
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12.2 The Geology and Geomorphology of the Amazon

Basin

Detailed information on the geological history of the Amazon basin can be found in

Hoorn and Wesselingh (2010), and a review of interactions between geology and

soils is given in Quesada et al. (2011). Here we summarise the three major

geological phases that have influenced the Amazonian landscape and shaped the

modern physiography of Amazonia and the properties of its soils.

The formation of the Amazon Craton occurred during the Proterozoic (3 to 1 Ga

BP), thus being the oldest nucleus of the South American continent. The tectonic

processes associated with its formation gave rise to the modern configuration of the

basin (de Brito Neves 2002) as well as being an important source of sediments in

the intra- and pericratonic sedimentary basins (Kroonenberg and Roever 2010). The

Craton itself consists of a stable basement, with the main units of the Guiana Shield

stretching below the Amazon basin into the Brazilian Shield, but also continuing

westwards under the cover of the sub-Andean basins (Kroonenberg and Roever

2010). Throughout geological history, reactivation processes of the Craton formed

arches and belts that eventually acted as drainage divides, thus forming much of the

current drainage system of the basin (Hoorn and Wesselingh 2010). The processes

of uplift and denudation since the break-up of Gondwana (ca. 200 Ma BP) have

resulted in an increased sediment flux towards the basin from the Mesozoic

onwards (Kroonenberg and Roever 2010). Pre-drift reconstructions of the Amazon

Craton suggest that it was once the western part of Gondwana, thus being connected

at that time to what is nowadays western Africa.

Secondly, during the late Ordovician (ca. 440 million years ago) an east-west rift

formed a lower zone in the Amazon Craton, separating the Guiana Shield in the

north from the Brazilian Shield in the south, with this rift giving rise to the

Solimões/Amazonas sedimentary basins (Brito Neves 2002; Hoorn et al. 2010).

The process of separation of continents was resumed during the Jurassic

(ca. 195 Ma BP), with the sedimentation of the intra-cratonic basin completed at

around 120 Ma BP (region IV in Fig. 12.1).

The third important phase in the geological history of the Amazon basin

involved the break-up and rifting of the Pangaea supercontinent, with the associated

opening of the Atlantic and considerable tectonic movement which eventually led

to the Andean uplift and to the formation of the Amazon basin itself (Hoorn

et al. 2010). This eventual uplift of the Andes is likely to be the most important

geological event in Amazonia, ultimately shaping its geography and having had an

influence on the evolution of its living organisms (Hoorn et al. 2010).

The uplift of the Andes led to a reorganisation of drainage divides through time

with this having profound influences on the physical environment (Hoorn

et al 2010; Vonhof and Kaandorp 2010). Before the rise of the Andes, the drainage

divide was located in eastern Amazonia, but during the Palaeogene (ca. 65 Ma BP)

it migrated westwards, and by the end of the Palaeogene, the drainage divide

separating east and west flowing rivers was located in central Amazonia. At

12 Soil–Vegetation Interactions in Amazonia 269



about 30 Ma BP, tectonic adjustment and plate subduction along the Pacific

margins then caused the uplift of the central Andes. The northern Andes were

uplifted later (ca. 23 Ma BP) due to plate break-ups and collision with the South

American and Caribbean plates. During that period, a large wetland (of swamps and

shallow lakes) was formed in western Amazonia, the so-called Pebas system.

Fig. 12.1 Interactions between soil nutrient concentrations and Amazonian geological history. (a)

Map of maximum geological age in Amazonia (modified from Quesada et al. 2011), showing the

distinct geological provinces. (b) Total soil phosphorus concentrations and effective cation

exchange capacity (ECEC) of soils occurring on the four different geological zones. Andean

(zone I) includes forests occurring between 500 and 3000 m asl in the Andes eastern flank (n¼ 17).

Foreland (zone II) consists of forests placed on the sub-Andean basins (n¼ 63). Shields (zone III)

include forests occurring on both the Brazilian and Guiana Shields and C&E (zone IV) includes

forests occurring on the Central–Eastern intra-cratonic basin (n¼ 27)
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Further uplift of the Andes at about 12 Ma BP has led to a high accumulation of

sediment load eroded from the Andes in the western sub-Andean forelands (region

II in Fig. 12.1a), generating alluvial megafans. About 10 Ma BP, the water divide

did change to the west, pushing sediments from the megafans eastward. The

disappearance of the megawetlands in western Amazonia occurred around 7 Ma

BP, with the system changing from swamp/lacustrine environment to a fluvial

system (the Acre system). This way, the landscape in western Amazonia changed

from a negative relief which was accumulating sediments to a positive, river incised

relief that has been transporting high sediment load in its waters.

The processes described above resulted in large differences in the age of parent

material across the basin which are reflected in today’s variations in soil nutrient

status (Fig. 12.1b). For example, western Amazonian soils are generally of a higher

nutrient status than those of the east because they were formed on more recent

sediments that had eroded from the Andes. Indeed, the recently formed alluvial

soils of western Amazonia are still receiving Andean sediments (Quesada

et al. 2011). Much of the sediment being deposited in western Amazonia over

recent millennia had previously been protected from weathering during submersion

in water during the Pebas phase. Thus, processes of soil formation in the region

have only become significant from the Pliocene onwards and with much of the

region having soils that are less than 2 million years old (Quesada et al. 2011).

Conversely, parent material on the Guiana and Brazilian shields (region III in

Fig. 12.1a) is very old (Proterozoic). Nevertheless, the fact that many of these soils

have developed over crystalline rocks seems to counterbalance the effect of old-age

parent material. This results in many soils being of a somewhat higher nutrient

status when compared to the comparatively younger intra-cratonic basin. Especially

as this is a relatively intensely inhabited and widely studied area of the basin, it is

important to note that the sediments which fill the intra-cratonic basin (region IV in

Fig. 12.1a) have originated from ancient weathering of the Brazilian and Guiana

Shields. Thus, the soils which eventually evolved in the intra-cratonic basin have

been based on already pre-weathered material that has then suffered subsequent

sedimentation and that subsequently underwent another cycle of weathering. This

has resulted in very low soil fertilities in that area (Quesada et al. 2011).

The above regional variations in geology, lithology, and geomorphology have

resulted in a high diversity of soils with varied physical and chemical properties.

For example, Quesada et al. (2011) have shown that Amazonian soils are highly

diverse, with 19 of the 32 World Reference Base (WRB) soil groups being found

within the basin. These authors also questioned the general notion that the vast

majority of tropical soils are intensively weathered and nutrient poor and showed

that Amazonian soils spanned almost all soil taxa, from younger to the most-

developed soil groups, with many of them having a relatively high nutrient content

by global standards. For instance, total soil P, which is the most likely element to

limit tropical forest productivity (Quesada et al. 2012), ranges from as little as

10 mg kg�1 in some white sands of Guiana, to about 850 mg kg�1 in Peruvian

lowland alluvial soils, and as much as 1630 mg kg�1 in the soils of Andean cloud
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forests (Fig. 12.2a). A similar geographic pattern is discernible for soil exchange-

able cations (Fig. 12.2b).

This wide fertility spectrum across Amazonia occurs in parallel with large

variation in soil physical properties. Younger soil types almost invariably show a

lower degree of profile development, often being shallow and with hard subsurface

horizons that restrict root growth. Soil types that have resulted from weathering for

many millions of years usually have favourable physical properties, such as good

Fig. 12.2 Geographical distribution of (a) total soil phosphorus and (b) sum of bases (exchange-

able) in Amazonia. Each point is a permanent plot from the RAINFOR network, where the size of

circles indicates variations in concentrations
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soil structure, good drainage, and, due to their depth, a high water storage capacity.

Across the Amazon basin, soil chemical and physical properties are thus correlated

as both are controlled by common pedogenic processes (Quesada et al. 2010).

The broad variations in chemical and physical properties mentioned above are

also reflected by differences in soil carbon content and in the mechanisms by which

soil carbon is stabilised. For instance, soil carbon concentration tends to show a

strong positive correlation with soil clay content for highly weathered soils, such as

Ferralsols and Acrisols (Telles et al. 2003; Dick et al. 2005). This relationship for

soils dominated by a 1:1 clay mineralogy is thought to exist because more finely

textured soils also have higher specific surface area (SSA), with a higher abundance

of exchange sites on the mineral surface; this then results in more soil carbon

stabilisation through mineral–organic matter associations (Saidy et al. 2012). Nev-

ertheless, this relationship only occurs because Ferralsols and Acrisols have their

mineralogy dominated by only one mineral, kaolinite. Thus, their specific surface

area varies with changes in soil clay content in a simple way (Fig. 12.3a). On the

other hand, soil carbon content in young and intermediate age soil groups with a

more complex mineralogy is not simply dependent on the amount of clay found in

the soil (Fig. 12.3b). Rather, it is the nature of the minerals present in the soil that

underlies differences in SSA and hence the carbon-holding capacity of these soils

(Denef et al. 2009). This difference may have important implications for our

Fig. 12.3 Contrasting relationships between SOC and soil clay content (a, b) and ECEC (c, d) in

soils with different weathering levels in Amazonia
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understanding of soil carbon turnover since determinations of soil carbon residence

time in Amazonia are still rare and when available have been restricted to highly

weathered soils, such as Ferralsols and Acrisols (Telles et al. 2003). What little

information is available indicates a low residence time of bulk soil carbon of

ca. 10 years as indicated by 14C dating studies (Trumbore and Camargo 2009).

This indicates that most of the carbon in these soils is readily mineralised and

returned to the atmosphere. This is, however, likely to be different for young and

intermediate age soil groups since mechanisms for soil carbon stabilisations are

different, with these soils likely to be able to hold carbon in larger quantities and/or

at greater strength, such as it has been observed in smectite-rich soils, where

considerably longer mean residence times have been found (Wattel-Koekkoek

et al. 2003).

In addition to its biogeochemical importance, soil organic matter is also respon-

sible for the maintenance of soil fertility in the tropics, with a considerable fraction

of soil cation exchange capacity (a surrogate for soil fertility) of Ferralsols being

associated with organic matter exchange sites (Tiessen et al. 1994). Although this is

observed for both Ferralsols and Acrisols in Amazonia (Fig. 12.3c), younger and

intermediate soil types generally have a much higher cation exchange capacity,

which, rather than being dependent on soil organic matter, is dependent on their

highly variable mineralogical composition. This occurs with a much greater range

of variation than the more highly weathered soils as a consequence of the different

specific cation exchange properties of the many different 2:1 minerals (Fig. 12.3d).

12.3 Soils and Nutrient Cycling in Amazonian Forests

The oligotrophic soils which are widespread in central Amazonia can clearly

sustain luxuriant vegetation despite their low nutrient concentration. For instance,

forests growing on infertile areas of central Amazonia and the Guianas have

estimated above-ground biomass up to 350 Mg ha�1, which represents some of

the highest values across the basin (Malhi et al. 2006). This has been argued to have

arisen because tropical forests growing on such soils may have very efficient

mechanisms to maintain an adequate level of biologically active elements through

efficient recycling mechanisms. This is as opposed to relying on a direct supply of

nutrients from mineral weathering and/or atmospheric inputs (Stark 1971b; Stark

and Jordan 1978; Jordan and Herrera 1981; Jordan 1989).

Several authors have argued that the maintenance of mature forest on oligotro-

phic soils is the result of specific nutrient-conserving mechanisms. For example,

Jordan and Herrera (1981) suggested that the existence of a root mat in the humus

layer on the soil surface was the most important mechanism for direct nutrient

cycling and hence nutrient conservation, the root mat serving to allow the direct

physical adsorption of most nutrients which enter into it. Stark and Jordan (1978),

working on podzols at San Carlos do Rio Negro, found that after sprinkling water

rich in 45Ca and 32P over such a root mat, 99.9% of the nutrients were immediately
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absorbed and only 0.1% leached into the soil beneath. When these isotopes were

applied to the experimental plot in the form of radioactive labelled leaves, no

detectable activity was found in the leachate (Jordan and Stark 1978). Stark and

Jordan (1978) also showed that detectable levels of radioactivity occurred in

samples outside as well as inside the experimental plots, showing that the isotopes

were actually taken up and translocated elsewhere by the root systems. Roots

directly outside the plots had isotope concentrations in the same range as the ones

inside the experimental plot, the authors suggesting that this reflected a large

investment in lateral roots for nutrient uptake.

Herrera et al. (1978b) further provided evidence for mycorrhizal fungi providing

an important mechanism by which nutrients are transferred from organic matter to

living roots. In that study, 32P was incorporated into a leaf which was later placed in

isolation with a living root in a Petri dish on the forest floor. Radioactivity was later

found both in the root and in the mycorrhizal connection between leaf and root. In a

set of time series photographs, Herrera et al. (1978a) showed how a fresh leaf can

become enmeshed by roots with, after several weeks of decomposition, only a

skeleton remaining. The authors’ inference was that nutrient transfer could occur

directly from decomposing leaf tissue to the roots of growing plants through

mycorrhizal associations. This is in accordance with the hypothesis of direct

cycling by Went and Stark (1968), which suggested that nutrients are obtained

from litter on the forest floor by mycorrhizal fungi which then pass the nutrients

onto living roots.

Other nutrient-conserving mechanisms are thought to be associated with the root

mat itself. These include a rapid growth of feeder roots (Jordan and Escalante

1980), the existence of algae on the root mat which absorb nutrients from

throughfall and subsequently releasing it as they decompose (Jordan and Herrera

1981), nitrogen fixation by microorganisms (Jordan and Herrera 1981), and an

absence of denitrifying bacteria (the latter thought to be a consequence of large

amounts of tannins in organic matter and a continuous low pH—(Jordan 1979).

Herrera et al. (1978b) also reported that the direct element adsorption on surfaces of

organic material probably prevents losses by leaching until nutrients can be taken

up by roots.

Other nutrient-conserving mechanisms have been postulated to be associated

with oligotrophic environments. These include long-lived evergreen scleromorphic

leaves (Medina et al. 1978), nutrient resorption, notably P, N, and K before leaves

are shed (Small 1972), nitrogen fixation, and scavenging of rainfall nutrients by

algae and lichens in canopy leaves (Herrera et al. 1978a). Also important may be

the production of phenols and other toxic secondary compounds. These are thought

to reduce nutrient losses by herbivory and thus extend leaf lifespan leading to a

more efficient use of nutrients (Jordan and Herrera 1981; Coley et al. 1985) and a

fast recovery by secondary vegetation following forest gap formation (Jordan and

Herrera 1981)—all of which can be seen to contribute to the avoidance of nutrient

losses by leaching.

Following the observation of such nutrient-conserving mechanisms, a percep-

tion that tropical forests growing on poor soils are decoupled from their soil
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nutritional environment ensued (Golley 1983, 1986; Golley et al. 1978). Jordan

(1982) presented data from nutrient input through rainfall and output by leaching

for a forest growing on infertile soil in Venezuela. He found that rates of nutrient

leaching were equal to or less than the inputs from atmosphere, thus concluding that

once the forest was not successional and aggrading, this meant that the weathering

of parent material was not contributing to the forest nutrient economy. It is thus

generally considered that most tropical forests can maintain themselves solely on

inputs from the atmosphere and nutrient cycling (Vitousek and Sanford 1986).

However, many of the studies reported above, and especially those at San Carlos

in Venezuela (Medina et al. 1977), focused their attention on sandy podzols

(Vitousek and Sanford 1986). The podzols around San Carlos de Rio Negro

represent an extreme situation where plants grow on soils of unusually low nutrient

concentrations (mass basis) even by Amazon basin standards (Fyllas et al. 2009;

Quesada et al. 2010).

The nutrient cycles of tropical forests may then be best considered as only

sometimes reflecting an efficient, closed or semi-closed system where a tight

internal nutrient cycling serves to hold nutrients within the biomass and with

minimal inputs or outputs via weathering and leaching, respectively. In terms of

quantifying efficiency, Vitousek (1982, 1984) suggested that the nutrient use of a

tropical tree or stand of trees should be considered efficient if a relatively large

amount of organic matter is fixed per unit of nutrient taken up by the plant. One

process determining this efficiency would be the capacity of a given plant to

reabsorb nutrients from structures that undergo subsequent senescence. At the

ecosystem level, the nutrients released from organic matter decomposition should

be rapidly absorbed by roots, mycorrhizae, and soil decomposer organisms or

adsorbed by surface charges in organic matter and thus retained by the system.

This would minimise nutrient losses despite the potentially large amount of nutri-

ents circulating in the forest system.

Vitousek (1984) further suggested that an efficient within-stand nutrient econ-

omy could reflect a limitation on net primary production (NPP) while an inefficient

within-stand nutrient economy would be suggestive of an adequate or better

nutrient supply. Based on such assumptions, he determined that most lowland

forests in Amazonia have a relaxed nitrogen economy as they are inefficient

regarding nitrogen use, cycling large amounts of it in litterfall (dry mass:nitrogen

ratio of ca. 80). On the other hand, montane forests have high efficiency for

nitrogen (dry mass:nitrogen ratio of ca. 160). Regarding phosphorus and calcium,

he found signs that those nutrients could limit forest development as some of the

lowland forests have higher efficiency for both P (dry mass:phosphorus ratio ranges

from 1000 to 8000) and Ca (dry mass:calcium ratio ranges from 100 to 800).

Vitousek’s results were subsequently confirmed by Silver (1994) who tested

Vitousek’s indices of nutrient use efficiency (litterfall mass:nutrient ratio) against

soil nutrient indices. She found that extractable P was strongly and significantly

correlated to the litterfall mass:P ratio. A weaker but significant relationship was

found with Ca, while no relationship was found for N. Soil P concentration was also

strongly correlated with production of litterfall mass in lowland tropical forests.
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Grubb (1989) was strongly critical of the nutrient use efficiency (NUE) approach

as in his view, at least as applied by its proponents, it failed to take into account

differing allocations of forest production to leaves or stem wood. Furthermore,

NUE omits the uptake of nutrients followed by leaching, as well as ignoring

variations in NUE due to the plant age which may be very important in mixed-

age communities. Nutrient use efficiency thus has been a debated concept, and a

number of different definitions and indices have emerged (Chapin 1980; Vitousek

1982; Berendse and Aerts 1987; Bridgham et al. 1995; Aerts and Chapin 2000;

Hiremath and Ewel 2001). At the forest stand level, the most appropriate

approaches may include the production of biomass per unit of nutrient taken up

(Berendse and Aerts 1987) and production per unit of nutrient available in the soil

(Bridgham et al. 1995). Berendse and Aerts (1987) suggested two mechanisms by

which a tree could be more efficient than another: (1) intrinsic nutrient productivity

(the rate of production per unit of nutrient) and (2) the mean residence time of a unit

of nutrient within plants.

Herbert et al. (1999) studied nutrient use efficiencies across a soil age gradient in

Hawaii and found that N and P productivity increased about twofold across the age

gradient. Greater nutrient productivity contributed substantially to overall NUE in

the oldest substrate when compared to the youngest one. In contrast, a longer

nutrient residence time within the canopy contributed to NUE in both old and

younger substrates. Despite Grubb’s criticisms, a considerable part of recent liter-

ature about forest nutrient economy is still based on the NUE approach (see Cuevas

and Medina 1986, 1989; Tanner et al. 1998; Smith et al. 1998; Sollins 1998; Roggy

et al. 1999; McGrath et al. 2001).

Although no nutrient cycling system can be assumed to be leak proof, it does

seem logical that nutrient cycles should become tighter as nutrient availability

through weathering declines, with this at least partially decoupling the nutrient

economy of a given forest from its underlying soil fertility. Other factors may also

be relevant, such as the decline of plant-accessible soil phosphorus forms during

soil formation and ecosystem evolution. These occur not only through long-term

losses in total P amount through leaching and loss of soil mass but also by the

transformations of P pools to unavailable, recalcitrant forms (Walker and Syers

1976; Quesada et al. 2010). In most situations, the phosphorus economy is still,

however, to a large degree, dependent on the P retention and exchange character-

istics of the soil. For example, even when organic forms are the dominant source of

phosphorus this still requires that transformations from organic to inorganic P

species occur within the mineral soil matrix. This is because mineralisation of

organic phosphorus is thought to occur mostly through interactions with extracel-

lular phosphohydrolases excreted into the soil by roots and litter-decomposing and

soil microorganisms, with abiotic mineralisation of organic phosphorus compounds

being far less efficient (Quiquampoix and Mousain 2005).

As outlined in Sect. 1.2, some soils in the Amazon basin do indeed have high

nutrient concentrations or have the products of parent material weathering close to

the plant rooting zone. Forests on such soils might not, therefore, be expected to

exhibit so strong internal nutrient cycling characteristics as the forests on
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dystrophic soils. That is to say, on relatively fertile soils, forest nutrient cycles may

have important weathering inputs from the soil, this potentially being the case for

all elements other than N. With respect to the processes discussed above, Baillie

(1989) reported that ideally, there were two types of nutrient cycle. The first is an

‘open’ system where there are losses of nutrients to the atmosphere, surface water,

and groundwater. These losses are balanced by gains from rainfall and aerosol

depositions, but mainly from mineral weathering in the soil and/or upper part of the

saprolite (Jordan 1985; Kellman and Carty 1986). The second, a ‘closed’ system,

occurs where there are virtually no nutrient inputs from weathering. This system is

more efficient and is almost leak proof for much of the time. Any losses experi-

enced are replenished by atmospheric inputs (Jordan 1982). In this type of system,

nutrients absorbed by roots are almost totally derived from organic matter decom-

position. The two types of cycling correspond to the coupled and uncoupled models

of Burnham (1989), but, rather than being clearly defined groups, they represent the

extremes of a range in nutrient cycles. Indeed, as has been shown by Quesada

et al. (2010, 2011) many tropical forests are actually likely to be in intermediate

situations of partial weathering inputs to the system, and thus, a wide range of

nutrient-conserving mechanisms probably exist with an associated continuum in

extent of nutrient cycle openness/closure.

Baillie (1989) reported that although the factors affecting the nature and scale of

weathering inputs include forest successional status, site stability, and climate, it is

the soil’s physical and chemical characteristics which are the more important. Soil

morphological features, such as poor subsoil drainage, or a considerable soil

depth—the latter being typical of highly weathered tropical soils (Burnham

1989)—or mechanical impedance to root penetration may exclude roots from

zones where weathering is occurring—thus leading to closed systems. Likewise,

soils at early stages of weathering, soils with volcanic ash deposition, some alluvial

soils, soils on erosional slopes, and soils exposed to instabilities, such as earth-

quakes or landslides, are expected to be characterised by a regular (though perhaps

erratic) contribution of parent material weathering to the nutrient cycle and should

therefore approach open systems (Baillie 1989; Burnham 1989). In such systems

with weathering inputs, the type of parent material, its rate of weathering, the type

and rate of nutrient release, and its depth of placement in the soil are all important in

determining the rate of the release of plant-available nutrients. There are also soil

effects in the working of closed cycles. For example, texture and mineralogy can

influence the ability of an ecosystem to retain and release nutrients.

Full measures of ecosystem nutrient cycle ‘openness’ or ‘closure’ effectively
require measures of both the rates of nutrient uptake and the release of it by the

vegetation as well as input/outputs, such as those associated with wet and dry

deposition, weathering, and leaching losses. Nevertheless, an examination of the

relationship between concentrations of nutrients in the leaves versus the soil can be

informative, especially when—rather than plotting the same element on different

bases—e.g. phosphorus per unit leaf dry weight versus phosphorus per unit soil dry

weight as in Cleveland et al. (2011)—both plant and soil values are converted to the
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common units per ground area. For the plant canopy, this can be simply estimated

as

Θ½ �C,a ¼ L Ma Θ½ �L,m
D E

ð12:1Þ

where [Θ]C,a is the (total) canopy nutrient concentration (expressed as g m
�2 or mol

m�2), where L is the leaf area index (m�2 m�2), Ma is the leaf mass per unit area

(typically g m�2), and [Θ]L,m with the triangular brackets indicating mean values.

For the soil nutrients again only a simple transformation is required, this being

Θ½ �S,a ¼
Zz¼d

z¼0

ρb Θ½ �ex,mdz ð12:2Þ

where [Θ]S,a is the soil nutrient concentration (in g m�2 or mol m�2), ρb is the soil
bulk density (typically in kg m�3), [Θ]ex,m is the plant available soil nutrient on

mass basis (typically g g�1 or mmol g�1), z is the soil depth (below the soil surface),

and d is the depth of soil nutrient availability considered. Using values of [Θ]L,m
and Ma published by Fyllas et al. (2009), along with associated leaf area index

measurements (Fyllas et al. 2012), Fig. 12.4 shows estimates of [Θ]C,a for many of

the Amazonian sites of Fig. 12.2 as a function of [Θ]S,a, the latter estimated to 0.3 m

depth and calculated using the data of Quesada et al. (2010) in Fig. 12.4.

Here, in all cases we have attempted to fit a Michaelis–Menten type relationship

viz.

Θ½ �C,a ¼ Θ½ �max= 1þ Km= Θ½ �S, a
� �

ð12:3Þ

where [Θ]max is the maximum canopy nutrient (Θ) concentration observed—any

value close to or beyond which presumably reflects some sort of [Θ]S,a availability
excess for that nutrient—and with Km a constant reflecting the [Θ]S,a at which

Θ½ �C,a ¼ 0:5 Θ½ �max.

For phosphorus, a clear positive but saturating relationship is evident with the

estimates of both [Θ]max and Km both significant at p< 0.005 and with [Θ]max

estimated at 0.026� 0.003 mol m�2 and Km¼ 0.45� 0.12 mol m�2 Less than 0.1

of the sites sampled are characterised as having Θ½ �C,a < 0:5 Θ½ �max (Fig. 12.3a).

For potassium, whether the relationship is saturating or not is less clear, though

with significant terms again obtained ( p< 0.05) and with [Θ]max estimated at

0.167� 0.034 mol m�2 and Km¼ 0.291� 0.127 mol m�2 (Fig. 12.4b). Here there

are relatively more sites for which Θ½ �C,a ¼ 0:5 Θ½ �max (in all ca. 0.4 of the dataset).

In the case of calcium, a Michaelis–Menten type relationship clearly applicable

([Θ]max¼ 0.143� 0.011 mol m�2 and Km¼ 0.242� 0.069 mol m�2) there are—as

for phosphorus—again a few sites for which Θ½ �C,a < 0:5 Θ½ �max. Most markedly,
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it is also clear that, unlike phosphorus or potassium, there are at least 10 sites in our

dataset for which Θ½ �C,a < Θ½ �max and with calcium then presumably in excess.

There is no relationship between the availability of Mg in the soil and canopy

Mg content (Fig 12.4d). This suggests that in all cases there may be more than

sufficient for the vegetation requirements for this element.

Also of interest is a comparison of the absolute values of the soil versus canopy

nutrient concentrations when both are expressed in the same units. Taking the ratios

at Θ½ �S,a ¼ Km , Θ½ �C,a ¼ 0:5 Θ½ �max for this cross-elemental comparison, we find

[Θ]C,a/[Θ]S,a¼ 0.05, 0.28, and 0.29 for phosphorus, potassium, and calcium, respec-

tively. Thus, it is clear that the soil:plant relationship for phosphorus—with there

usually being much less phosphorus partitioned to the canopy foliage than is present

in the soil—is very different to that for the cations examined where the soil

Fig. 12.4 Relationships between soil and leaf nutrient concentrations with both expressed on a

ground area basis. (a) phosphorus; (b) potassium; (c) calcium; (d) magnesium. Nitrogen has not

been included in this analysis as no appropriate plant availability measures were available
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typically contains only about five times as much available nutrient that is present in

the leaves.

Also interesting to consider in this context the amount of nutrient stored in other

woody plant components, especially the tree boles; for which—although overall

concentrations are lower typically, contain around 10 times the total foliar nutrient

stock as a consequence of their higher biomass (Bond 2010). For example, from

data cited by Vitousek and Sanford (1986) total above-ground calcium stocks of

tropical forests can be expected to range from ca. 0.7 to 10 mol m�2 whilst for

magnesium and potassium the equivalent values are 0.3–2 mol m�2 and 0.8–-

8 mol m�2, respectively. A consideration of these values in terms of soil availability

(Fig. 12.4) then suggests that for Ca and Mg the magnitude of nutrient stocks in the

soil and above-ground biomass is more or less similar. But that for potassium only a

small fraction of the biogeochemically active pool is retained in the soil. With little

additional available potassium available below 0.3 m depth in the less fertile soils

of the Amazon basin (Quesada et al. 2011), this raises the interesting possibility

that, for some tropical forests at least, total above-ground carbon stocks might be

limited by potassium availability (but see also Bond 2010).

In this respect, the situation for phosphorus seems somewhat different with

typical total above-ground values of 0.1–1.0 mol m�2 nearly an order of magnitude

less than those of the soil. This suggests that any limitation of P on tropical forest

productivity is likely to be via expensive carbon costs of acquisition as opposed to a

simple lack of abundance. Indeed, it is worth noting that our estimates of plant

available P here have included not only that already available in the soil solution but

also both the inorganic and organic pools extracted with bicarbonate and then

NaOH using the Hedley procedure (Quesada et al. 2010). As is discussed in

Quesada et al. (2012), there is good evidence that all these pools contain P that is

accessible to plants, should it be required. But the carbon costs for the acquisition of

at least some of these plant-accessible pools may be considerable in terms of fine

root production, mycorrhizal associations, organic acid exudation, and phosphatase

production (see also Sect. 1.4.2).

Figure 12.4 shows that when nutrients become scarce, leaf-level nutrient con-

centrations start to decrease, and nutrient-conserving mechanisms presumably

begin to assume a greater importance, but never to the extent that stand-level

nutrient content is no longer independent of soil nutrient availability. Thus, as

soil nutrient availability declines it is not surprising that one observes lower levels

of wood productivity (Quesada et al. 2012). This coupling of soils and vegetation

nutrient economy with growth is paralleled—and from an anthropogenic carbon

viewpoint to some extent even offset—by another important characteristic of the

Amazon basin rainforests: a transition from fast-growing, nutrient-demanding

forest ecosystem on relatively young soils to a slow-growing ecosystem, with low

nutrient demands on older soils. This is because, associated with this transition,

there is also a significant increase in woody biomass residence time (longer-living

trees) as soils become more weathered. The net result of this is that biomass stocks

are, on average, greater on low productivity and low nutrient soils. The growth rates

of such forests can then be viewed as adjusted to the rate in which nutrients are
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made available through decomposition and nutrient mineralisation, thus suggesting

a view that the coupling of soils and tree nutrient economy becomes partial when

slow growth strategies are adopted by the forest. These differences in stand-level

growth and dynamics seem strongly mediated though trait-mediated species–soil

associations (Fyllas et al. 2012; Quesada et al. 2012), and the great intrinsic

variability in potential soil fertility niche across the Amazon forest biodiversity

spectrum may be one reason why nowhere in the basin do we see the sort of

‘ecosystem degradation’ associated with intensively weathered soils as reported

by many chronosequence studies (e.g. Peltzer et al. 2010).

12.4 Influence of Soils on Forest Species Composition,

Structure, and Dynamics

12.4.1 Species Composition

Historically, the literature has been controversial with regard to the importance of

soil nutrient status in relation to tree species richness in Amazonia. Some studies

have reported that species richness was generally negatively correlated with soil

nutrient status (Huston 1980; Faber-Langendoen and Gentry 1991); others have

reported a positive correlation between species richness and soil nutrient status

(Stark 1970; Gentry 1982, 1988; Phillips et al. 2003). For example, Ruokolainen

et al. (2007) reported that beta diversity of three different plant groups in the

Ecuadorian Amazon were highly correlated and that much of this association

could be explained by variations in edaphic conditions. Yet others emphasised

relationships with rainfall and the length of dry season (Clinebell et al. 1995; ter

Steege et al. 2003).

Species distributions are often reported to be associated with soil properties.

John et al. (2007) showed significant relationships between tree distribution and soil

nutrient concentrations for at least a third of the tree species in lowland forests of

Colombia, Ecuador, and Panama. More recently, Higgins et al. (2011) have

suggested that floristic patterns in Amazonian forests might be associated with

edaphic variation across geological formations. The authors used remote sensing

techniques and associated soil and plant inventories to document geological and

floristic discontinuities occurring in Amazonia. The geological discontinuity iden-

tified by Landsat and SRTM data corresponded to a 15-fold change in soil cation

concentrations and an almost total change in plant species composition. The authors

concluded that floristic patterns of Amazonian forests were partitioned into large-

area units on the basis of geological formations and their edaphic properties. Other

studies of Amazonian forests have found strong relationships between plant species

composition and edaphic properties. This suggests that, to a large degree, floristic

patterns may be related to underlying geological patterns (Tuomisto et al. 1995,

2003; Phillips et al. 2003; ter Steege et al. 2006; Pitman et al. 2008).
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Irrespective of the underlying mechanism(s), it is clear that basin-wide varia-

tions in plant community composition occur, with the central and eastern Amazon

areas typically dominated by plant families (Caesalpiniaceae, Lecythidaceae,

Chrysobalanaceae, and Sapotaceae) which have ‘stress-tolerant’ growth strategies,

such as high wood density, large seeds, and seedling banks. Trees in these families

usually have intrinsically slow growth rates and with characteristically low foliar

nutrient concentrations (dry weight basis) and a high leaf mass per unit area (Fyllas

et al. 2012), which may be taken as indication that they are adapted to nutrient-poor

environments. Conversely, the dominant families of the western Amazon, such as

Cecropiaceae, Mimosaceae, Malvaceae, Arecaceae, Moraceae, and Myristicaceae,

are generally characterised by a low wood density and high growth/mortality rates

(Phillips et al. 2004; Baker et al. 2004b) and higher foliar nutrient concentrations

(Fyllas et al. 2009, 2012). Phillips et al. (2004) suggested that the floristic gradient

is likely to be an effect of the edaphic resource gradient and that the effects of soil

quality on tree turnover rates may be favouring some phylogenetically conserved

growth and regeneration strategies over others. In agreement with the above, ter

Steege et al. (2006) suggested that there existed two independent gradients of

species composition across Amazonia. The first gradient stretches from the Guiana

Shield to south-west Amazonia and is congruent with parallel gradients of soil

fertility, seed mass, and wood density. The second gradient of species composition

stretches from southern Colombia to south-eastern Amazonia (the southern fringe

of the basin) and appears to be related to dry season length. Interestingly, recent

work from ter Steege et al. (2013) estimated that only relatively few species (227)

accounted for about half of all trees >10 cm DBH occurring in Amazonia. Most of

these ‘hyperdominant’ trees are, however, habitat specialists, having wide ranges

but being typically associated with one or two forest types (e.g. white sand forests,

seasonally flooded forests) and limited to specific geographical regions of

Amazonia.

12.4.2 Forest Dynamics

Stem turnover can be defined as the average rate at which trees die and are recruited

in a forest population. The rate of stem turnover increases across the Amazon basin

from the east (average turnover rate of 1.35% year�1) to 2.6% year�1 in the more

fertile west and south-west (Phillips et al. 2004). This coincides with the gradients

of soil fertility and geology described above in Sect. 1.2, and, indeed lower rates of

stem turnover, net biomass gain, and productivity are associated with the nutrient-

poor eastern and central areas with higher rates found in the more fertile west and

south-west portions of Amazonia. This has resulted in the hypothesis that soil

fertility may play a defining role in determining the threefold difference in produc-

tivity, turnover, and net biomass gain between the western and central-east areas of

Amazonia (Phillips et al. 1998; Malhi et al. 2004; Baker et al. 2004a, b; Phillips

et al. 2004; Stephenson and Van Mantgen 2005).
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However, a recent interpretation of soil–plant relationships in Amazonia has

argued that soil fertility itself may not be the main driver of stem turnover rate

variations; instead, those authors provided evidence that soil physical quality is

most likely the principal driver of stem turnover rates (Quesada et al. 2012). Soil

physical properties, such as shallow soil depth, poor drainage, and physical imped-

iments in the subsoil, can be an important source of limitation to forest growth,

directly or indirectly influencing tree mortality and turnover rates. Such physical

conditions are strongly correlated to soil fertility (Fig. 12.5) since both nutrient

losses and profile development occur simultaneously (Quesada et al. 2010). Highly

weathered soils with low nutrient concentrations are typically of several metres

depth above the parent material and usually have good physical structure (e.g. for

water relations, root penetration) as a result of millennia of soil development

(Sanchez 1987). On the other hand, richer soils in Amazonia are closely related

to lower levels of pedogenesis, consequently having poorly developed horizons,

and are often shallow (Quesada et al. 2010, 2011).

Limiting soil physical conditions often result in harsh root environments and can

exert a major influence on plant growth and survival (Arshad et al. 1996;

Schoenholtz et al. 2000). Shallow soil depth and steep topography often result in

limited root space and short and stunted root systems, with these characteristics

highly increasing the possibility of tree death by wind blow (Dietrich et al. 1996).

Fig. 12.5 Convergent variation of soil physical properties (represented here by the index Π1) and

the concentration of soil P and exchangeable bases in Amazonia
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For example, Lieberman and Lieberman (1987) reported that steep slopes in Costa

Rica set a limit in tree size, above which trees are more likely to collapse. Soil

structure is another physical characteristic of prime importance, which has been

associated with restrictions for root development (Van Wambeke 1992; Arshad

et al. 1996) and reductions in productivity, as was shown in tree plantations in the

tropics (Dedecek et al. 2001; Hirai et al. 2003). Any of these adverse properties

may, alone, be positively associated with high tree turnover rates in Amazonia

(Quesada et al. 2012); accounting for the likely interactions amongst them increases

their importance in accounting for the observed tree turnover in Amazonia.

The dominant mode of tree death in a tropical forest and the level of disturbance

associated with it can also be strongly related to the soil physical environment. For

instance, trees in tropical forests of Asia and South America were found to die

standing on plateaux with deep, well-drained soils, while trees in areas with steep

topography and soil limitations for root anchorage, such as flooding and shallow

soil depth tended, to die uprooted (Gale and Barford 1999; Gale 2000; Gale and

Hall 2001). The resulting gaps created by tree death are usually different too, with

those resulting from gradual fragmentation of standing dead trees being smaller and

formed over an extended period of time, which results in lower levels of disturbance

after tree death as compared to gaps formed by uprooted and snapped trees. The

latter, mostly found in association with poor soil physical conditions, are large in

size and produce a dense layer of debris, resulting in much higher disturbance level

than gradual decay of standing dead trees (Gale and Barford 1999; Carey

et al. 1994; Sugden et al. 1985).

Soil physical properties change the structural assemblage of the forest, and how

the total biomass is stored in the trees (Martins et al. 2014). Physically constrained

soils with high rates of stem turnover tend to be dominated by smaller trees, often

having more stems per unit area, while forests growing in favourable physical and

low-disturbance soil conditions allow trees to live longer and thus accumulate more

biomass per individual. Soil physical properties have also been reported to be

related to the abundance of palms in Amazonia (Emilio et al. 2014), pan-tropical

tree height:diameter relationships (Feldpausch et al. 2011), forest demographic

structure Cintra et al. (2013), and necromass stocks (Martins et al. 2014).

Wood production, as opposed to turnover, is thought to be directly influenced by

soil nutrient availability, and both experimental and correlational studies support

the existence of nutrient limitation. Considering montane forests first, the particular

nutrient or nutrients that limit production seem to vary with sites (Tanner

et al. 1998). For example, nutrient addition experiments in montane forests reported

that stem growth was 77% higher after nitrogen addition and increased by 32%

after phosphorus addition in Jamaica and 133% higher after simultaneous nitrogen

and phosphorus addition in Venezuela (Tanner et al. 1990, 1992). Other experi-

ments in montane forests have demonstrated that forest growth and litterfall

production may be limited by nitrogen or by both nitrogen and phosphorus (Herbert

and Fownes 1995; Raich et al. 1996; Vitousek and Farrington 1997; Vitousek

2004). For lowland tropical forests, nutrient addition with phosphorus and other

nutrients have been shown to increase litterfall, sapling growth, and the growth of
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successional vegetation (Walker et al. 1996; Mirmanto et al. 1999; Kitayama

et al. 2004; Davidson et al. 2004; Wright et al. 2011).

Vitousek (1984) reported that the production of fine litterfall in 62 areas of

tropical forests were significantly correlated with litter phosphorus concentration,

suggesting that phosphorus, but not nitrogen, limited litterfall production in most

areas in his study. He also showed that Amazonian forests generally had lower P

circulation and higher dry mass:litter P ratios than other lowland tropical forests.

Paoli and Curran (2007) reported that litterfall in Borneo was positively related to

soil extractable phosphorus (Olsen P) and the sum of bases. The authors further

reported that basal area and biomass growth and forest NPP (litterfall + biomass

growth in their study) showed a strong positive relationship with soil nutrients,

particularly with phosphorus. They concluded that the spatial variation of soil

phosphorus supply was the primary determinant of NPP in their study area.

Kitayama et al. (2000) using soil phosphorus fractionation techniques and associ-

ated litterfall measurements reported that P use efficiency (PUE) increased with

elevation on Mount Kinabalu.

In a first study of Amazon basin-wide patterns of wood production, Malhi

et al. (2004) reported that above-ground coarse wood productivity (WP) varied

between 1.5 and 5.5 Mg C ha�1 year�1, with the pattern of productivity varying

regionally. The authors demonstrated that central and eastern Amazonian forests

had relatively low rates of production, and an intermediate group of moderate WP

was observed occurring in northern Amazonia as well as in the southern fringe of

Amazonia (Brazilian and Guiana Shields). Highest WP occurred in western Ama-

zonia. Overall, the lowest WP was found in the caatinga forest growing on sandy

soils in Venezuela (stunted forest physiognomy; see Anderson (1981) for detailed

description). Those authors then proposed a division of the study sites in broad soil

categories which were associated with variations in WP: the lowest WP occurred on

white sands, while the Ferralsols of central and eastern Amazonia had 24% higher

rates of WP. Forests on late Pliocene and Holocene sediments showed no differ-

ences between their WP values, which were both 50% higher than those on

Ferralsols. Cambisols from submontane regions had the highest rates of WP and

were 75% higher than the Ferralsols while alluvial and seasonally flooded soils

varied in their values of WP depending on the kind of sediment deposited by the

floods. Malhi et al. (2004) concluded that soil factors may be very important in

determining the WP at a basin-wide scale. More direct evidence of nutrient limita-

tion on forest productivity has been reported by Quesada et al. (2012) who dem-

onstrated that rates of basal area and biomass growth were best accounted for by

variations in total soil phosphorus concentrations across 59 permanent plots across

Amazonia (with additional effects of exchangeable bases and dry season precipi-

tation also evident).

There is also evidence that low soil P concentrations can limit microbial

processes in moist tropical forests. Cleveland et al. (2002) showed that microbial

C decomposition, especially from the least labile C fractions, was limited by low

soil P concentration in forests over Ferralsols in Costa Rica, but with a similar

interaction not observed in soils with high P. Similarly, microbial mineralisation of
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dissolved organic matter in soils in response to P addition has been shown to be

related to higher P immobilisation in decomposing material and subsequent higher

P concentration in dissolved organic matter (Cleveland et al. 2006). By contrast,

McGroddy et al. (2004) found no difference in litter decomposition rates in sub-

strates of contrasting soil phosphorus status in eastern Amazonia.

In terms of nitrogen availability, Tanner et al. (1998) suggested, based on

patterns of foliar and litterfall concentrations, that nitrogen was in excess supply

in most lowland tropical forests as a product of high rates of N transformations,

indicated by the relatively high rates of N mineralisation and N-containing trace gas

emissions from soils. Using plant and soil 15N:14N ratios from a range of tropical

and temperate forests, Martinelli et al. (1999) also showed that tropical forests

tended to be N-rich environments with an open N budget and with N inputs and

outputs larger than the internal N cycle within the systems. Although N is often

considered to be an excess nutrient in lowland tropical forests, it is likely to limit

growth in montane forests and forests on white sand (Jordan and Herrera 1981;

Vitousek and Sanford 1986; Martinelli et al. 1999). Contrary to previous sugges-

tions (i.e. Cleveland et al. 1999), there is, however, little evidence that N fixation is

a common process in Amazonia (Nardoto et al. 2014), with the exception of some

particular conditions that may lead to eventual N shortage or when fixing N gives a

clear competitive advantage, such as legume trees in gaps (Vitousek et al. 2002;

Hedin et al. 2009) or during secondary forest regeneration (Batterman et al. 2013).

Overall, phosphorus has increasingly emerged as the most likely nutrient to

constrain tropical lowland forest productivity (Vitousek 1982, 1984, 2004; Cuevas

and Medina 1986; Vitousek and Sanford 1986; Silver 1994; Reich et al. 1995;

McGrath et al. 2001; Paoli and Curran 2007; Quesada et al. 2012). Such a limitation

by P is conceptually attractive as P is only supplied by parent material. Thus, the

evolution of soils during weathering tends to reduce plant available P pools either

by parent material weathering and leaching and/or modification to the chemical

state of both organic and inorganic P towards non-available forms such as the P

occluded by Fe and Al oxides (Walker and Syers 1976). In addition, because P is

essential for high-energy P bounds and triose phosphates, deficiency in this nutrient

could potentially limit carboxylation in photosynthesis and thus community-level

primary production (Raaimakers et al. 1995; Crews et al. 1995; Herbert and Fownes

1995; Raich et al. 1996; Kitayama et al. 2004). However, generalisations deserve

caution as not all forests may be effectively limited by P (Lloyd et al. 2001). For

example, Mirmanto et al. (1999) reported that N and P fertilisation during 4 years

had no effect on overall stem growth (but did stimulate growth in the ‘meranti’
group of fast-growing Dipterocarpaceae) but increased litterfall (i.e. likely, leaf

production) in an evergreen lowland tropical rainforest in Indonesia—a forest

where a high amount of nutrients is in circulation despite the low soil nutrient

concentration. Clark et al. (1998) found no difference in adult tree growth rate

between two terra firme sites where soil P concentration varied by a factor of two.

However, the role of P may have been obscured in many studies that only took into

account the amount readily available P in the soil solution (see discussion in

Quesada et al. 2012). This generally represents the smallest fraction of P in soils
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and is unlikely to reflect in any meaningful way the total phosphorus pool available

to trees. This is because solution P is in dynamic equilibrium with labile P pools

(Cross and Schlesinger 1995; Johnson et al. 2003). This means that once P is

depleted from soil solution, adsorbed P is released from the labile pools replacing

the P in solution (Lloyd et al. 2001; Hinsinger 2001). Therefore, any one point

measure of readily available P in time potentially has little meaning on its own.

To access these other forms of P, mycorrhizal associations may allow forest trees

to explore more soil area as well as to overcome the P depletion zones that are

formed around roots (Alexander 1989). Mycorrhizae raise the affinity of infected

roots for soil solution P and lower its concentration limits for absorption (Mosse

et al. 1973). This potentially leads to more desorption of P from the labile pools.

Mycorrhizal association can also increase P availability by making more phospho-

rus available of that adsorbed by iron oxides and otherwise unavailable to plant

roots (Alexander 1989). Moreover, although it is not completely clear whether or

not arbuscular mycorrhizae (AM) are able to use organic P directly, it has been

shown that ectomycorrhizae (ECM) can. Thus, organic P, the largest P pool in most

strongly weathered tropical soils (up to 80%, Sanchez 1976), may also be available

to mycorrizal plants (Alexander 1989, but also see Lloyd et al. 2001). Mycorrhizal

hyphae (including AM and ECM) can make connections between individual trees

of the same or different species and these individuals thus can exchange C and P

through these hyphal connections (Whittingham and Read 1982; Brownlee

et al. 1983).

Low levels of exchangeable bases may constrain tree growth in tropical forests.

For instance, calcium, one of the most mobile elements, can be depleted in soils

during pedogenesis (Thomas 1974), provoking occasional suggestions of Ca

(Vitousek and Sanford 1986; Cuevas and Medina 1986, 1989; Marrs et al. 1991;

McGrath et al. 2001) and K limitation (Wright et al. 2011; Quesada et al. 2012).

Direct evidence of this has, however, to date only come from managed forest

plantations for which there are significant losses of Ca from the ecosystem as a

result the biomass removal by harvesting (Hase and Foelster 1983; Bruijnzeel 1984;

Spangenberg et al. 1996; Nykvist 1998). This calcium ‘deficiency’ effect is likely
mediated through a role for this cation in wood formation (Fromm 2010) which

raises the important point that nutrient limitation to forest growth need not neces-

sarily be mediated through an effect on photosynthetic productivity itself. Indeed,

as is discussed below, a high soil potassium status might even serve to reduce stand-

level carbon acquisition rates through a favouring of low wood density species

(Quesada et al. 2012). This is because such species do not necessarily have a faster

growth rate than species with high wood density when considered on a carbon

(as opposed to height/volume) basis (Keeling et al. 2008).
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12.4.3 Forest Biomass

Studies on the effect of soil nutrients on above-ground biomass (AGB) of lowland

tropical forests have yielded contrasting results. In a landscape-scale study near

Manaus, Brazil, Laurance et al. (1999) found that AGB was positively correlated

with total N, total exchangeable bases, K, Mg, and clay content while it was

negatively correlated with Zn, Al saturation, and sand content. Roggy

et al. (1999) reported a positive relationship between soil nitrogen and AGB in

lowland tropical forests in French Guiana. On the other hand, several studies have

found no relationship between soils and AGB. Clark and Clark (2000) found no

difference in AGB amongst forest plots on three apparently different soils in La

Selva, Costa Rica, and Proctor et al. (1983) found no relationship between soil

nutrient concentration and AGB in four lowland tropical forests in Sarawak.

Similarly, Chave et al. (2001) reported no relationship between soil type and

AGB in French Guiana, and DeWalt and Chave (2004) also found no relationship

between different soil types and AGB in permanent plots within and amongst sites

at Manaus, Barro Colorado, and La Selva, but they did find a positive correlation in

Cocha Cachu, Peru, where differences in soil fertility were greater; however, their

observed differences in AGB there could also be related to soil physical limitation

at the low fertility site where there was a hardpan at 0.7 m. Paoli et al. (2007) found

that the AGB of lowland forests in Borneo was positively correlated with exchange-

able phosphorus (Olsen P) and negatively with sand fraction. Similar results were

reported by Kitayama et al. (2004) for two lowland forests in Borneo in soils of

contrasting age, where differences in AGB were positively associated with differ-

ences in P and N.

In the first Amazon basin-wide study relating soils to AGB, Quesada

et al. (2012) found that soil fertility was generally negatively correlated with

AGB. This means that the old and nutrient-poor soils with low tree growth rates

had the highest biomass, while the nutrient-rich and most productive forests had

much less AGB. The authors attributed this observation to the fact that the most

productive forests were also those with usually having high stem turnover rates,

with the balance between growth rates and tree residence times then being the main

factor defining variations in AGB. This means that, in a less than straightforward

way, AGB is influenced by edaphic properties related to both stem turnover rate and

wood production (physical properties and phosphorus availability, respectively).

Through the correlations of Fig. 12.5, they then suggested that a series of feedback

mechanisms initiated by soil properties may exist contributing to the maintenance

of different of biomass densities in slow versus fast growth systems (Fig. 12.6). Soil

fertility and soil physical properties are thus considered to both play an important

role either by controlling resource availability and/or forest disturbance rates,

respectively (Quesada et al. 2012).

Large variations in above-ground biomass have been reported in forests with

similar basal area (and by implication wood volume) across the Amazon basin, with

variations in AGB mostly explained by regional variations in wood density (Baker

et al. 2004a, b), and it is for this reason that Quesada et al. (2012) speculated that a
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negative relationship between soil potassium availability and wood density might

be a contributing factor (other things being equal) the biomass of forests on soil of

high cation status actually having a lower biomass than those on more dystrophic

soils. This effect is probably mediated directly—through high K status soils

favouring trees of a low wood density—and indirectly—through low wood density

trees ending to have intrinsically shorter lifetimes. Overall, Figure 12.6 suggests

that soil cation availability, soil phosphorus status, and soil physical conditions all

interact together to influence stand biomass with quite complex interactions possi-

ble. Thus, understanding the variation seen in the relationships between these three

key tropical soil properties as shown in Fig. 12.5—themselves likely to depend on

factors such as soil parent material as well as the nature of long-term atmospheric

inputs and weathering trajectories—may turn out to be critical to our understanding

of edaphic controls on tropical forest carbon stocks at the local, regional, and global

scale.

Fig. 12.6 Differential effects of soil nutrients and adverse physical conditions on above-ground

coarse wood productivity (WP), stem turnover rates, and wood density (ρW). GPP Gross Primary

Productivity, the annual rate of carbon gain by the stand through photosynthesis (from Quesada

et al. 2012)
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DA, Nú~nez Vargas P, Pitman NCA, Quesada CA, Salom~ao R, Silva JNM, Torres Lezama A,

Terborgh J, Vásquez Martı́nez R, Vinceti B (2006) The regional variation of aboveground live

biomass in old-growth Amazonian forests. Glob Chang Biol 12:1107–1138

Marbut CF, Manifold CB (1926) The soils of the Amazon basin in relation to their agricultural

possibilities. Geogr Rev 15:617–643

Marrs RH, Thompson J, Scott D, Proctor J (1991) Nitrogen mineralization and nitrification in terra

firme forests and savanna soils in ilha de Maraca, Roraima. Braz J Trop Ecol 7:123–137

Martinelli LA, Piccolo MC, Townsend AR, Vitousek PM, Cuevas E, McDowell W, Robertson GP,

Santos OC, Treseder K (1999) Nitrogen stable isotopic composition of leaves and soil: tropical

versus temperate forests. Biogeochemistry 46:45–65

Martins DL, Schietti J, Feldpausch T, Luiz~ao FJ, Phillips OL, Andrade A, Castilho C, Laurance

SG, Oliveira A, Amaral IL, Toledo JJ, Lugli LF, Pinto JLPV, Oblitas Mendoza EM, Quesada

CA (2014) Soil-induced impacts on forest structure drive coarse woody debris stocks across

central Amazonia. Plant Ecol Divers, accepted manuscript. doi:10.1080/17550874.2013.

879942#_blank

McGrath DA, Smith CK, Gholz HL, Oliveira FA (2001) Effects of land-use change on soil nutrient

dynamics in Amazonia. Ecosystems 4:625–645

McGroddy ME, Silver WL, Cosme de Oliveira R Jr (2004) The effect of phosphorus availability

on decomposition dynamics in a seasonal lowland Amazonian forest. Ecosystems 7:172–179

Medina E, Delgado M, Troughton JH, Medina JD (1977) Physiological ecology of CO2 fixation in

Bromeliaceae. Flora 166:137–152

12 Soil–Vegetation Interactions in Amazonia 295

http://dx.doi.org/10.1080/17550874.2013.879942#_blank
http://dx.doi.org/10.1080/17550874.2013.879942#_blank


Medina E, Sobrado M, Herrera R (1978) Significance of leaf orientation for leaf temperature in an

Amazonian sclerophyll vegetation. Radiat Environ Biophys 15:131–140

Mirmanto E, Proctor J, Green J, Nagy L, Suriantata (1999) Effects of nitrogen and phosphorus

fertilization in a lowland evergreen rainforest. Philos Trans R Soc London B Biol Sci

354:1825–1829

Mosse B, Hayman DS, Arnold DJ (1973) Plant growth responses to VA micorrhizas. New Phytol

72:809–815

Nardoto GB, Quesada CA, Pati~no S, Saiz G, Baker TR, Schwarz M, Schrodt F, Feldpausch TR,

Domingues TF, Marimon BS, Marimon Junior BH, Vieira I, Silveira M, Bird MI, Phillips OL,

Lloyd J, Martinelli LA (2014) Basin-wide variations in Amazon forest nitrogen-cycling

characteristics as inferred from plant and soil 15N/14N measurements. Plant Ecol Divers.

doi: 10.1080/17550874.2013.807524

Nykvist N (1998) Logging can cause a serious lack of calcium in tropical rainforest ecosystems: an

example from Sabah, Malaysia. In: Schulte A, Ruhiyat D (eds) Soils of tropical forest

ecosystems. Springer, Berlin, pp 87–91

Paoli GD, Curran LM (2007) Soil nutrients limit fine litter production and tree growth in mature

lowland forest of southwestern Borneo. Ecosystems 10:503–518

Paoli GD, Curran LM, Slik JWF (2007) Soil nutrients affect spatial patterns of aboveground

biomass and emergent tree density in southwestern Borneo. Oecologia 155:287–299

Peltzer DA, Wardle DA, Allison VJ, Baisden T, Bardgett RD, Chadwick OA, Condron L, Parfitt

RL, Porder S, Richardson SJ (2010) Understanding ecosystem retrogression. Ecol Monogr 80

(4):509–529

Phillips OL, Malhi Y, Higuchi N, Laurance WF, Nu~nez VP, Vásquez MR, Laurance SG, Ferriera

LV, Stern M, Brown S, Grace J (1998) Changes in the carbon balance of tropical forests:

evidence from long-term plots. Science 282:439–442

Phillips OL, Vargas PN, Monteagudo AL, Cruz AP, Zans MC, Sanchez WG, Yli-Halla M, Rose S

(2003) Habitat association among Amazonian tree species: a landscape-scale approach. J Ecol

91:757–775

Phillips OL, Baker T, Arroyo L, Higuchi N, Killeen T, Laurance WF, Lewis SL, Lloyd J, Malhi Y,
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Chapter 13

Fires in Amazonia

Luiz E.O.C. Arag~ao, Liana O. Anderson, André Lima, and Egidio Arai

13.1 Introduction

Tropical forest fires are an emerging important environmental issue of the twenty-

first century. In Amazonia, this recent preoccupation is, in part, related to the fact

that some global climate models predict an increase in the frequency and intensity

of droughts (see e.g. Chap. 4), due to changes in atmospheric circulation induced by

planetary warming (Li et al. 2006), which may turn the world’s largest tropical

forest into a more fire-prone system (Malhi et al. 2008). A reduction in rainfall is

expected to exacerbate the synergism between climate, deforestation, and fires

(Cochrane and Laurance 2002; Hutyra et al. 2005). This drought–deforestation–

fire interaction may increase the likelihood of fires to leak into surrounding

undisturbed forests, consequently magnifying the contribution of Amazonian fires

to global carbon emissions from land use. Fire frequency in Amazonia induced by

ongoing human activities has already been observed to have increased during
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dos Campos, SP, Brazil

Environmental Change Institute, University of Oxford, Oxford, UK

A. Lima • E. Arai

Remote Sensing Division, National Institute for Space Research—INPE, 12227-010 S~ao José
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periods of prolonged dry seasons during the 1998, 2005, and 2010 droughts (Arag~ao
and Shimabukuro 2010a).

The Large Scale Biosphere-Atmosphere Programme (LBA) has studied the

multiple facets of fire since the mid-1990s. These and other studies have focused

on understanding the frequency of fire occurrence, their impacts on vegetation and

consequent C emissions (Chaps. 5 and 6), as well as the effects of environmental

changes on fire events and potential feedbacks between climate, deforestation, and

fire (Uhl and Kauffman 1990; Cochrane and Schulze 1999; Rosenfeld 1999;

Cochrane et al. 1999; Ackerman et al. 2000; Laurance et al. 2001a, b; Laurance

and Williamson 2001; Cochrane and Laurance 2002; Barlow and Peres 2004a;

Nepstad et al. 2004; Artaxo et al. 2005; Alencar et al. 2006; Arag~ao et al. 2007a,

2008; Bowman et al. 2009).

With increasing international demand for C emission reductions to avoid passing

dangerous climate change thresholds, controlling the indiscriminate use of fires in

the Amazon region can be an efficient strategy to reduce carbon emissions. The key

challenge is to improve our understanding of fire regimes and on how they may

change with future changes in land use and climate. This will improve our ability to

forecast fire incidence at spatial and temporal scales that permit operational inter-

ventions for minimising the impacts of fires on carbon emissions, ecosystem

services, and human health.

In this chapter, we start by providing an overview of the state of our knowledge

on the spatial and temporal patterns of fires, focusing on fire incidence. We briefly

introduce the history of the use of fire in Amazonia, including pre-Columbian fires,

and depict its configuration in space and time with a particular consideration about

its relationship with land use and land cover and the influence of climate seasonality

and recent droughts on these patterns. We subsequently focus on the impacts of fire,

examining the extent of burned forests during major droughts and describing the

main impacts of fire on forest carbon stocks, forest structure, and composition as

well as Amazonian people. We then review the main modelling approaches for

quantifying and predicting fire occurrence. We conclude by providing a compre-

hensive view of the processes that influence fire occurrence, potential feedbacks,

and impacts in Amazonia, centred on human actions, fire, deforestation, and climate

and feedbacks among them.

Most of the analyses presented in this chapter refer to the Brazilian Legal

Amazon (BLA), which is the administrative boundary defined by law by the

Brazilian government, including not only the Amazon forest ‘biome’, but also
part of the Cerrado (savanna) and Pantanal (hyperseasonal flooded cerrado)

‘biomes’ within the national frontiers of Brazil. However, some analyses and

discussion are referred to Amazonia. In this case, we analysed the data in the

context of the whole Amazon forest ‘biome’, which includes closed and open

evergreen broadleaf lowland rainforests across the Amazon basin.
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13.1.1 Fire Incidence

Deforestation has been for years the major green house gas (GHG) emission source

in Brazil, contributing to c. 77% of all GHG emissions of the country (MCT 2010).

The deforestation process in BLA, which relies on clear cut of the native vegetation

and the subsequent use of fire to remove the slashed material, was a key contributor

for the 1,614,970 fire occurrences detected by the Terra/MODIS sensor between

2001 and 2010 in Brazil (Fig. 13.1a and b).

Despite a reduction in deforestation rates in 2010 by 64% below its 5-year

average from 2005 to 2009 (PRODES 2013), fire incidence has increased in 59% of

BLA with decreasing trends in deforestation rates (Arag~ao and Shimabukuro

2010a). Possibly this pattern relates to the high probability that deliberate fires,

used for managing pastures and suppressing regrowth in deforested areas, were

leaking into surrounding intact forests, helped by recent droughts, and by ongoing

increase of forest edge area, number of fragments, and secondary forest area

(Arag~ao and Shimabukuro 2010b).

To disentangle the potential interacting factors and processes, we first depict the

historical usage of fire in Amazonia, from pre-Columbian time to recent days. We

then examine the recent spatial and temporal footprint of fire in Amazonia, giving

particular attention to the effects of land use and land cover, climate seasonality,

and droughts on fire patterns.

Fig. 13.1 Global view of (a) total number of active fire detections per country and (b) the spatial

configuration of total number of active fires per 0.25� � 0.25� grid cells from Terra/MODIS sensor

between 2001 and 2010

13 Fires in Amazonia 303



13.1.2 Fire Usage in Amazonia

Most of the historical evidence suggests that wildfires in tropical forests were rare,

with return time intervals typically ranging from hundreds to thousands of years

(Sanford et al. 1985; Meggers 1994; Bush et al. 2007). Despite the possibility of

natural fire occurrence in pre-Columbian times, it is well accepted that the presence

of charcoal is an indicative of the use of fire by humans (Bush et al. 2008).

Establishing the causes and consequences of paleo-wildfires in Amazonia is

compromised by the small number of sites investigated and their spatial configu-

ration. Radiocarbon dating of charcoal collected from soil samples around San

Carlos de Rio Negro, Venezuela, indicates the occurrence of wildfire events at

6000, 3000, 1500, 650, 400, and 250 years ago (Sanford et al. 1985; Saldarriaga and

West 1986). These dates match with dry climatic phases in the late Holocene as

confirmed by pollen dating (Sanford et al. 1985).

In the past 50 years or so, fires have become more frequent (Bowman

et al. 2009), with the vast majority of burning events resulting from human-lit

fires (Cochrane and Schulze 1999; Cochrane et al. 1999; Uhl and Kauffman 1990).

In the Amazon basin, fire is widely used for the initial conversion of extensive areas

of natural vegetation into agricultural fields and pasture areas and for the subse-

quent suppression of secondary succession (Cochrane and Schulze 1999;

Kodandapani et al. 2004; Giglio et al. 2006; Bowman et al. 2008; Sorrensen 2008).

Anthropogenic activities can facilitate and directly increase the spread of fire

into forest systems (Cardoso et al. 2003) by creating and enlarging forest edges and

by disturbing forests through selective logging, which increases forest flammability

(Uhl and Bushbacher (1985); Nepstad et al. 1999; Cochrane and Laurance 2002;

Alencar et al. 2006). Secondary forests, regrowing on deforested areas (e.g. Lucas

et al. 2000), are also vulnerable to spreading fire as they can become rapidly

desiccated and flammable during dry periods (Ray et al. 2005).

The recent relatively large-scale settlement of humans in Amazonia was a result

of large government development projects (see e.g. Chap. 18). This process inev-

itably involved the frequent use of fire to clear forests and agricultural residue

(e.g. Cardoso et al. 2003; Nepstad et al. 2004). The expansion of the agricultural

frontier, therefore, led not only to an exponential increase in population in Ama-

zonia (Arag~ao et al. 2014), which can be directly associated with fire ignition

sources, but also to fragmentation of the natural vegetation matrix (cerrado, forest),

which increased the susceptibility of forests to fires.

Land use dynamics and related fire patterns in the region may vary according to

the price of agricultural commodities and due to various biophysical and socio-

economic factors, such as planned settlement, changes in infrastructure and acces-

sibility, as well as government policies (Sorrensen 2008; Brondizio and Moran

2008; Carmenta et al. 2011). Clearing for intensive agriculture is usually

characterised by repeated burning. This process can take up to 3 years for achieving

the complete removal of the slashed vegetation (Morton et al. 2006).
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Several studies have demonstrated a temporal association between fire and

deforestation, in the Brazilian Amazon and elsewhere (Sorrensen 2000, 2004;

Bowman et al. 2008; Sorrensen 2008; Arag~ao et al. 2008; Morton et al. 2013).

This relationship is consistent with the fact that burning events in Amazonia are

usually man-made. Spatial patterns of fire occurrence are also expected to follow

the patterns of forest conversion and subsequent land use (Lima et al. 2012).

Despite the extensive evaluation of the temporal links between fire and deforesta-

tion, there is still a need for better understanding the spatial structure of the

association between fire and deforestation and evaluating how past and present

land use and land cover change (LULCC) influence these spatial patterns.

13.1.3 Fire, Land Use, and Land Cover

Natural fires are rare in the Amazon forest ‘biome’ (Cochrane 2001; Bush

et al. 2007), but common in the Cerrado ‘biome’ (Ramos-Neto and Pivello 2000),

in the south and east of BLA (Fig. 13.2a). In the Cerrado, the long dry season period

(5–7 months) with rainfall lower than 100 mm month�1 (Sombroek 2001) makes

climatic conditions suitable for natural fires. This ‘natural’ pattern of low fire

incidence in the rainforest of Amazonia and high incidence in the Cerrado appears

to have changed in recent years.

Deforestation in BLA was responsible for the transformation of around

760,000 km2 of pristine seasonal, open, and closed canopy forests into pastures

for cattle ranching and agricultural lands by 2012 (PRODES 2013; Chap. 15). This

value corresponds to c. 15% of the original forested area of BLA. Forest conversion

in BLA has mostly affected the contact zones between the Cerrado and Amazon

forest ‘biomes’, expanding deep into the forest where access routes were available

(e.g. Fig. 13.2b). The spatial configuration of fires detected by satellites is highly

linked to the distribution of deforestation (Fig. 13.2c). This is expected because of

two widespread land use practices, acting as ignition sources for fires in the region:

(1) land clearing by slash and burn and (2) management of pastures using fire.

Fire recurrence time, as the time needed for fire to strike in the same area, has

been reduced to around 5–15 years (Cochrane et al. 1999; Alencar et al. 2006)

because of the amplification of land use in Amazonia. Within BLA, Mato Grosso

(MT) has been the state with the highest fire occurrence, detected by MODIS/

TERRA satellite, with an average (mean� standard deviation) of 1432� 1838 and

754� 1109 active fires per month detected between November 2000 and July 2011

in the biomes Amazonia and Cerrado, respectively (Fig. 13.3).

Observing fire patterns across ‘biomes’ within BLA for the same period, it is

clear that despite the dominance of fires in the contact zone between Amazonia and

Cerrado ‘biomes’ (1443� 1716 active fires), closed and open broadleaf forests are

also exposed to extensive fire occurrence (1692 active fires) (Table 13.1).

In the BLA region, as a whole, fire incidence has been directly related to

deforestation (Arag~ao et al. 2008). The annual rates of deforestation in BLA have
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Fig. 13.2 (a) Map of South America, displaying the Brazilian Legal Amazon (BLA, black limits)

and a detailed distribution of Brazilian ‘biomes’. (b) Fraction of the total grid cell area

(0.25� � 0.25�) that has been deforested by 2007, where 0 means no deforestation and 1 complete

conversion of the grid cell. (c) Mean number of active fires detected by the NOAA-12 sensor from

1998 to 2006 in each grid cell with similar spatial resolution as (b)

Fig. 13.3 Mean number of fires per month that occurred in each Amazonian state from November

2000 to July 2011. Error bars correspond to the standard deviation
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decreased from 21,400 km2 years�1 (1980s) to 4571 km2 recorded in 2012

(PRODES 2013). Nevertheless, this significant reduction in deforestation did not

involve a proportional reduction in fire incidence (Fig. 13.4). This result corrobo-

rates the study by Vasconcelos et al. (2013), which, analysing MODIS active fire

data from 2003 to 2012 for the state of Amazonas, did not observe the

deforestation–fire relationship proposed by Arag~ao et al. (2008). Moreover, Arag~ao
and Shimabukuro (2010a) also quantified a decoupling between fire and deforesta-

tion in BLA, analysing active fire data from AVHRR and MODIS sensors.

The decoupling between fire and deforestation in the past 10 years may be

related to the fact that secondary forests are not included in forest loss monitoring

programmes (PRODES 2013). Their conversion to agricultural use, as reported for

Table 13.1 Mean (�SD) number of active fires detected by MODIS/Terra in 0.25� � 0.25� grid
cells analysed in each forest type (count) in Brazilian Amazonia from November 2000 to July 2011

Contact

zone

Open

broadleaf

Closed

broadleaf

Seasonal semi-

deciduous

Seasonal

deciduous Campinarana

Mean 1443 1055 637 112 31 4

Sd 1716 2072 870 158 52 4

Count 129 123 126 129 79 42

Percent of

the total

100 95 98 100 61 33

Percent of the total, the percentage of grid cells within each forest type that have at least one fire

recorded within the analysed period

Fig. 13.4 Total number of monthly active fire occurrences within the domain of the Brazilian

Legal Amazonia. Grey bars correspond to the sum of fire occurrence in the Cerrado (light grey)
and Amazon forest (dark grey) ‘biomes’. The coloured areas correspond to the proportional

contribution of fires in the Cerrado (light magenta) and in the Amazon forest (light green) to the

total number of fire events detected in each month. Magenta squares correspond to annual

deforestation rates
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BLA (Fearnside et al. 2007), is not accounted for as new deforestation, while fires

associated with this conversion are quantified. In addition, the increased number of

forest fragments and area of forest edges (Broadbent et al. 2008), which are more

vulnerable to escapee fires, and the increased frequency of droughts in recent

decades (Marengo et al. 2011) could also have contributed to an absolute increase

in fire occurrences.

In contrast to the positive trends observed in 42% of the forested area in BLA

from 1998 to 2006, in the Cerrado within the BLA, fire occurrence has decreased

during the same period (Arag~ao et al. 2013). The Cerrado covers a climatic region

with high risk of fires (Arima et al. 2007); however, once the natural vegetation has

been cleared by fire, mechanised intensive agriculture tends to reduce fires (use for

burning residues) in comparison with agro-pastoral land use. Therefore, robust

predictions of fire risk require explicit information on land use (see Sect. 4.3) as a

key additional driver to the climatic and some infrastructural variables

(e.g. distance to roads, connectivity to markets, and population density) currently

used in fire probability models available (Laurance et al. 2002).

To date, we have achieved a reasonable understanding of fire patterns that

accompany the conversion of woody vegetation to agro-pastoral use in Amazonia;

however, the direct influence of different land uses on the spatial patterns of fire

incidence still need to be adequately considered in future work.

13.1.4 Fire, Climate Seasonality, and Droughts

In addition to land use and cover change, climate seasonality can become extremely

relevant for determining fire occurrence in Amazonian forests if human-related

ignition sources are active. Rainfall, temperature, and relative humidity (Cardoso

et al. 2003; Sismanoglu and Setzer 2005), plant available water (PAW) (Nepstad

et al. 2004), and vapour pressure deficit (VPD) inside the canopy (Ray et al. 2005)

are some of the most important factors directly related to forest fires in Amazonia.

The seasonality of these variables, which normally co-vary, defines the period of

occurrence and the intensity of fires (the intensity also depends on the availability of

fuel loads). Overall, fires tend to intensify during July, August, and September

(Fig. 13.4). This period corresponds to the dry season in most of the Amazon area,

with rainfall lower than 100 mm month�1, high VPD, and low PAW, especially in

the south and east of the region.

Severe droughts, moreover, can exacerbate fire incidence and severity, as

observed recently in 1997/1998, 2005, and 2010. The majority of droughts in the

region are associated with extreme El Ni~no events, which is characterised by the

anomalous warming of the equatorial Pacific Ocean near the coast of Peru

(Marengo 1992; Uvo et al. 1998; Ronchail et al. 2002; Marengo 2004). Recent El

Ni~no events occurred in 1982/1983, 1986/1987, and 1997/1998 (Fig. 13.5). During

the last decade, contrarily, droughts in Amazonia have been associated with

anomalously warm waters in the tropical Atlantic Ocean, following the Atlantic
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Multidecadal Oscillation (AMO) cycle (Li et al. 2006; Good et al. 2008; Marengo

et al. 2008). The AMO was identified as a partial driver of the 1997/98 drought and

the main driver of the 2005 and 2010 droughts (Marengo et al. 2008). Amazonia

constantly experiences El Ni~no or AMO-driven cycles that can cause droughts

(Fig. 13.5). As some of these droughts can manifest as extreme events (see

e.g. Chap. 4), refining our current understanding on how fire patterns respond to

such extremes is critical for predicting future impacts of fire on Amazonian

ecosystems and human populations.

El Ni~no-driven droughts normally affect northern Amazonia during the boreal

winter, which corresponds to the dry season in parts of South America, north of the

Equator. Moreover, eastern Amazonia is affected by these El Ni~no-driven droughts
during the austral winter, due to the opposite timing of the dry season. AMO-driven

droughts are related to droughts in the south-west of Amazonia during the Austral

winter (Saatchi et al. 2013).

The 1997/1998 El Ni~no-driven drought created perfect conditions for the wide-

spread occurrence of extensive wide-spreading fires. The total area of forests

burned by understory fires in BLA, for instance, was 14 times higher than during

an average non-El Ni~no year (Alencar et al. 2004, 2006). These fires followed the

drought pattern affecting areas in northern (Barbosa and Fearnside 1999) and south-

eastern flanks of BLA (Alencar et al. 2004).

The drought in 2005, conversely, was driven by the warming up of the tropical

Atlantic. This drought also led to a large reduction in rainfall during the dry season

Fig. 13.5 Monthly sea surface temperature anomalies in the tropical Pacific Ocean (dotted grey
line), related to the El Ni~no Southern Oscillation (ENSO) event and measured using the

Multivariated El Ni~no Index (MEI) and in the north Atlantic Ocean (slashed black lines)
represented by the Atlantic Multidecadal Oscillation index (AMO). Thick lines represent moving

averages of 12 months for the ENSO (grey) and 40 months for the AMO (black)
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(July, August, September) (Fig 13.6a and c). This anomalous water shortage created

ideal conditions for the widespread occurrence of fires in south-western Amazonia

(Arag~ao et al. 2007a; Cardoso and Oliveira 2007). Fire occurrence increased by

33% in relation to the long-term average with anomalies reaching values larger

than two standard deviations (σ) of the mean (Fig. 13.6b and d).

In 2010, despite the drought being more severe than in 2005, fire incidence was

26% lower. A total of 34,484 active fires were recorded for the Amazon forest

‘biome’ in 2005 in comparison with 25,612 in 2010. Cerrado areas within BLA

were more affected by fire than the Amazon forest ‘biome’ (Fig. 13.4). The lower
number of fires in 2010 in relation to 2005 was probably a reflexion of the 66%

reduction in deforestation rates in comparison to 2005, limiting ignition sources.

Nonetheless, the number of fires normalised by the area of deforested land in BLA

increased from 1.83 fires km�2 of deforested land in 2005 to 3.97 fires km�2 of

deforested land in 2010. Morton et al. (2013) quantified a 22% increase in the area

affected by understory forest fires from 2005 to 2010. These results clearly indicate

that fire counts detected from satellites are not restricted to forested areas quantified

by the INPE/PRODES deforestation programme and other land cover types may be

increasingly exposed to fire impacts (Arag~ao and Shimabukuro 2010b; Lima

et al. 2012).

Fig. 13.6 Top left panel (a) shows the long-term (1997–2006) mean of accumulated rainfall for

the months of July, August, and September (dry season in most of the Amazon region). Top right
panel (b) shows the same as top left panel but for active fire dataset. Bottom left panel (c) displays
rainfall anomalies (units in standard deviation of the long-term mean) for the trimester of July,

August, and September of 2005 and the bottom right panel (d) shows the same as bottom left using
the active fire dataset. Adapted from Arag~ao et al. (2007a)
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The key to understanding fire in Amazonia is that although drought exacerbates

fire occurrence, the ignition of fires is man-made; even during extreme droughts

Amazonian forests would not be affected by natural wildfires. This is evident by the

lack of significant positive fire anomalies in the Peruvian Amazon (low human

occupation/activity) during the 2005 drought (Fig. 13.6d), as opposed to fire

anomalies observed in eastern and southern BLA (high levels of human activity)

Where ignition sources are present, two climatic variables are critical in shaping

monthly and annual fire incidence behaviour: monthly rainfall and the length of the

dry season. Monthly rainfall explains around 60% of the variance in fire incidence

between 1997 and 2006 (Fig. 13.7a). Rainfall lower than evapotranspirative loss

(mean c. 103.4� 9.1 mmmonth�1 (Shuttleworth et al. 1989; Malhi et al. 2002; Cox

et al. 2004; Rocha et al. 2004; Hutyra et al. 2005) causes water deficit, which is

correlated with a high fire incidence. Over 50,000 active fires per month were

detected in one single month for the whole BLA during the 2005 drought event. The

relationship between fire and monthly rainfall follows an exponential decay func-

tion, decreasing fire incidence with increase in rainfall (Arag~ao et al. 2008), as for

example observed between 2003 and 2012 in Amazonas State (Vasconcelos

et al. 2013).

At the annual scale, the length of the dry season explains c. 70% of the variance

in the maximum monthly number of active fires (Fig. 13.7b). As the length of dry

season length increases, and consequently enhancing the water deficit of many

forests in Amazonia, which are common features of droughts in the region, leaf

shedding is exacerbated (Alencar et al. 2004; Phillips et al. 2009). This boost of

organic matter on the forest floor, with associated increase in canopy gaps (Ray

et al. 2005), favours the rise of temperature inside the forest and the reduction in soil

and litter moisture. With the increase in drying the accumulated combustible fuel on

the forest floor during extended dry periods conditions becomes ideal for the spread

Fig. 13.7 (a) Relationship between monthly active fire detections (hot pixels) and monthly

rainfall and (b) relationship between the maximum cumulative number of active fire detections

in each year analysed and the dry season length (DSL). Each dot in the graph corresponds to the

month with the maximum number of fires within a year. Both analyses considered data from

NOAA-12 from 1998 to 2006
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of fires into forest (Uhl and Kauffman 1990; Cochrane and Schulze 1999; Cochrane

et al. 1999; Barlow and Peres 2004b; Nepstad et al. 2004; Ray et al. 2005).

Understanding relationships between fire incidence, human activities, and cli-

mate in Amazonia may offer an approximation of the expected changes in fire

activity and an indication of the likelihood of forests to be impacted by fires during

these extreme events under future climate conditions.

13.2 Fire Impacts

13.2.1 Extent of Burned Areas

Fire in the late Holocene has been associated with the increased adoption of

agriculture (c. AD 200 and AD 800), with El Ni~no-related droughts (c. AD

800 and AD 1000–1100), and with insolation minima (Bush et al. 2008; Mauas

et al. 2008). Fires that occurred in this period and in non-drought years were likely

to be small fires that almost always extinguished themselves, at most, within 100 m

inside the forest (Uhl and Kauffman 1990). However, in the early 1970s, colonisa-

tion and settlement projects in BLA changed this pattern.

The beginning of the large-scale burned area estimates is associated with the use

of satellite imageries for detecting anomalous high temperature and fire plumes.

One of the first studies for BLA (c. 5� 106 km2) suggested that in the dry season of

1987, 350,000 independent fires were detected, possibly corresponding to about

200,000 km2 of area burned (Setzer and Pereira 1991).

During the El Ni~no event in 1997/1998, it was estimated that in Roraima state

(total area of 224,299 km2) fires burned over an area between 33,000 km2 and

38,144 km2 (UNDAC 1998; Barbosa and Fearnside 1999). From this total, three

studies quantified understory fires in forested areas: between 7800 and 9200 km2

(Barbosa 1998), 11,730 km2 (INPE 1999) and between 11,394 km2 and 13,928 km2

(Barbosa and Fearnside 1999). It was estimated that a total of 39,000 km2 of forest

in the whole BLA was affected by understory fires during this drought (Alencar

et al. 2006; Mendonça et al. 2004)

During the 2005 drought, in Acre state (total area of 152,581 km2), the epicentre

of the drought, c. 3700 km2 burned in previously deforested areas and 2800 km2

corresponded to understory forest fires (Shimabukuro et al. 2009). Recent estimates

of Amazonian forests affected by fires suggested a repeated fire activity in 16% of

all understory fires from 2002 to 2010 (Morton et al. 2013). Moreover, these results

indicated that 73% of the forests affected by fires in 2010 did not burn previously.

This result is in agreement with the results of Alencar et al. (2011), who using

Landsat data showed that 72% of the fire-affected forest burned only once during a

23-year study period.

Taking advantage of the extensive database of satellite products, we carried out an

analysis of burned areas in Amazonia from 2001 to 2012 by using the MODIS
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product MOD45 collection 5.1, for the geographical boundaries defined by Achard

et al. 2005 (Fig. 13.8a).Our results showed peaks in burned areas in 2005 (40,500km2),

2007 (42,000 km2), and 2010 (64,000 km2) (Fig. 13.8b). Considering only the areas

that were primary forest or recently deforested, by masking the data outside forest

boundaries in 2000, we quantified that burned areas associated with these two land

covers peaked in 2004, 2007, and 2010 with an area of c. 6000 km2, 11,500 km2, and

13,600 km2, respectively (Fig. 13.8b). Based on this, c. 4.5% of Amazonia has

burned at least once in the last 12 years. Our results also indicate that c. 60,000 km2 of

the burned area recorded during the studied period was related to forest conversion,

land maintenance, and fire leakage to forests. It is interesting to note that, although

monitoring an area extent less than half that considered in our analysis, Morton

et al. (2013) detected peaks in burned forests of 14,300 km2, 25,600 km2, and

18,500 km2 in 2005, 2007, and 2010, respectively (Fig 13.8c). The differences

between the estimates provided by these two independent studies indicate that

there are still high uncertainties related to the detection of burned areas, particularly

over primary forests. Cloud coverage, data availability for only part of the area, the

time window selected, and methods used for detecting burn scar, especially in forest

areas, are a major source of uncertainty for quantifying the area burnt (Box 1).

13.2.2 Impact Fires on the Structure, Composition,
and Carbon Stocks of Forests

The amplified incidence of large forest areas affected by fire in recent years,

because of the leakage of agricultural fires into surrounding forests, has caused

Fig. 13.8 (a) Spatial distribution of the cumulative burned area from 2001 to 2012 based on the

MODIS MOD45 c5.1 product. The boundaries of Amazonia cover an area of c. 6.76 million km2.

(b) Extent of annual burned areas for Amazonia and over primary forests areas in 2000 based on

MOD45 collection 5.1. (c) Extent of understory forest fires, adapted from Morton et al. (2013)
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large changes in the structure and composition of these forests as well as in the

maintenance of their carbon stocks. Despite the lack of quantification, episodes of

augmented fire incidence and leakage were probably happening since the start of

colonisation in Amazonia. However, only after the 1982/1983 El Ni~no drought

event that Uhl and Bushbacher (1985) have first assessed the influence of fires on

logged forests in Amazonia. Globally, the relevance of this issue increased after the

simultaneous droughts and forest fires in Amazonia and south-east Asia in 1997/

1998. This event brought to light that (1) these severe and sometimes recurrent fires

(Fig 13.9a, b, and c) result in high levels of tree mortality, which can initiate a

process of ‘savannisation’ or transformation to secondary forest of primary forests

(Cochrane et al. 1999; Malhi et al. 2008; Barlow and Peres 2008; Xaud et al. 2013),

(2) fires could promote a positive-feedback cycle, where forests that burn once

become increasingly flammable and are likely to succumb to a more severe

recurring fire (Cochrane et al. 1999), and (3) fires could be emitting significant

levels of CO2 globally (Nepstad et al. 1999).

In transitional semi-deciduous Amazonian forests between evergreen rainforest

and cerrado small trees are highly vulnerable to low-intensity understory fires.

About 50% of stems with a diameter at breast height (DBH)< 10 cm can die

within 1 year after fire (Balch et al. 2011). Larger trees can also suffer high levels of

fire-induced mortality and biomass loss, which tends to increase with fire intensity

Fig. 13.9 Photos on the left show examples of intact forests (a), once-burned (b), and twice-

burned forests (c) in Acre State. Left panels show the effect of consecutive burns on tree mortality

(d) and biomass (e). Panels on the left are from Barlow et al. (2012)
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and decrease in return time interval (Brando et al. 2012; Barlow et al. 2012,

Fig. 13.9d and e). Substantial variation in the vulnerability of trees to fire has

been observed in Amazonia (Balch et al. 2011). This variation is dependent on

species-specific traits that can protect trees against fire damage. For instance,

Brando et al. (2012) quantified that< 20% of individuals with bark thicker than

18 mm died from fire damage. Moreover, mortality decreases as tree diameter and

height increase and species with dense wood survive better than species with light

wood. The large variation in fire-induced tree mortality, determined by the canopy

and fire characteristics, is also reflected in the results of biomass loss in Amazonian

forests (Fig. 13.9d and e).

Primary forests affected by successive fire events tend to undergo a complete

turnover in species composition (Barlow and Peres 2008, Fig. 13.10). Fire-induced

mortality and consequent gap formation favour the establishment of fast-growing

pioneer species (Barlow and Peres 2008). These species usually have lower wood

density than slow-growing, late-successional species (Baker et al. 2004). This

characteristic cannot only directly increase the vulnerability of these forests to

recurrent fire but also indirectly create a feedback, as trees with low wood density

are more susceptible to mortality during droughts (Phillips et al. 2009) and as a

result the increase in organic debris can facilitate fire spread into these forests

during subsequent drought events.

Annually recurring experimental fires over 5 years have reduced the number and

diversity of regenerating stems, and the species pool tended to change towards

cerrado-like vegetation in MT (Massad et al. 2013). The reduction in species

Fig. 13.10 Tree species and genera from the 10–20 cm DBH size class (and shrubs and samplings

<10 cm DBH) that were most abundant in each burn treatment, showing a high degree of turnover

in community composition with each additional burn. All species (or genera) with a density greater

than 10 trees per hectare are shown for trees �10 cm DBH, in once-, twice-, and thrice-burned

forest plots. Data in the figure are from (Barlow and Peres 2008)
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Fig. 13.11 Landsat 5/TM images, path/row 227/62, composition RGB 543, showing the change in

the reflectance of a forest area affected by fires during the El Ni~no in 1983 (Nelson 1994),

highlighted by the red polygon. Burned forests exhibit higher shades of red colour or lighter
shades of green when compared with healthy forests (darker green). (a) Image acquired on 24th

August 1984, 1 year after the fires. (b) Image acquired on 3rd August 1988, 5 years after the fire.

(c) Image acquired on 20th October 1993, 10 years after the fire. (d) Image acquired on 29th June

2010, 27 years after the fire

Fig. 13.12 Example of a forest burned area (left image) and the non-photosynthetic vegetation

fraction image (right image) for the same area and date evaluated in the pioneer work of Cochrane

and Souza (1998). Burned forests are highlighted by the red rectangle and appear brightened in the
NPV fraction image. Landsat 5, path/row: 223/62, 2nd of June 1993
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diversity in burned plots can enhance the susceptibility of remaining species to

herbivory (Massad et al. 2013), which can slow down or impede the long-term

recovery of fire-affected forests. So, in regions along the Amazon forest—Cerrado

ecotone, fire may be an important factor shaping the boundary between the two

‘biomes’ (Staver et al. 2011; Silvério et al. 2013).

Fire-induced modifications in the canopy structure and floristic characteristics

are precursors of changes in ecosystem processes. In forests submitted to experi-

mental annual fires total net primary productivity (NPP) was reduced by 15% in

years following the fire and autotrophic respiration was reduced by 4% in compar-

ison with the adjacent intact forest (Rocha et al. 2013). Litter production in these

fire-affected forests can be reduced by 50% (4.3 Mg ha�1 year�1) in comparison

with that in intact forests across Amazonia (Balch et al. 2008). Decomposition rates

in areas affected by successive annual fires have tended to be slower (Silveira

et al. 2009), resulting, potentially, from a drier microclimate and lower litter

moisture (Balch et al. 2008). In contrast, a single low-intensity fire had no such

effect (Silveira et al. 2009).

The decline in litter production after successive burns seems to suppress the

spread of fires, even when microclimatic conditions are favourable (Balch

et al. 2008). However, the inhibition of fire by shortage of fine fuel loads may not

be sustained in the long term, as delayed tree mortality (Barlow et al. 2003) can

increase fuel availability in subsequent years.

Fig. 13.13 Example of a

forest affected by fires in

2010, detected by

two-image processing

techniques applied to

MODIS data in Southern

Para State. (a) The

Enhanced Vegetation Index

(EVI) 2, derived from

MODIS trajectory in time

acquired through the

website: http://www.dsr.

inpe.br/laf/series/ exhibiting

the decrease in the index

after 2008, due to the forest

degradation probably by

logging, and lowest values

at the end of the dry season

in 2010, after the forest

fires. (b) Same area as “a”

showing the increase in the

shade fraction, derived from

the unmixing model, due to

the burn scar in the forest
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One of the most uncertain components of Amazonian forest fire impacts is the

magnitude of short- and long-term carbon emissions and potential implications for

CO2 levels in the atmosphere and consequent global warming. Quantification of

carbon emissions from understory forest fires is still lacking, preventing accurate

estimates of the real contribution of this component to the global carbon cycle.

Recently, van der Werf et al. (2010) estimated for the period between 1997 and

2009 that globally, fires were responsible for an annual mean carbon emission of 2.0

Pg C year�1, with South America contributing 14.5%. Of this, about 8% appears to

have been associated with forest fires, based on estimates from the Global Fire

Emission Dataset (GFED) product for South America.

In years not affected by droughts forest fire emissions in Amazonia are likely to

be small, e.g. Alencar et al. (2006) estimated a negligible amount of C emission

from forest fires in the BLA varying between 0.001 and 0.011 Pg C for 1995. This,

however, changes in drought years. During the El Ni~no event that occurred in 1997/
1998, forest fires in Roraima state alone (around 25% of the total burned area

estimated for BLA) were responsible for emissions of c. 0.03 Pg C (Barbosa and

Fearnside 1999). Committed gross forest fire emissions, which include all carbon

stocked in the dead biomass associated with the fire event that will be released

through decomposition along several years, for the southern part of Amazonia

added between 0.024 and 0.165 Pg C to this amount (Alencar et al. 2006). During

the 2005 drought mean committed gross forest fire emissions for the states of MT,

Rondônia, and Acre (total area of 1,293,515 km2 or 25% of BLA) were estimated to

be 0.21 (0.04–0.34) Pg C (Arag~ao et al. 2007b).

Studies on the long-term effect of forest fires in Amazonia are few. Barlow

et al. (2003) suggested that mortality, especially from large trees, could increase

after 3 years of a fire event, possibly doubling the amount of biomass loss and

consequent carbon emissions. To address the many hiatuses in our knowledge, we

suggest that future work should concentrate on (1) quantifying short- and long-term

carbon dynamics in burned forests; (2) developing systematic mapping of the whole

spatial extent of burned forests; (3) estimating the recovery rates of carbon stocks

and species composition in forests affected by fire; and (4) better quantifying the

burning efficiency for live and dead components of the biomass including charcoal

formation rates. Integration of field-based surveys, remote sensing information, and

ecological modelling is critically important for progressing towards a more accurate

estimate of the contribution of forest fires to the global carbon cycle.

13.3 Modelling Fire Occurrence in Amazonia

Current rates of human-induced environmental changes and climate variability, in

addition to predictions regarding the future climate in Amazonia, indicate that the

conditions for increased forest fire frequency and propagation have already been

established. With this in mind, models for forecasting fire occurrence are critical for

quantitatively estimating the alteration in the magnitude and spatio-temporal
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configuration of fires. In addition, the forecast at the correct scale would allow

operational actions for potentially avoiding fire episodes and their consequent

impacts on carbon emissions, ecosystem services, and human health.

Models have been developed to predict fire risk for Amazonia, aiming to provide

information for preemptive actions and for evaluating potential changes in fire

pattern as a response to environmental changes (Cardoso et al. 2003; Nepstad

et al. 2004; Alencar et al. 2004; Sismanoglu and Setzer 2005; Silvestrini

et al. 2011; Chen et al. 2011). These studies have advanced the understanding of

spatial and temporal dynamics of fires.

The Brazilian Centre for Weather Forecasts and Climate Studies (CPTEC/INPE)

operates a system to predict daily fire risk in South America (Justino et al. 2002;

Sismanoglu and Setzer 2002). Their approach is based on meteorological informa-

tion about cumulative precipitation, minimum relative humidity, and maximum

temperature of the preceding 120 days of the prediction date. In addition, active fire

data detected by using AVHRR and MODIS sensors are also used (CPTEC 2013).

This is a unique systematic product and probably the most comprehensive to date.

Forecasts of fire risk are produced daily and can be consulted at http://www.inpe.br/

queimadas/risco.php.

Other approaches exist too. Cardoso et al. (2003) developed a model for eval-

uating the impact of forest conversion on fire occurrence. Along with climate,

variables related to human activities are included to predict contemporary patterns

of fire incidence. The authors used active fire data from the non-interpolated

Automated Biomass Burning Algorithm (ABBA), based on GOES-8 (Prins et al.

(1998), to calibrate the fire risk model as a function of total and minimum precip-

itation, distance from paved roads, forest cover, and deforestation. The model was

applied under two scenarios to estimate fire occurrence within a 2.5� � 2.5� grid

cell for the dry seasons of 1995 and 1997: one scenario with moderate deforestation

rates, following the deforestation model developed by Laurance et al. (2001a), and

another, extreme scenario, where forest conversion to degraded pastures and paved

roads are present in each grid cell analysed. The analysis of both cases indicated

that the frequency and spatial configuration of fires in Amazonia are susceptible to

extensive changes related to agricultural development.

Nepstad et al. (2004) developed the fire susceptibility system RisQue to map the

vulnerability of Amazonian forests to fire in response to the 1997/1998 El Ni~no
drought. RisQue derived information about PAW, which the authors considered as

the main driver of fire risk, based on information about soil properties, climate,

evapotranspiration, and land use (especially selective logging). The resulting

monthly maps of fire risk with a spatial resolution of 8 km showed that small

declines in rainfall and increases in evapotranspiration could significantly augment

fire risk during drought periods.

More recently, Silvestrini et al. (2011) integrated climate (VPD) with land use

variables to model mid-twenty-first century fire responses to climate change and

land use. Maps based on VPD to forecast fire risk were integrated with an annual

probability of anthropogenic fires. Distance to deforested areas, distance to forest,

distance to urban areas, distance to roads, elevation, and protected areas were the
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key variables used to calculate an annual anthropogenic fire probability. Calibration

and validation of this model was based on the night-time AVHRR/NOAA-12 active

fire data. The model indicated that extremely wet areas in the north-western

Amazonia might become vulnerable to the spread of fires under future climate

change. Furthermore, fire occurrence might double in Amazonia by 2050 if trends

in climate change and deforestation rates were sustained at the levels that prevailed

in the early 2000s.

Chen et al. (2011) have recently proposed a model based on the fact that fire

intensity is strongly correlated to changes in sea surface temperatures of the Pacific

and Atlantic Oceans. However, the use of it as a fire-risk warning system is limited

as the best spatial resolution achievable is 5� by 5�, and the information does not

allow accurate spatial planning for effective actions to prevent and curtail fire.

Importantly, the model does not account for the influence of human-ignition

sources, which have been consistently associated with fire occurrence in the region.

All of these studies have produced significant advances in modelling methods

and understanding of spatial and temporal dynamics of fires. It is necessary that

future models combine relevant climatic, anthropogenic, and biophysical variables

that best forecast fires in the Amazon. Large amounts of freely available satellite-

derived and geospatial information allow refining operational systems for analysing

fire risk in Amazonia. For effective application of these models for supporting

activities to restrain fire in Amazonia, the choice of the spatial resolution is critical

and must be tailored to Amazonian geographic and political conditions.

13.4 Conclusions

Historically, fire occurrence was rare in Amazonia. However, with the increasing

rates of settlement of humans in the region fire became a common feature of the

system. Humans provide ignition sources for fire, mainly associated with large-

scale deforestation, slash-and-burn, and management of pastures. The combination

of the presence of ignition sources with extreme droughts has enhanced the

flammability of natural ecosystems in Amazonia in recent years. During the

droughts in 1998, 2005, and 2010, vast areas of forest were affected by fires.

The impact of fires on Amazonian ecosystems is large, with changes in forest

structure and species composition, carbon stocks, and human health. Fires can also

be part of a complex feedback loop that can increase the effects of climate and

human-induced environmental changes (Fig. 13.14). The quantification of long-

term impacts is still understudied and requires the implementation of permanent

field plots associated with the knowledge of the age and intensity of fire-affected

areas.

Remote sensing has been a critical tool in accessing the frequency of fire events

and the extent of burned areas. Future work must combine field and remote sensing

information to produce a more synoptic quantification of the extent of fire impacts.

Moreover, operational programmes must be put in place to monitor the long-term

320 L.E.O.C. Arag~ao et al.



impacts of fires in Amazonia. This would be a crucial step towards a better

understanding of the resilience of ecosystems to fires in terms of biodiversity,

carbon stocks, and ecosystems services. This is essential as climate change may

exacerbate drought incidence and intensity in the region. So, understanding the

functioning of disturbed systems may provide a clue to the consequences of

environmental change on Amazonian forests, critically important for the manage-

ment of these ecosystems in the future.

Box 1: Challenges for Estimating Burnt Forest Areas

in the Satellite Era

Advances in mapping. The detection of burnt areas in Amazonia was first

carried out by testing the relationships of fire pixels, detected in the 1-km2

infrared channels of the Advanced Very High Resolution Radiometer

(AVHRR) with the area burnt (Myers 1989; Setzer and Pereira 1991). How-

ever, high uncertainty and problems related to the method were detected

(Fearnside 1990). Reflectance data from optical sensors (e.g. AVHRR)

began to be used later for estimating large-scale burnt areas (e.g. Setzer

et al. 1994; Razafimpanilo et al. 1995) and to describe the temporal patterns

and trends of fire occurrence in Amazonia (e.g. Prins and Menzel 1994;

Holben et al. 1996). Matson and Holben (1987) evaluated the possibility of

using the 1-km2 spatial resolution Normalised Difference Vegetation Index

(NDVI) for detecting burnt areas at the subpixel scale. Their study found that

burned forests had consistent lower values of NDVI than undisturbed forests.

(continued)

Fig. 13.14 Diagram depicting plausible feedbacks between land use, climate, fire, forests, and

humans

13 Fires in Amazonia 321



Nelson (1994) mapped areas of forest affected by fires during the El Ni~no in

1983 in BLA. Burn scars from this fire event were still visible in the Landsat

5/TM image in 1984 and in 1988. Forest reflectance values in the area

affected by the fire in 1983 did not recover, and it is likely that reoccurrence

of fires, logging, or other causes affected these areas subsequently

(Fig. 13.11).

More robust methods of image processing and classification were subse-

quently developed (Cochrane and Souza 1998; Souza et al. 2003; Matricardi

et al. 2010). One of the most used methodologies to separate intact forests

from burned forests in Amazonia is based on the linear mixture model using

three end members: photosynthetic vegetation (such as green leaves),

non-photosynthetic vegetation (NPV), such as exposed tree branches, and

shade, given by low reflectance areas in all channels representing shaded

areas in the canopy. The NPV fraction image provided adequate means to

separate unburned and recently burned forests, but old burned forests were

not completely differentiated from intact and recently burned forests

(Fig. 13.12). The information provided by the linear mixture model was

then combined in the Normalised Difference Fraction Index (NDFI) that

allows the detection and mapping of burned forests using Landsat 5 and

7 images (Souza et al. 2005).

The use of multiple dates, taking advantage of the high temporal resolution

of MODIS images, brought considerable advances in detecting burned for-

ests. Anderson et al. (2005) and Shimabukuro et al. (2009) have accurately

identified burned forests in Amazonia (Fig. 13.13) by analysing the MODIS

intra-annual variability of shade fraction images derived from a linear mix-

ture model. Burned pixels exhibit lower reflectance (darker surfaces) and

higher proportion of shade which make it possible to separate them from

pixels that represent unburnt forest. Recently, Morton et al. (2011) used both

intra- and inter-annual mean NDVI, derived from MODIS data to create a

burn damage and recovery algorithm (BDR) to separate burned forests from

selective logging and deforestation.

Uncertainties. Early estimates of burned area derived from active fire

information and retrieved by thermal sensors have several limitations. They

overestimate the burned area for the following reasons (Setzer and Pereira

1991): (1) small fires (less than 50 m2) with high flame temperatures can be

detected by the thermal sensor and by converting the fire pixel size (c. 1 km2)

directly to burned area would lead to an overestimation; (2) false fire pixel

detection, in sandy areas, rocks, and bare soils that can reach high tempera-

tures; (3) false detection in contrasting surface temperatures (e.g. boundaries

between forest and bare ground); and (4) thermal sensor saturation generating

false fire detection in regions close to the original fire. Conversely, omissions

in fire pixels have also been observed due to (1) cloud coverage,

(continued)
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(2) atmospheric attenuation due to smoke derived from fires obscuring detec-

tion, (3) low-intensity fire lines occurring over grasslands or pastures areas,

and (4) timing of acquisition in relation to the start–end time of the fire

(Schroeder et al. 2005, 2008a, b).

Although the methods have improved progressively through time by using

reflectance data and series of intra- and inter-annual images, there are still

many sources of uncertainties. The main factor affecting optical data is the

presence of cloud shades, which produces a spectral signature similar to

burned areas (low reflectance, low vegetation index, and high shade values).

Although cloud and cloud shades filtering methods are available, if the

algorithm is too restrictive, areas can remain with no data over long periods

(weeks and months). On the other hand, if the algorithm is too permissive,

commission error will occur. Another source of uncertainty is related to the

seasonal dynamics of the forest. There is a lack of field data for tracking

natural seasonal changes in the canopy structure. These changes, particularly

in years of prolonged droughts, may be detected by the sensor of a satellite

and may be erroneously interpreted due to the lack of knowledge and field

data. For example, MODIS sensor data, which allows multi-temporal pro-

cedures for monitoring the forest canopy with medium spatial resolution,

have been available only since 2000. Not enough time has passed since to

have allowed an adequate evaluation of its use for detecting natural phenom-

ena, such as extreme droughts.

Many global initiatives for mapping burned area started in the early 2000s

(e.g. GLOBSCAR project, Global Burned Area GBA-2000, ATSR-2 World

Fire Atlas, Global VGT burnt area product—L3JRC, MODIS burned area

product—MCD45). However, differences among these products are evident

(Simon et al. 2004; Giglio et al. 2005; Jain 2007; Chuvieco et al. 2008; Chang

and Song 2009). For example, according to GLOBSCAR, 4333 km2 of forests

were burned in Brazil in the year 2000; GBA-2000 detected 846 km2 (Tansey

et al. 2004). It is expected that in the next years new methods will emerge, as

there is a considerable increase in the freely available long-term time series of

remotely sensed data.
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Convenç~ao-Quadro das Nações Unidas sobre Mudança do Clima, vol. 1. MCT, Coordenaç~ao
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Chapter 14

Modelling Amazonian Carbon Budgets

and Vegetation Dynamics in a Changing

Climate

Bart Kruijt, Patrick Meir, Michelle Johnson, Anja Rammig, Sophie Fauset,

Tim Baker, David Galbraith, Celso von Randow, and Hans Verbeeck

14.1 Introduction

The forests of the Amazon region are under threat of both climate change and land

use change, with risks of accelerated degradation involving positive feedbacks

through moisture, CO2, and temperature (Davidson et al. 2012). The potential of

accelerated degradation under twenty-first century climate change was flagged first

by White et al. (1999) and Cox et al. (2000), followed by a series of modelling

studies showing large inter-model variability in climate sensitivity of the Amazon

forest biome as well as in the climate drivers themselves (e.g. Friedlingstein

et al. 2006; Nobre and Borma 2009; Sampaio et al. 2007). Modelled changes in

biomass depend on a number of factors. First, the assumed future greenhouse gas
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emissions scenario is important, second the climate model, third the vegetation

model used, and, finally, the inclusion of land-surface feedbacks. The early studies

relied on a single climate model (HADCM3), which forecast extreme changes in

moisture circulation and temperature, and a surface model (MOSES-TRIFFID), in

which carbon loss was very sensitive to temperature (Huntingford et al. 2008;

Galbraith et al. 2010). Recent studies appear to indicate a more modest range of

climate predictions, and recently acknowledged uncertainty in the sensitivity of

forest biomass and productivity to climate, partly based on incomplete model

development (Good et al. 2013; Cox et al. 2013; Huntingford et al. 2013).

In this chapter, we focus onmodel representation of the sensitivity of vegetation to

climate, reflecting the literature until the time of writing (2012–2013, with a few

additions from 2014). Some recent studies have highlighted the strong sensitivity to

CO2 and temperature in vegetationmodels used in simulations of climate sensitivity in

tropical forests (e.g. Rammig et al. 2010; Lapola et al. 2009; Galbraith et al. 2010;

Huntingford et al. 2013). The degree of forest sensitivity to climate, especially

temperature, differs greatly among models. Moreover, although a subject of discus-

sion (Poulter et al. 2010), recent work has suggested that the uncertainty associated

with the physiologically driven ecosystem-scale responses in themodels is higher than

the uncertainty associated with future climate projections (Huntingford et al. 2013),

although this is partly based on unbalanced information resources relating to each

component. An increased atmospheric CO2 concentration potentially reduces water

stress, but also may lead to changes in vegetation structure by changing competition

among individuals and species. The effects of increased CO2 on tropical vegetation,

however, remain largely unmeasured, especially because limitations by nutrients and

temperature are poorly understood and also because little is known about how

enhanced productivity might affect allocation patterns and demographic processes

(recruitment, ageing, and mortality) (Galbraith et al. 2013). The effects of changing

temperature and CO2 on the balance of primary productivity (photosynthesis), respi-

ration, and decomposition are poorly understood for the tropics, with most available

information originating from temperate vegetation and temperate agricultural crops.

Dufresne et al. (2002) noted that the predictions of an Amazon dieback by Cox

et al. (2000) depended strongly on allocation of the extra carbon gained by the

higher availability of CO2 to vegetation versus soil pools, which influenced net

emissions of CO2 via differential effects on supplying substrate to heterotrophic

(microbial) or autotrophic respiration. This explained some of the differences, for

example, noted between coupled runs forced using the HADCM3 climate simula-

tions (Cox et al. 2000) and IPSL climate simulations (Friedlingstein et al. 2006). In

general, DGVMs to date have not been very successful in simulating allocation

processes and in particular tree mortality, and as a consequence they have demon-

strated rather limited predictive skill reproducing the observed spatial variability of

biomass over the Amazon basin (Delbart et al. 2010; Castanho et al. 2013; Mitchard

et al. 2013). Although Castanho et al. (2013) introduce a map-based forcing of

variability in productivity capacity, a more realistic representation of vegetation

dynamics is necessary to move forward. If done successfully and with minimum
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increases in model complexity, this could lead to better simulations of spatial

variability and climate-driven changes in biomass.

Several efforts have been made to develop and compare appropriate models to

estimate the carbon budget, seasonal variability, and climate sensitivity of the region.

A recent effort, within the scope of theLarge-ScaleBiosphere-Atmosphere experiment

in Amazonia (LBA), is the LBA-MIP (Model Inter-comparison Project, Gonçalves

et al. 2013; Von Randow et al. 2013). Other studies include an initiative funded by the

World Bank (Vergara andSholz 2010); there is ongoingwork on the topic byAmazon-

Andes Initiative (http://www.oeb.harvard.edu/faculty/moorcroft/andes-amazon/

about.html), and AMAZALERT (www.eu-amazalert.org). A collection of studies on

the climate sensitivity of the Amazon was published in a special issue of New

Phytologist (Meir and Woodward 2010), where responses to drought, temperature,

and atmosphericCO2were considered (Rammig et al. 2010; Jupp et al. 2010;Galbraith

et al. 2010, also see Poulter et al. 2010). Recent reviews covering the importance of a

better understanding of dynamics dependence of ecosystem productivity on environ-

mental factors and climate change include Booth et al. (2012) and Smith and Dukes

(2013) and a special issue of Plant Ecology and Diversity (Galbraith et al. 2014).

This chapter aims at giving an overview of the most important issues concerning

the modelling of carbon budgets and vegetation dynamics of the Amazon forests,

and tropical forests in general. In the following, we cover water relations, temper-

ature dependence, CO2 and nutrient dependence, and patterns in growth and

mortality. Finally, it aims to contribute to setting the agenda for model improve-

ment and data needs, to adequately equip global and regional DVGMs in assessing

climate sensitivity of the vegetation of the region. A graphical overview of the most

important issues in DGVMs is presented in Fig. 14.1.

14.2 DGVMs for the Amazon

14.2.1 Soil-Plant Water Relations

In the Amazon, flux tower data, data from manipulative experiments, and remote

sensing indices show unexpected responses of vegetation properties and carbon

fluxes to dry periods. Where soils are deep and the dry season is moderate,

productivity appears to be little affected by seasonal drought, and it may even

peak during the dry season (Saleska et al. 2003; Fisher et al. 2006). Originally

considered largely aseasonal, net ecosystem carbon exchange (NEE) was shown to

be seasonal at a site in central Amazonia, near Manaus (Malhi et al. 1998). Vari-

ability in apparent carbon uptake was correlated with soil moisture, especially

where during the dry season water uptake was reduced; the moisture constraint at

this site imposed by the specific soil characteristics was considered further by

Fisher et al. (2008) and shown to be related to soil properties as well as climate.

However, Araújo et al. (2002) found little seasonal variation in CO2 fluxes in the
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same area. After the early measurements near Manaus, it was suggested that the

Central-Eastern Amazon rainforest NEE tends to be higher rather than reduced

during the dry season and vegetation has been reported to ‘green-up’ in the late dry
season. This was supported by eddy correlation flux measurements (higher NEE)

and by the analysis of satellite reflectance data (MODIS EVI) (Saleska et al. 2003,

2007; Huete et al. 2006). The latter large-scale analysis, however, was later

Fig. 14.1 Overview of major processes in DGVMs, their linkages, and the uncertainties therein.

Processes printed in bold and solid lines represent processes that are present in all models with

little uncertainty. Processes in normal type and dashed lines represent those present in most models

but with substantial uncertainty. Processes in italics and dotted lines are not or hardly present in

models, with high uncertainty
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criticised because EVI values can be affected by changes in (dry season) canopy

structure (Anderson et al. 2010) and by imperfect correction for clouds and aerosols

(Samanta et al. 2010; Morton et al. 2014). The phenomenon of high productivity

during the dry season, observed at individual flux sites, has been explained by

vegetation productivity being relatively tolerant to normal dry season conditions

because of deep root soil water access and soil moisture storage combined with

higher insolation, and respiration processes declining as litter decomposition and

surface soil microbial activity decline during the dry season (Fisher et al. 2008;

Saleska et al. 2003; Bonal et al. 2008; Meir et al. 2008). These studies demonstrate

some of the potential variability in the responses by GPP and respiration processes

to seasonal rainfall, and this combination of responses is not represented well in

large-scale and global vegetation models. In recent years, several of these models

have been modified to improve the simulated seasonality of carbon fluxes for flux

tower sites by introducing improved equations (e.g. Baker et al. 2008) or by

optimising model parameters (e.g. Verbeeck et al. 2011; Potter et al. 2012).

The response to severe or extended drought has been studied further, using two

rainfall exclusion experiments in Amazonia (Nepstad et al. 2007; Brando et al. 2008;

Meir et al. 2008; Da Costa et al. 2010), and also observations of natural forest growth

and mortality following the extreme natural drought of 2005 in the region (Fig. 14.2,

Fig. 14.2 Maps of drought index MCDW (Monthly Cumulative Water deficit) in Amazonia for

two exceptionally dry years (Top, Lewis et al. 2011) and resulting mortality (bottom left, Phillips
et al. 2010). The graph in the bottom right shows the effects after 6 years of artificial drought on

mortality (da Costa et al. 2010)
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Marengo et al. 2008; Phillips et al. 2009). Following these multi-year, large-scale

experimental soil drought treatments at two sites in eastern Amazonia, biomass

increment responded within the first year to the onset of artificial soil moisture

reduction, and tree mortality increased substantially only after about 3 years of the

treatment. Whilst photosynthesis and transpiration were only reported in depth from

one of these years, the physiological response was consistent with the biomass

response at tree and ecosystem scales (Fisher et al. 2006, 2007; Brando et al. 2008;

daCosta et al. 2010). The severe natural drought of 2005 acrossAmazonia included an

atmospheric as well as a soil drought effect; it also impacted mortality substantially

but over a shorter timescale of 1 year and caused the previous regional carbon sink to

turn into a source in that year, as calculated from a region-wide inventory plot network

dataset (RAINFOR, Phillips et al. 2009). In both the experimental studies and the

permanent plot surveys, larger trees were affected more than small ones initially

(da Costa et al. 2010; Phillips et al. 2010). Hence, current understanding suggests

that the response by rainforest ecosystem productivity to seasonal, chronic, or acute

drought can be very substantial, varies over time and space, and is dependent on pedo-

hydrological conditions, timescale, and drought severity, as well as on differences

among species in vulnerability to drought (Van der Molen et al. 2011; Fisher

et al. 2006; da Costa et al. 2010). Consistent with the results of these forest-based

datasets, recent analysis of atmospheric measurements during drought and

non-drought conditions has shown that the whole Amazon region switches from a

carbon sink to source during short-term extreme drought events (Gatti et al. 2014), and

indeed the sensitivity of the atmospheric growth rate of CO2 to tropical land temper-

ature is significantly higher during drought (Wang et al. 2014).

14.2.2 Direct Effects of Water Stress on GPP
and Transpiration

Reduced water availability affects photosynthesis by reducing stomatal aperture

and thereby water loss and also CO2 uptake. At longer (leaf ontogeny) timescales,

water stress can also affect leaf area, photosynthetic capacity, leaf structure, and,

for example, mesophyll conductance, directly affecting photosynthetic capacity

(Egea et al. 2011). Figure 14.3 illustrates that water stress effects are always acting

on the ecosystem in interaction with other environmental factors. In vegetation

models, the effects of water stress can be approached from two sides: from the

demand imposed by the atmosphere on hydraulic conductance through the leaves

and from the supply side of water from the soil through the root system to the leaves

and atmosphere. In models, demand and supply have to be matched. The atmo-

spheric demand can be represented as a radiation-dependent potential evapotrans-

piration with an implicit boundary layer (Priestly–Taylor or equivalent, Monteith

1995) or by only considering exchange with the lowermost layer of the atmosphere

(through a Penman–Monteith equation or explicit vapour gradient diffusion).
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In both cases, the demand is modulated by the surface (or stomatal) conductance,

through which (water and CO2) demand is made to match the supply. Most

modelling effort in the past has attempted finding efficient representations of

stomatal response to water stress and CO2 demand. The main approaches have

been to (1) consider stomata to respond in a linear multiplicative model to a range of

independent environmental factors, where each response is determined by a set of

parameters (e.g. Jarvis 1976; Stewart 1988); (2) to maintain a fixed ratio of

conductance to photosynthesis and humidity (or internal to atmospheric [CO2],

Ball et al. 1987; Leuning 1995; Jacobs et al. 1996); (3) to maintain a fixed or

optimal ratio of CO2 uptake to water loss (water use efficiency, Cowan and

Farquhar 1977; Medlyn et al. 2011), or to maintain leaf water potential (the SPA

model, Williams et al. 1998). CO2 concentration also affects stomatal conductance,

where stomata tend to close, increasing water use efficiency (WUE), as CO2

concentration rises. This is implicit in model approaches (2) and (3) above, through

the assumption that the ratio of within-leaf to external CO2 concentration tends to

stay constant at constant humidity. Only in the first set of approaches, this depen-

dence needs to be modelled separately. Finally, for all interactions of stomatal

conductance with atmospheric gases such as water vapour or CO2, it is important to

account for feedback from the overlaying atmospheric boundary layer: stomatal

closure leads to lower transpiration, but this reduces atmospheric humidity,

counteracting transpiration but amplifying stomatal closure. Kruijt et al. (2008)

evaluated this effect for Dutch vegetation and crop conditions. The effect of CO2 on

WUE and water (re)cycling in the Amazon may be substantial, both counteracting

(lowering water stress) and enhancing (reducing rainfall) forest dieback (Spracklen

et al. 2012).

Different species or groups of species economise the rate of water loss per unit of

CO2 gained differently. A distinction between ‘isohydric’ and ‘anisohydric’ strat-
egies has recently been made, referring to species that tend to conserve water

potential above a minimum critical value versus those that do not (and instead

tend to conserve the acquisition of photosynthate for as long as possible),

Fig. 14.3 Conceptual

diagram of ecosystem

functioning summarising

the main pathways along

which a changing CO2,

temperature, or water signal

propagates through the

system. It can be seen that

the effects of CO2 are

largely indirect, through

effects on NPP and on the

plant hydraulics
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respectively (Fisher et al. 2006; McDowell et al. 2008; Van der Molen et al. 2011).

To assess the productivity and survival of these different groups, the submodels for

stomatal conductance need to be parameterised explicitly. It can be expected that

stomata of more ‘conservative’ species tend to reduce conductance more rapidly on

experiencing drought stress.

Such kinds of necessary improvements in models are often parameter intensive.

As DGVMs are typically run for many spatial grid points, the number of site-specific

parameters needs to be minimised. For this reason, it is attractive to explore model

formulations that rely on few parameters and, instead, assume interdependency or

optimisation of photosynthesis and transpiration. A promising candidate is the class

of models that optimises marginal carbon gain per unit water lost (Cowan and

Farquhar 1977; Groenendijk et al. 2011; Medlyn et al. 2011). The LPJ class of

DGVMs already applies this approach in a simplified way. In this algorithm,

stomatal conductance is reduced iteratively from an unstressed maximum, until

water demand matches the supply from the soil. One of the major uncertainties is,

however, how either water supply or stomata respond to relative soil moisture

availability or water tension. Many models impose an empirical reduction function

of soil moisture on surface conductance or even on photosynthesis directly

(e.g. ORCHIDEE, Verbeeck et al. 2011). Usually this function is highly

non-linear, leading to reductions only at low values of soil water content. Other

models explicitly model the hydraulic resistances of the plant and the soil matrix as

intermediaries that affect the stomata through the leaf water potential (SPA, Wil-

liams et al. 1998; Fisher et al. 2006; Medvigy et al. 2009; Christoffersen et al. 2014).

These different approaches mainly affect the rate of soil drying and the reduction of

transpiration as drought progresses. With extended drought periods, soil moisture

eventually becomes depleted and then the critical issue is how roots access and

potentially expand the supply of available water (Vermeulen et al. 2015). Adequate

understanding and representation of root growth strategies is essential, especially

specifying the maximum soil volume and depth that roots can access (Nepstad

et al. 1994; Li et al. 2006) and whether they can cope with low-oxygen groundwater

conditions. What appears to be important here is information on soil hydraulic

properties (Tomasella and Hodnett 2004); such datasets are scarce for Amazonia,

and a comprehensive map was published only very recently (Marthews et al. 2013).

Belk et al. (2007) and Fisher et al. (2008) illustrated the importance of how these

parameters cause differences in the rate at which hydraulic resistance declines with

soil moisture content, comparing sites that differed in dry season soil moisture stress,

although the role of the hydraulic vulnerability of roots was not examined further in

these studies. Whilst specific mechanisms such as hydraulic lift have been investi-

gated in some modelling analyses (Baker et al. 2008), soil depth, the presence of

groundwater, the potential for capillary rise, and the hydraulic resistance of root

conduits are likely to be important integrating parameters for large-scale models

(Christoffersen et al. 2014). These aspects are poorly represented in most larger-

scale models, such as DGVMs, causing systematic biases in simulations.

In terms of experimental work, to advance the issue of drought sensitivity in the

Amazon, there is a need for more comprehensive basin-wide information on soil
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hydraulic properties, measured for a sufficient number of soil types. This would

enable modellers to consistently project simulation across the basin. The strategies

that roots of different ecological groups (trees, lianas, palms, herbs) take to explore

and enhance the supply of water are also important, though challenging to study.

Such strategies could, however, be seen as part of the whole-plant response to water

stress, leading to different rates of stomatal response to drought in different

ecological groups. Thus, stomatal response curves as a function of the soil water

balance and atmospheric demand (e.g. VPD) for these groups could provide the

empirical parameters that in fact are needed by most models. Such responses can be

studied at the leaf scale (using porometers or chambers), tree scale (using sap flow

sensors), or whole-ecosystem scale (using isotopic inference or eddy covariance

data). Creating and studying artificial ecosystem-scale soil drought greatly helps

such analyses (Fisher et al. 2007; Meir and Woodward 2010; da Costa et al. 2010;

Nepstad et al. 2002; Brando et al. 2008; Markewitz et al. 2010).

14.2.3 Temperature Dependence of GPP

Temperature affects most processes in ecosystems, but most strongly those that

involve enzymatic assimilation or dissimilation processes (Fig. 14.3). Gross Pri-

mary Productivity (GPP) represents the integrated uptake and assimilation of CO2

through photosynthesis in all parts of an ecosystem. It is mainly driven by photo-

synthetically active radiation, the absorption of CO2 by leaves, and the activity and

abundance of the main carbon-fixing enzyme RuBisCo. This activity, however, is

also sensitive to temperature. The temperature dependence of photosynthesis in

dynamic global vegetation models typically takes the shape of an optimum func-

tion, bell-shaped, or composed of two exponential functions. Sensitive parameters

typically include a minimum temperature, a maximum, and an optimum tempera-

ture. Some models assume a wide, flat optimum range; others assume sharp optima.

A range of typical temperature functions were examined by Galbraith et al. (2010),

whose work indicated that in many cases, modelled changes in productivity with

twenty-first century climate forcing depend more strongly on temperature than on

moisture. Several studies have highlighted the strong sensitivity of DGVM-

simulated GPP (and NEP) under climate change to differences in the assumed

shapes of the temperature dependence functions used (Booth et al. 2012;

Huntingford et al. 2013; Vermeulen et al. 2015), though the strong sensitivity to

moisture deficit remains poorly addressed.

The temperature responses as represented in most current DGVMs are based on

fixed parameter settings, determined in a few species in laboratory experiments

(e.g. Von Caemmerer et al. 1994; Bernacchi et al. 2001; Medlyn et al. 2002).

Alternatively, temperature optima have been tuned so that they represent average

growing-season temperatures of temperate (rather than tropical) ecosystems. An

important question is how plastic such optima are (Smith and Dukes 2013). In

theory, as Lloyd and Farquhar (2008) argued, enzyme kinetics speed up
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exponentially with rising temperatures until a high-temperature cell lysis or enzyme

denaturation point is reached. So, for enzyme-dominated processes, such as car-

boxylation by RuBisCo, it is unlikely to expect a temperature optimum at ambient

conditions. Conversely, the net effect of the interaction of several complex pro-

cesses, such as those involving membrane transport (photon absorption, electron

transport, osmosis, and active uptake), is more likely to be optimised at ambient

temperatures and to be plastic (Lloyd and Farquhar 2008), resulting in temperature-

related plasticity for the overall process of photosynthesis.

The temperature response of photosynthesis depends on several parameters, all

of which have separate temperature dependencies. This is represented in most

vegetation models, though how appropriate the parameters are for tropical forests

is not known for all but a few that can be measured. The much-used Farquhar

equations depend on a maximum carboxylation rate, Vcmax, and a maximum

electron transport rate, Jmax, both of which have been shown to vary strongly within

and between ecosystems across scales, from different leaves within a single canopy

to different ecosystems. There are also more intrinsic temperature-dependent

parameters, such as the CO2-compensation point in the absence of mitochondrial

respiration (Г*), and the Michealis–Menten affinity constants for carboxylation and

oxidation, Ko and Kc. The strong temperature dependence of these intrinsic param-

eters is hard to quantify independently, and thus they are usually fixed with respect

to variation other than temperature and similar across many models, with values

taken from the literature (e.g. Woodrow and Berry 1988; Bernacchi et al. 2001;

Sharkey and Schrader 2006). The formulations differ among sources, however, and

all these parameters are strongly interdependent. This affects the shape of the

temperature dependencies of Vcmax and Jmax as well, when these are fitted to data

using the Farquhar equations. Although this may seem a technical issue, the

consequence of this is that it is important to distinguish in model-data evaluations

whether the temperature dependence of maximum photosynthetic rate (Amax) is

considered or that of the underlying Vcmax and Jmax parameters, as their respective

response curves may have very different shapes. Also, it is essential that parameter

sets are consistent in models, i.e. all should refer to the same set of fixed model

parameters. These issues of relatedness of parameters are often overlooked (e.g. in

Smith and Dukes 2013).

Figure 14.4a shows that assumed temperature dependences for Vcmax do vary

substantially among DGVMs (parameter values taken from model descriptions).

Figure 14.4b shows that, given one temperature function (that of ORCHIDEE), the

effect of the Michaelis–Menten parameters causes temperature dependence of net

photosynthesis to decrease with increasing intracellular CO2 concentration. The

latter depends both on atmospheric CO2 concentration and on stomatal conductance

(affected mostly by water stress).

As a consequence of the assumed optimum functions, temperature dependence

can be strong in DGVMs, and therefore, in studies of climate change sensitivity, it

is important that the associated parameters of temperature response curves are

realistic. Also, apart from any immediate temperature response, it is important to

assess how these optima acclimate to changing ambient temperatures. At the
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timescale of interest in climate impacts on vegetation, genetic adaptation is not

likely to be relevant; however, if species or ecological groups have different

temperature responses and plasticity, an ecosystem may ‘acclimate’ through a

shift in species abundance.

Such improvements in parameterisation of temperature responses require exper-

imental data. Long-term ecosystem flux data, with naturally co-varying tempera-

tures and GPP estimates, are of limited use because of lack of distinction in these

data among species or species groups, between respiration and photosynthesis, and

the inevitable covariance between temperature and other environmental variables.

There is a need for photosynthetic temperature-related parameters determined at the

leaf level, both for the immediate response and the long-term response. In a vast

tropical rainforest domain like the Amazon, it seems almost impossible to achieve

any meaningful and representative quantification of this, but with limited work at a

few sites it should at least be possible to test the implicit assumption in today’s
models that temperature responses and optima are fairly conservative across species

and regions given similar climate. If variability within ecosystems in temperature

sensitivity is high and normally distributed with respect to species and abundance,

then the overall temperature sensitivity of ecosystem productivity will be limited;

however, in the long run, species composition may change as a consequence of

different temperature dependencies.

Fig. 14.4 (a) Temperature

dependence of

carboxylation capacity

Vcmax as parameterised for

Tropical forest in a range of

DGVMs. (b) Instantaneous

temperature and CO2

dependence of net

photosynthesis based upon

the parameterisation of

ORCHIDEE [see (a)] and a

Vcmax of 40 μmol m�2 s�1 at

25 �C
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Some work at the scale of the leaf or the plant is already under way (Kruijt

et al. in prep.). Along the Peruvian slopes of the Andes into Amazonia, plasticity of

leaf photosynthesis and the vegetation carbon budget under different ambient

temperature regimes has been shown (e.g. van de Weg et al. 2012; Girardin

et al. 2010; Malhi et al. 2014). In central Amazonia, Doughty and Goulden

(2008) and Doughty (2011)) have studied response of photosynthesis to both

immediate temperature increase and responses to up to 13 weeks of leaf warming.

These studies showed photosynthesis to decrease at ambient temperatures above

35�. It is, however, possible that in some of these analyses temperature responses

and response to correlated VPD and stomatal conductance change were hard to

distinguish, while at higher T, photosynthesis also declines because its CO2

response saturates at higher CO2 (Kc is higher). Doughty (2011) also implicitly

shows that photosynthetic capacity increases with temperature between 30� and

37�, while leaf warming led to apparent decreases in photosynthetic capacity,

suggesting downregulation opposite to temperature change. In summary these, so

far unique, observations suggest both that photosynthetic temperature optima may

occur at higher temperatures than assumed in most models, whereas long-term

warming may lead to higher (negative) temperature sensitivity.

In order to parameterise the relevant photosynthesis submodels, studies should

quantify the response of photosynthetic capacity (Vcmax, Jmax) and stomatal con-

ductance rather than (maximum) net photosynthesis (Meir et al. 2002). Longer-term

warming (or cooling) experiments should investigate acclimation to extended

periods of temperature change in different ecological species groups.

14.2.4 Temperature Dependence of Respiration

Respiration is an integral part of ecosystem carbon budgets; however, here we offer

only a brief outline of the issues concerning respiration in ecosystems. More

elaborate analyses of the issues can be found elsewhere (e.g. Atkin and Tjoelker

2003, 2008; Meir et al. 2008; Chambers et al. 2004 and Smith and Dukes 2013).

By ‘respiration’ we refer to all biological processes in ecosystems that lead to

production of CO2, derived through the oxidation of organic material. The two

distinct respiration pathways, autotrophic (plant) and heterotrophic (by consumers

and decomposers of all kinds), are best modelled separately, as environmental

responses can be quite distinct. Almost no process-based models, for application

at large scale, have been used to comprehensively represent respiration in forest

ecosystems (but see Atkin et al. 2008). Although several DGVMs distinguish

autotrophic and heterotrophic respiration, in general few parameters are used to

determine environmental response: a base respiration rate, approximately related to

the amount of substrate or respiring organisms, whichever is limiting; and param-

eters describing dependence on temperature (exponential) or moisture (an optimum

curve or linear function), nutrient content (linear), and photosynthetic capacity

(Vcmax).
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DVGMs often couple the (base) rate of plant respiration to productivity (photo-

synthesis capacity, net primary productivity, or root activity), on the grounds that

the necessary enzymes in these processes turn over and need re-synthesising

rapidly. This coupling of parameters in models typically operates at longer time-

scales (months to years), but sometimes also at daily timescales, where photosyn-

thetic capacity also acclimates at these rates to the environment (LPJ, Sitch

et al. 2003).

The temperature sensitivity of both autotrophic and heterotrophic respiration

tends to be exponential in most models with little or no long-term acclimation. The

fact that respiration was formulated this way did to a large extent contribute to the

predicted Amazon dieback in the HADCM3 simulations of Cox et al. (2000). The

physiological basis of such exponential relationships is fairly weak. In reality, there

is good reason to assume that, in the absence of other limitations, such as those

imposed by moisture, respiration, like most enzymatic processes, will increase with

temperature monotonically up to cellular dysfunction (e.g. lysis) or potentially

enzymatic denaturation. The empirical basis for specifying this kind of relationship

has hitherto been limited, though this is beginning to change with new empirical

datasets testing temperature responses over large temperature ranges (O’Sullivan
et al. 2013). The main uncertainties here concern the exponential coefficients and

how they might alter over large temperature ranges, the maximum and/or critical

point beyond which respiration declines, and base respiration values defined at a

common temperature. For autotrophic respiration, the base respiration mainly

depends on growth, transport, and maintenance requirements and in the absence

of stress responses (e.g. drought) will be generally correlated with productivity and

productive capacity. Whether and why the temperature coefficient of autotrophic

respiration varies much from the Q10¼ 2 standard value (Atkin and Tjoelker 2003;

et al. 2006) is unclear as yet. There are also indications that moisture stress (i.e. low

plant water potential) can affect either base respiration or temperature coefficients

(Atkin and Macherel 2009; Metcalfe et al. 2010). Finally, as with photosynthesis, it

is essential to establish whether respiration rates and associated base respiration and

temperature coefficients will acclimate to higher environmental temperatures.

Recently, Slot et al. (2014) showed for a Panama rainforest that respiration did

indeed downregulate its base rate on artificial leaf warming, with potentially

important consequences for carbon uptake of ecosystems under climate change.

For soil respiration, the processes are diverse and less well understood than in

plants, partly because of the complexity of the chemical and biological composition

of the soil and its physical structure. First of all, while models usually split

autotrophic (root-derived) respiration from heterotrophic respiration, most avail-

able data refer to bulk soil respiration, although there is an increasing amount of

information on root exclusion experiments (Subke et al. 2006). While root respira-

tion and its exponential coefficients are closely linked to productivity, heterotrophic

soil respiration is related to the activity of a multitude of soil organisms and

depends on accessible and decomposable soil organic matter, soil moisture, oxy-

gen, and nutrients, as well as on temperature. Traditionally, decomposition is

modelled for a few ‘fractions’ of soil carbon, defined by their readiness to
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decompose, while this description sometimes relates poorly to observable organic

matter fractions (Buurman and Roscoe 2011). The dynamics of soil organic matter

(SOM) breakdown are complicated at short and longer timescales by feedbacks

such as occlusion of SOM in aggregates (e.g. Zimmermann et al. 2012; Stockmann

et al. 2013) and this may be affected by the activity and diversity of soil organisms

themselves (Whitaker et al. 2014) and at short timescales by root activity stimulat-

ing exudation and mycorrhizal activity.

Thus, respiration, in spite of the fact that it represents 30–50% of ecosystem

carbon dynamics (Loveys et al. 2003; Galbraith et al. 2014), is still poorly under-

stood and represented in models, and there is no general model for respiration, as is

available for photosynthesis (Farquhar et al. 1980). This implies that models have to

rely largely on empirical data for parameterisation: respiration rates of a few main

ecosystem components across a range of environmental conditions. When com-

bined with GPP, a full suite of respiration estimates enables the calculation of forest

ecosystem-scale carbon use efficiency, CUE (CUE¼GPP/R), and CUE is incor-

porated as a fixed value in some models, usually representative for temperate

regions. Empirical estimates of CUE for tropical rainforests at around 30% are

substantially lower than the 50% originally estimated for temperate forest ecosys-

tems, though the uncertainty on these empirically derived values is relatively high

(Waring et al. 1998; Chambers et al. 2004; Malhi et al. 2009b). Notwithstanding

limitations in our understanding of the multiple ecosystem components contribut-

ing to net respiratory effluxes (Meir et al. 2008), the modelling community is in

urgent need of a simple well-substantiated concept, beyond the exponential

response, to model the relationship between vegetation productivity and respira-

tion, the growth rate of soil organisms in response to the environment and substrate,

and the mobilisation of substrate.

14.2.5 CO2 and Nutrient Sensitivity of Amazon Forest
Productivity

Several recent studies have pointed out the strong sensitivity of DGVM predictions

to the atmospheric CO2 concentrations used in twenty-first century climate scenar-

ios (Rammig et al. 2010; Jupp et al. 2010; Lapola et al. 2009; Booth et al. 2012;

Huntingford et al. 2013), a key area of uncertainty that was identified by plant

physiologists some 20 years ago (e.g. Long and Hutchin 1991). In most simulations

for the twenty-first century, if atmospheric CO2 concentration is assumed to

increase, Amazonian forest biomass will increase despite likely negative effects

of increased temperature and drought severity, whereas if the CO2 concentration is

kept constant, biomass is forecast to decrease (Galbraith et al. 2010; Huntingford

et al. 2013). The physiology of photosynthesis implies that the effects of high CO2

concentrations on GPP are potentially larger at tropical temperatures than for cooler

climates (Hickler et al. 2008), and thus there is an urgent need to test this. Despite
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this theoretical sensitivity and its wide use in vegetation models, there is very little

empirical information on the CO2 response of tropical forest trees and forest

ecosystems (Franks et al. 2013; Cernusak et al. 2013; Smith and Dukes 2013),

mainly because of the practical difficulty of obtaining such information. As CO2 is

the primary resource for photosynthetic productivity, the immediate response to

elevated CO2 is the production of more carbohydrates in leaves, even though

stomatal closure with elevated CO2 tends to partly counteract this. The efficiency

of this production depends on the usual photosynthesis parameters, including

maximum carboxylation and electron transport, as well as the affinity of the

photosynthetic enzyme Rubisco to CO2 and O2. All these parameters are temper-

ature dependent and therefore the sensitivity of carbohydrate production to CO2

also depends on temperature. To what extent plants and ecosystems utilise the

additional carbohydrate supply, however, to increase biomass and, ultimately, to

alter the total amount of carbon stored in the ecosystem depends on a suite of

co-limiting factors, such as nutrient availability (to maintain the photosynthetic

apparatus and other essential biomass components), ecological strategies of species

present (determining their longevity, carbon turnover allocation of carbon to dif-

ferent plant organs, and mortality), soil biochemistry, and disturbance regime.

Where carbohydrates are not used for growth or storage, respiration will potentially

increase, and photosynthesis will be affected as well (Drake et al. 1997; K€orner
et al. 2005).

Therefore, to understand CO2 sensitivity, the use and fate of photosynthates,

including its dependence on the environment, need to be understood as well

(Fig. 14.3). In the near future, a major new free-air CO2 experiment (FACE) will

be set up in the Amazon (Tollefson, 2013 and www.amazonface.org), addressing

many of the issues mentioned here.

The supply and use of nutrients appears to be particularly tightly coupled to plant

and ecosystem responses to elevated CO2. Until recently most DGVMs lacked

proper representation of nutrient dynamics, let alone their impact on NPP (but see

below). Based on field-scale FACE experiments in even-aged temperate plantation

forests, at increased CO2 concentrations, nutrients are likely to limit the response to

CO2 in the long term, despite earlier enhancements in productivity (Norby

et al. 2010). Nutrient availability may first affect photosynthetic capacity and

respiration, but not necessarily to the same extent, and with differing impacts on

the allocation of newly fixed carbon to above- and below-ground components. As

many models rely on fixed parameters for photosynthetic capacity (Vcmax) and

respiration, nutrient availability is only implicitly accounted for through these

parameters, and not dynamically. This has as a consequence, for example, that

the modelled response in productivity to elevated atmospheric CO2 is only limited

by radiation under well-watered conditions. Photosynthetic capacity of plant can-

opies is often simulated as an optimised response to available light and water and

assuming a fixed overall nitrogen availability, with respiration changing in concert.

Several studies have shown that such optimisation is likely to be an oversimplifi-

cation (Meir et al. 2002; Kull and Kruijt 2002; Lloyd et al. 2010), but the concept

leads to very powerful simplified model characteristics. For example, Haxeltine and
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Prentice (1996) have shown that this type of model can predict canopy nitrogen

quite well from absorbed radiation. In nutrient-stressed environments, or where

phosphorus is limiting, such as in vegetation growing on old highly weathered soils

that characterise large parts of Amazonia, this predicted capacity is likely to lead to

overestimation of productivity. Also, just as with models using fixed photosynthetic

capacity, the response to CO2 is not limited and does not yet incorporate processes

that might simulate alterations in the availability of the relevant limiting nutrient.

Two different approaches to modelling nutrient dependence in DGVMs can be

envisaged. One approach is to link soil nutrient availability directly to concentra-

tions in the leaves and photosynthetic capacity (Mercado et al. 2009, 2011), an

approach that at the minimum requires a map of soil nutrient availability (such as in

Quesada et al. 2010; Castanho et al. 2013; Yang et al. 2013), but this approach is not

dynamic in their treatment of nutrient use or availability. An alternative approach is

to simulate plant nutrient concentrations as the balance between demand from the

plant and photosynthesis system and supply by soil processes and atmospheric

deposition (Smith et al. 2014; Goll et al. 2012).

A substantial part of the demand for nutrients is determined by photosynthetic

capacity, growth, and metabolism (turnover) of the leaves. Nitrogen is mainly used

for the enzymes of photosynthesis and respiration, and phosphorus is required for

enzyme manufacture, energy transfer, and nucleic acids. Depending on the plant’s
strategy for defence and drought resistance mechanisms, nutrients are also involved

in the formation of additional cell wall material and to a lesser extent in secondary

compounds that are not directly affecting productivity. The optimality assumption

(Haxeltine and Prentice 1996), however, implies that where absorbed light is high,

the demand for nutrients to build up and maintain photosynthetic capacity will also

be high. In this optimisation approach for photosynthesis, this demand varies with

water stress, CO2 concentration, and temperature as well. In this model, if leaf area

is high as a consequence of high productivity, then absorbed light is high (but

limited by saturating absorption) and consequently the demand for nutrients is high.

This approach does not fully recognise the effects of different plant strategies in the

proportion of nutrients directly used for photosynthesis, however. In all DGVMs,

either plant traits and nutrient allocation need to be specified more explicitly for

different plant functional types, or these traits need to be modelled as parameters

that respond to the climate and environment.

There are many challenges associated with modelling the transfer of nutrients

between the soil and vegetation. The availability of N depends on the presence or

absence of N fixation, on atmospheric deposition, and on mineralisation and

denitrification. Because of the dominant role of N as a limiting nutrient in the

higher latitude, temperate, and boreal regions, where data is more plentiful, a head

start in incorporating N cycling feedbacks into DGVMs has been achieved (Zaehle

and Friend 2010; Zaehle et al. 2010; Fisher et al. 2010b; Thornton et al 2009; Smith

et al. 2014). Phosphorus on the other hand has only recently been incorporated into

DGVMs (e.g. Goll et al. 2012). The numerous forms of P in the soil and the

different timescales over which transformations between these pools operate pro-

vide further complications for modelling the cycling of this nutrient. The amount of

346 B. Kruijt et al.



plant available P in the soil depends on several factors, for example, soil properties

such as pH, iron content, redox status, clay mineralogy, and the sorption capacity of

the soil to name a few (Turner and Blackwell 2013; Turner and Engelbrecht 2011;

Lloyd et al. 2001) and also biological processes such as organic acids, actively

secreted root enzymes, and mycorrhizal associations (Hunt et al. 2007; Lloyd

et al. 2001; Olander and Vitousek 2000). Therefore, not only do we need the

knowledge to model the uptake of available phosphorus by vegetation and the

transfer of the nutrient between organic and biomass pools, we also need knowledge

of soil properties and processes. All of these processes are generally poorly

represented in DGVMs, although some first attempts at including full P cycling

are being tested now. These include the CASA global carbon cycle model (Wang

et al. 2010), which under steady-state, present-day conditions estimates a reduction

in NPP of circa 20% in tropical evergreen broadleaf forests and tropical savannas

when P is included. Phosphorus and nitrogen submodels have also been developed

for use in the Community Land Model (CLM) and JSBACH (Yang et al. 2014; Goll

et al. 2012).

Parameters affecting the partitioning of P among pools are assigned by soil order

in these models. The majority of the Amazon Basin is represented by only two soil

types in these models; thus, the spatial variation observed across the Amazon in soil

P fractions (Quesada et al. 2010) will not be represented by these models. The

processes and parameters in these existing nutrient cycle models need to be adapted

to the Amazon basin soils and incorporated into DGVMs.

Apart from this, modelling the cycling of phosphorus between different pools is

in general limited by the lack of data from tropical ecosystems to both validate and

parameterise such models. The most comprehensive dataset to date, covering the

whole Amazon, is from Quesada et al. (2010). Further experimental work that is

needed to advance the representation of nutrient cycling in DGVMs is manifold.

Apart from mapping soil N/P fractions across the Amazon basin, inventories of leaf

N/P concentrations as a function of soils, absorbed light, water stress, leaf trait or

strategy, and CO2 concentration are big, but fairly straightforward prerequisites

(Malhi et al. 2002). Nevertheless, such data will not provide the definitive material

to dynamically model the interaction of productivity, nutrients, and CO2. For that,

nitrogen fixation, denitrification, as well as P mobilisation/immobilisation need to

be quantified and parameterised. Particularly, more information is needed on the

mechanisms and rates of transfer between P pools. For example, an improved

quantification of the rates of biochemical mineralization and the investment by

vegetation in nutrient acquisition strategies such as phosphatase enzyme production

and mycorrhizal associations under different levels of soil phosphorus and moisture

availability is required (Cernusak et al. 2011). This is a field of research that still has

to mature and, where already existing, it needs to be linked much more closely with

DGVM development.
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14.2.6 Functional Types Versus Continuous Traits

Most state-of-the-art DGVMs treat vegetation at a grid cell as belonging to one of a

range of plant functional types (PFTs). A PFT represents a broad group of ecolog-

ical plant types by a set of model parameters determining, for example, bioclimatic

limits, deciduousness, water stress sensitivity, photosynthetic capacity, and specific

leaf area. Typically these PFTs have been poorly parameterised for tropical vege-

tation, but recent work by (Fyllas et al. 2012) has proposed a classification for

Amazon forests that is much more in line with the main ecological axes of variation

in plant traits along variation in relative investment into leaf and stem longevity and

nutrient contents. However, simply modifying the definition of PFTs is unlikely to

be sufficient, as the discussion above shows that variability in such plant traits can

be large and more continuous than assumed in such simplified and discrete PFTs.

Although this approach allows relatively efficient global coverage, a disadvantage

may be that process representation is too coarse and modelled transitions between

vegetation types in space and time (such as forecasts of ‘savannisation’ and

multiple stable states in Amazonian vegetation) become unnecessarily sharp and

unrealistic. For example, a study of the impact of a prolonged drought in Ghanaian

forests (Fauset et al. 2012) demonstrated that intact forests could continue to

maintain high carbon stocks and increase in biomass despite an average reduction

in annual rainfall of 165 mm year�1 out of about 2100 mm Mean Annual Precip-

itation. This was associated with a shift in the composition of the forest towards

more drought-tolerant species, suggesting that the resistance of the tropical forests

to drought over long timescales may be increased with subtle shifts in the charac-

teristics of the species that are present. There are two challenges to capturing more

effectively these kinds of interactions within DVGMs. Firstly, changes to different

vegetation types in reality occur at the level of the individual, but DGVMs currently

operate at the patch scale. So if the processes represented at patch scale cannot be

made to reflect individual-scale processes (and for some DVGMs this is the case),

then it is inevitable that today’s DGVMs cannot represent such a change appropri-

ately. A second problem is to recognise the range of life-history strategies that exist

both within individuals of a species and among species. Therefore, several attempts

are being made to develop models with continuous plant traits rather than discrete

ones (e.g. Scheiter et al. 2013).

Some DGVMs, especially those that aim to simulate vegetation dynamics at the

patch scale, do allow several PFTs to coexist and compete for coverage within one

grid cell (ED, Moorcroft et al. 2001; Medvigy et al. 2009; LPJguess, Smith

et al. 2001). In such models, individual plants or ‘cohorts’ of individuals compete

for resources within one patch. Also, some DGVMs either allow a range of plant

traits within each PFT, represented by statistical distributions (Moorcroft

et al. 2001), or make several traits, such as photosynthetic capacity, an internally

calculated variable rather than being externally given, such as in Haxeltine and

Prentice (1996).
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Especially for the Amazon it may be important to study the effect of discreteness

in PFT formulations and compare models with single, multiple, or plastic PFTs, as

well as models that approach vegetation parameters as a continuum. It should be

interesting to evaluate whether the degree of continuity in plant traits represented

by each model is related to the occurrence of discrete or abrupt transitions in

vegetation types, either in time or in space.

One particularly relevant option is to at least allow variation in, and competition

between, plant traits that relate to drought tolerance. As described in the section on

water stress, trees appear to exhibit at least two different strategies along a likely

natural continuum, usually referred to as ‘isohydric’ and ‘non-isohydric’ (Tardieu
and Simonneau 1998), distinguishing species that tend to avoid water stress by

reducing transpiration and thus also reducing CO2 uptake, and those that avoid

carbon limitation by maintaining stomatal aperture, but risk irreversible damage

from water stress. In terms of existing models, such variation between stomatal

traits could be expressed by varying the sensitivity of stomata to soil/plant water

potential and atmospheric VPD, as discussed above. However, variation in

parameterisations of different traits needed to simulate water stress tolerance is

likely to be broader than this, incorporating vulnerability to embolism in xylem, and

potentially the capacity to use carbohydrate supply to ameliorate drought-related

conductivity losses in xylem (Plaut et al. 2012).

The implications for experimental work of implementing more explicit plant

trait diversity in models require first to quantify and better understand the key trait

spectra, and to understand the mechanisms that determine these differences, so that

trait variation can be modelled rather than parameterised.

14.2.7 Allocation of Primary Productivity over Vegetation
Components

Above-ground biomass depends, in addition to mortality processes and net primary

productivity (NPP), on the allocation of NPP into different plant tissues. Typically,

models consider three vegetation carbon pools to which NPP is allocated: wood,

leaves, and (fine) roots. The commonly used approaches to simulate NPP allocation

in global vegetation models include (1) constant allocation patterns, where the

relative fractions of NPP allocated to each plant carbon pool are determined by

fixed coefficients (e.g. IBIS, Kucharik et al. 2000; and Hyland, Levy et al. 2004),

(2) allocation driven by allometric constraints—the size of different plant pools are

related to each other by allometric relationships that must be satisfied when NPP is

allocated (e.g. JULES, Clark et al. 2011, or LPJ, Sitch et al. 2003), or (3) allocation

is based on the resource limitation hypothesis where NPP allocation is governed by

the relative availability of light, water, and nutrients (e.g. ORCHIDEE, Krinner

et al. 2005). Castanho et al. (2013) simulated biomass for the whole Amazon, while

Seiler et al. (2014) simulated the forest–dry woodland–savanna transition in
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Bolivia, both showing that the settings for allocation parameters in a DGVM

(INLAND and LPJGuess, respectively) can be crucial to correctly match vegetation

type and biomass. Malhi et al. (2011) and Galbraith et al. (2014) reviewed alloca-

tion patterns in tropical rainforests based on field measurements and compared

these to the allocation patterns simulated by a number of ecosystem models. Mean

NPP allocation fractions across tropical forests were found to be 34� 6% for

canopy, 39� 10% for wood, and 27� 11% for fine roots. Furthermore, canopy

NPP was found to be a relatively invariant component of total NPP with the main

trade-off believed to be between fine roots and wood, rather than leaves. Mean

values for global vegetation models were close to the mean of the data, but varied

considerably across models. For example, allocation to wood across the models

reviewed ranged from 16% to 77% of total NPP, not inconsistent with, but varying

three times more widely than the empirically derived range above of 29–49% for

tropical forests. Models whose allocation schemes were based on the resource

limitation hypothesis simulated particularly high allocation to wood in Amazonian

rainforests, suggesting that this type of model requires refinement for use in tropical

forests.

A number of alternative, evolution- or optimality-based models of allocation

have recently been developed, although these have yet to be widely applied in

global vegetation models. These recent developments in allocation modelling were

reviewed by Franklin et al. (2012) and include optimal response (OR) models,

game-theoretic optimisation (GTO) models, and adaptive dynamics (AD) models.

In OR models, such as the models of McMurtrie et al. (2008) or Franklin

et al. (2009), allocation is optimised so as to maximise a fitness proxy, such as

canopy photosynthesis or net growth. GTO models, such as that by King (1993), are

designed around the concept of an evolutionary stable strategy which is a strategy

that, when it is in equilibrium with its environment, is robust to competition from

individuals following different strategies. GTO models differ fundamentally from

OR models in that they explicitly include the effect of competition with other

plants. Both OR and GTO models assume some a priori fitness proxy. In AD

models, on the other hand, the fittest strategy is an emergent feature of the model.

Furthermore, AD models allow for coexistence of different evolutionary stable

strategies. Dybzinski et al. (2011) recently developed the first allocation model

based on AD. One of the predictions of this model is indeed the fine root/wood

trade-off observed in the review of Malhi et al. (2011) across tropical forests.

NPP allocation has to date been a remarkably understudied ecosystem process.

The most comprehensive published field study on carbon allocation is that of Malhi

et al. (2009b) who studied how above-ground and below-ground productivity

varied across ten Amazonian lowland terra firme evergreen forest sites. The study

identified a strong negative correlation between the fraction of NPP allocated

below-ground and soil clay content. The higher below-ground allocation to NPP

in sandier soils was suggested to be related to the poorer water and nutrient holding

capacity of those soils as greater root productivity was necessary for access to soil

moisture reserves. Our understanding of NPP allocation in tropical forests is being

greatly boosted by the establishment of a network of intensive carbon cycle
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measurements across Amazonia (http://gem.tropicalforests.ox.ac.uk/), allowing the

seasonal and inter-annual dynamics of carbon allocation in Amazonian rainforests

to be studied for the first time. First publications from this network are summarised

in Table 14.1. This data provides a much-needed testing ground for competing

models of carbon allocation in tropical forests.

How increasing atmospheric CO2 will affect allocation processes in tropical

forests is important for simulation of future biomass stocks in tropical forests, but

we have insufficient knowledge at present. While no FACE experiments exist for

tropical regions, FACE experiments from temperate zones point to very different

patterns in the response of carbon allocation to high CO2. The comparison of

loblolly pine (Pinus taeda in North Carolina (Duke) and sweetgum (Liquidambar
styraciflua) in Tennessee (ORNL) in two FACE experiments has shown a stimula-

tion of GPP and NPP of a similar magnitude (18–22% for GPP, 18–24% for NPP),

while the impacts on carbon allocation were very different (DeLucia et al. 2005). At

the pine site, >50% of the additional NPP due to CO2 fertilisation was allocated to

long-lived woody tissues, while at the sweetgum site, the majority of the additional

NPP was allocated to short-lived roots.

The consequences for long-term biomass storage at high CO2 that result from

such different patterns of carbon allocation to biomass compartments with widely

different carbon residence times could be considerable, as illustrated by K€orner
et al. (2005).

14.2.8 Modelling Biomass: Demography of Vegetation
Carbon, Mortality, Disturbance, Dispersal,
and Recruitment

Changes in primary productivity and soil respiration are important for determining

the ecosystem carbon content and its short-term processing, but to understand long-

term dynamics it is equally important to understand the additional impacts of

disturbance. Currently DGVMs do not adequately represent these types of dynam-

ics and often exclude them or treat them in an extremely simple way (e.g. assuming

a fixed proportion of disturbance per year in LPJguess, Smith et al. 2001). This can

result in large bias in model estimations of biomass; conversely, including drivers

of vegetation dynamics (e.g. mortality) can radically modify the response of the

modelled forest to a changing climate (Fisher et al. 2010a). Inadequate representa-

tion of these processes in DGVMs is not a trivial problem for the Amazon where

there are large spatial gradients in tree mortality (Phillips et al. 2004) and biomass

(Baker et al. 2004; Mitchard et al. 2013). As discussed above for modelling nutrient

availability, one approach might be to simply introduce observed spatial variation

in biomass losses from mortality directly into the model framework (e.g. Castanho

et al. 2013; Galbraith et al. 2013). Studies where this type of approach has been

attempted have demonstrated the sensitivity of modelled biomass to these
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parameters (e.g. Delbart et al. 2010; Castanho et al. 2013). However, a more

fundamental challenge is to relate forest dynamics to the underlying mechanistic

controls, related to soil and climate (Quesada et al. 2012). The lack of any

mechanistic relationship between environmental conditions and forest dynamics

in models, in particular tree mortality, may be the reason why DGVMs have not yet

been able to capture the c. 20% and 25% losses of biomass that occurred through

the mortality of large trees in the two multi-year throughfall exclusion experiments,

but instead remain either insufficiently sensitive or over-sensitive to the 50%

imposed reduction in precipitation (Galbraith et al. 2010; Powell et al. 2013). If

models cannot reproduce mortality from multi-year drought, or from short-term

natural drought events (Phillips et al. 2009), then we may be overestimating future

biomass stocks after some of the large reductions of rainfall that have been

predicted for the Amazon region (Malhi et al. 2009a).

One of the reasons that mortality is still a rudimentary process in models is

because tree mortality is complex and we do not fully understand the physiological

reasons of why some trees die and others survive, for example in response to

drought (Mcdowell et al. 2008). Along with senescence and environmental stress-

related mortality, sporadic weather events, such as wind throw, can cause death

events, though it should be possible to represent these statistically, rather than by

invoking physiological mechanisms. It is evident that multiple factors play a role in

the Amazon so all must be considered when including dynamic processes in these

models. For example, there are differences in the dominant mode and cause of death

across the Amazon resulting in large differences in the scale and frequency of

disturbance (Espı́rito-Santo et al. 2014). In western Amazonia trees die twice as fast

as those in the east (Phillips et al. 2004), reflecting differences in the dynamics of

these forests (Quesada et al. 2012). Observations highlight a higher frequency of

small tree mortality events in the western Amazon compared to low-frequency,

large tree death in the north-eastern Amazon (Chao et al. 2008). In the north-west

stem breakage is the dominant cause which we may attribute to external forces such

as blowdown, whereas in the north-east the majority of trees die standing perhaps a

result of senescence or drought (Fig. 14.5).

Currently the inclusion of mortality in DGVMs ranges in complexity from

having no explicit formulation, to having a constant rate—which can vary

(0.5–5%) across DGVMs (Galbraith et al. 2013)—and therefore there is no inter-

action with climate, or a carbon balance scheme where mortality results from

negative NPP (Mcdowell et al. 2011; Powell et al. 2013). In the ED model, there

is more complexity, as mortality also increases with decreasing wood density to

reflect the hypothesised higher likelihood of mortality of low wood density PFTs

(Moorcroft et al. 2001). More realistic or mechanistic ways of modelling mortality

based on the physiological processes discussed in earlier sections are limited by the

PFT approach. However, individual-based models will allow the exploration of

some of these avenues. Alternatively, predictive methods could be used to estimate

individual mortality risk based on plant characteristics (e.g. productivity, size, or

plant traits), which have been developed from empirical observations (e.g. Aubry-

Kientz et al. 2013; Lines et al. 2010; Chao et al. 2008).
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Recruitment is another component of forest dynamics where there is a lack of

process-based understanding, particularly understanding the feedbacks with cli-

mate change. For example, Kursar et al. (2009) and Engelbrecht et al. (2007)

showed that growth and survival of seedlings during drought may be a major

determinant of species distribution patterns in tropical forests, and shifts in species

composition following multi-decadal natural drought have been observed in Afri-

can forests (Fauset et al. 2012). For modelling such dynamic vegetation processes,

models would, in addition to including the above-described physiological pro-

cesses, need to consider for example age structure of forest stands, competition

between plants/species, establishment patterns (e.g. shade-tolerance/intolerance of

seedlings), and seed dispersal, as some models have begun to do (e.g. ED:

Moorcroft et al. 2001; Kim et al. 2012; LPJ-GUESS: Smith et al. 2001).

14.2.9 The Role of Fire in Natural Forests

While natural fires in Amazon rainforests play a minor role, the impacts of human-

caused fires in tropical rainforests are substantial today (Uhl and Kauffman 1990).

Therefore, fire is an important driver for future dynamics of remaining tropical

rainforest ‘fragments’ and may in some circumstances act as the final trigger in

Fig. 14.5 Tree mode of death from sites in Amazonia and Central America. Trees for which mode

of death was unknown were excluded. Mode of death in French Guiana and Costa Rica was not

separated between uprooted or broken. Data from Putz and Milton (1982) (Panama), Lieberman

et al. (1985) (Costa Rica), Carey et al. (1994) (Venezuela), Korning and Balslev (1994)

(Ecuador_Cuyabeno), Gale and Barfod (1999) (Ecuador_Hola Blanca Hills), Chao et al. (2009)

(Peru, Venezuela), Ferry et al. (2010) (French Guiana), and Toledo et al. (2012) (Brazil)
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vegetation change (Brando et al. 2014). The causes and impacts of fire are discussed

elsewhere (Chap. 13). Biophysical and socioeconomic feedbacks from fire may also

create a feedback with regional climate (Davidson et al. 2012). Shifts in tempera-

ture and precipitation patterns, altering vegetation structure, can in turn change fire

probability and fire behaviour (e.g. Golding and Betts 2008). Including the role of

fires in current models is crucial for understanding potential future dynamics of

Amazon rainforests. Current models include the calculation of potential human

ignitions, fire probability, and fire danger index (e.g. Golding and Betts 2008;

Silvestrini et al. 2011). Most parameterisations of fire are yet to find their way to

full coupling with global climate models. More process understanding of interac-

tion of fire and vegetation dynamics is needed to improve simulation of fire spread

and fire behaviour in different ecosystems. Only a few approaches include process-

based interaction of fire and vegetation at the ecosystems scale. Parameterisations

include, for example, potential fuel load (biomass or grassy biomass) and flamma-

bility (vegetation or air dryness) of the forest (Thonicke et al. 2010; Cardoso et al.,

pers comm). For a better understanding of the occurrence of human-caused fires,

changes in current and future land use patterns need to be evaluated (e.g. Aguiar

et al. 2012) and fire models should be coupled to simulations of land use change to

account for edge effects and enhanced ignition risk (Cardoso et al., pers comm).

14.3 Conclusion

In conclusion, reflecting the state of the art until about the year 2014, we have

identified a number of important issues that are required to be addressed in current

and future research on the climate sensitivity of Amazonian vegetation. Field data

collection requirements and model priorities have been indicated. These include

systematic inventories of ecosystem state variables and model-driving data, exper-

imental investigations into specific processes, as well as adapting vegetation

models to better represent and accept these processes and their driver data. Focus

should be centred on understanding the effects of changes in moisture, temperature,

and nutrient availability, and on ecosystem demography, especially the mortality

process. These are issues not only of importance to the Amazon but also relevant at

the global scale and thus consist of an exciting field of study promising important

improvements in the near future.

The capacity to reliably represent Amazon forest biomass and vegetation in

models has improved greatly over the last decade. Also, our insight into which

factors are most important to sensitively evaluate climate change impacts has

improved, and it can be expected that these insights will soon lead to much more

reliable DGVMs. However, data from both process-oriented experiments and

ecosystem-scale observations are still sparse in comparison with the scientific

challenge, so that uncertainties may remain substantial in the foreseeable future.

Nevertheless, we are confident that given experimental effort and model
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development, within a few years we will be able to assess the effects of climate

change on the Amazon for the upcoming century with greater confidence.
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Araújo AC, Nobre AD, Culf AD, Elbers JA, Kruijt B, Von Randow C, Kabat P, Stefani P, Mendes

D (2002) Comparative measurements of carbon dioxide fluxes from two nearby towers in a

central Amazonian rainforest: the Manaus LBA site. J Geophys Res 107(D20):8090.

doi:10.1029/2001JD000676

Araujo-Murakami A, Doughty CE, Metcalfe DB, Silva-Espejo JE, Arroyo L, Heredia JP,

Flores M, Sibler R, Mendizabal LM, Pardo-Toledo E et al (2014) The productivity, allocation

and cycling of carbon in forests at the dry margin of the Amazon forest in Bolivia. Plant Ecol

Divers 7(1–2):55–69

Atkin OK, Macherel D (2009) The crucial role of plant mitochondria in orchestrating drought

tolerance. Ann Bot 103:581–597

Atkin OK, Tjoelker MG (2003) Thermal acclimation and the dynamic response of plant respiration

to temperature. Trends Plant Sci 8:343–351

Atkin OK, Atkinson LJ, Fisher RA, Campbell CD, Zaragoza-Castells J, Pitchford JW, Woodward

FI, Hurry V (2008) Using temperature- dependent changes in leaf scaling relationships to

quantitatively account for thermal acclimation of respiration in a coupled global climate–

vegetation model. Glob Chang Biol 14:2709–2726

Aubry-Kientz M, Hérault B, Ayotte-Trépanier C, Baraloto C, Rossi V (2013) Toward trait-based

mortality models for tropical forests. PLoS ONE 8(5), e63678

Baker TR, Phillips OL, Malhi Y, Almeida S, Arroyo L, Di Fiore A, Erwin T, Killeen TJ, Laurance

SG, Laurance WF, Lewis SL, Lloyd J, Monteagudo A, Neill DA, Patino S, Pitman NCA, Silva

JNM, Martinez RV (2004) Variation in wood density determines spatial patterns in Amazonian

forest biomass. Glob Chang Biol 10:545–562

Baker IT, Prihodko L, Denning AS, Goulden ML, Miller SD, Rocha HR (2008) Seasonal drought

stress in the Amazon: reconciling models and observations. J Geophys Res Biogeosci 113:1–10

Ball J, Woodrow LE, Berry JA (1987) A model predicting stomatal conductance and its contri-

bution to the control of photosynthesis under different environmental conditions. In: Biggins J

(ed) Progress in photosynthesis research. Nijhoff, Dordrecht, pp 221–224

Belk EL, Markewitz D, Rasmussen TC, Maklouf Carvalho EJ, Nepstad DC, Davidson EA (2007)

Modeling the effects of throughfall reduction on soil water content in a Brazilian Oxisol under

a moist tropical forest. Water Resour Res 43. doi:10.1029/2006WR005493

Bernacchi CJ, Singsaas EL, Pimentel C, Portis AR Jr, Long SP (2001) Improved temperature

response functions for mod- els of Rubisco-limited photosynthesis. Plant Cell Environ

24:253–260

356 B. Kruijt et al.

http://dx.doi.org/10.1029/2001JD000676
http://dx.doi.org/10.1029/2006WR005493


Bonal D, Bosc A, Ponton S et al (2008) Impact of severe dry season on net ecosystem exchange in

the Neotropical rainforest of French Guiana. Glob Chang Biol 14(8):1917–1933

Booth BBB, Jones CD, Collins M et al (2012) High sensitivity of future global warming to land

carbon cycle processes. Environ Res Lett 7:024002

Brando PM, Nepstad DC, Davidson EA, Trumbore SE, Ray D, Camargo P (2008) Drought effects

on litterfall, wood production and belowground carbon cycling in an Amazon forest: results of

a throughfall reduction experiment. Philos Trans R Soc Lond B Biol Sci 363:1839–1848

Brando PM, Balch JK, Nepstad DC, Morton DC, Putz FE, Coe MT, Alencar A (2014) Abrupt

increases in Amazonian tree mortality due to drought–fire interactions. Proc Nat Acad Sci 111

(17):6347–6352

Buurman P, Roscoe R (2011) Different chemical composition of free light, occluded light and

extractable SOM fractions in soils of Cerrado and tilled and untilled fields, Minas Gerais,

Brazil: a pyrolysis-GC/MS study. Eur J Soil Sci 62:253–266

Carey EV, Brown S, Gillespie AJR, Lugo AE (1994) Tree mortality in mature lowland tropical

moist and tropical lower montane moist forests of Venezuela. Biotropica 26:255–265

Castanho A, Coe M, Costa M, Malhi Y, Galbraith D, Quesada C (2013) Improving simulated

Amazon forest biomass and productivity by including spatial variation in biophysical param-

eters. Biogeosciences 10:2255–2272

Cernusak LA, Winter K, Turner BL (2011) Transpiration modulates phosphorus acquisition in

tropical tree seedlings. Tree Physiol 31:878–885

Cernusak LA, Winter K, Dalling JW, Holtum JA, Jaramillo C, K€orner C, Wright SJ (2013)

Tropical forest responses to increasing atmospheric CO2: current knowledge and opportunities

for future research. Funct Plant Biol 40(6):531–551

Chambers JQ, Tribuzy ES, Toledo LC et al (2004) Respiration from a tropical forest ecosystem:

partitioning of sources and low carbon use efficiency. Ecol Appl 14:72–88

Chao KJ, Phillips OL, Gloor E, Monteagudo A, Torres-Lezama A, Vasquez Martinez R (2008)

Growth and wood density predict tree mortality in Amazon forests. J Ecol 96:281–292

Chao KJ, Phillips OL, Monteagudo A, Torres-Lezama A, Martinez RV (2009) How do trees die?

Mode of death in northern Amazonia. J Veg Sci 20:260–268

Christoffersen BO, Restrepo-Coupe N, Arain MA, Baker IT, Cestaro BP, Ciais P, Fisher JB,

Galbraith D, Guan X, Gulden L, van den Hurk B, Ichii K, Imbuzeiro H, Jain A, Levine N,

Miguez-Macho G, Poulter B, Roberti DR, Sakaguchi K, Sahoo A, Schaefer K, Shi M,
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Part V

Integrating Considerations Between
Biophysical and Social Aspects



Chapter 15

Land Use, Land Cover and Land Use Change

in the Brazilian Amazon (1960–2013)

Jean P. Ometto, Eráclito R. Sousa-Neto, and Graciela Tejada

15.1 Introduction

The Amazon Basin in South America is home to the largest continuous remaining

tropical rainforest, representing half the world’s rainforest area, and is home to

one-third of Earth’s species (Tollefson 2008). Along with their rich biodiversity, the
forests of Amazonia deliver important ecosystem services. For example, in Brazil,

the forests of Amazonia alone contain more carbon stored than the amount of global

human-induced fossil fuel CO2 emissions of an entire decade (Öborn et al. 2011);

therefore, they play an important role in the global carbon budget (Chambers

et al. 2001; Loarie et al. 2009; Le Quere et al. 2009). In addition, the vegetation

acts as an efficient ‘pump water’ in recycling water over the extension of the forest,
and thus it is an important driver of the hydrological cycle and possibly a major

contributor to regulating regional climate (Spracklen et al. 2012; Werth and Avissar

2002).

Despite recent reductions in the relative rates of deforestation1 in Amazonia,

deforestation continues at a high rate, and this process is leading to changes in the

environment and society. In the past 40 years, the region has experienced drastic

changes in its land use and land cover (LULC). Fostered chiefly by the replacement
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1 Deforestation is a process that begins with the intact forest and ends with the complete conversion

of the original forest to other coverages. The first step is the removal of the noblest woods, and then

the timber for the construction and, finally, the remaining softwoods are harvested for the

production of plywood and boards. This process may take several years because the exploration

of the forest is made generally by different enterprises, each one specialised in one phase (INPE

2008).
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of native vegetation by grazing land, sown with African grasses for cattle ranching

and subsistence/family agriculture, more recently, large-scale agriculture such as

soybean cultivation has become a major contributor to LULC change (Ometto

et al. 2011). In general, deforestation and land conversion lead to the destruction

of habitats and depletion of species, cause soil erosion and contribute to global

climate change through the emissions of greenhouse gases (GHG).

Several studies have considered the future of the Amazon (Soares-Filho

et al. 2010; Lapola et al. 2010; Gómez and Nagatani 2009; Malhi et al. 2008;

Aguiar 2006; Soares-Filho et al. 2006; Laurance et al. 2001), following global

concerns about biodiversity loss, deforestation-driven CO2 emissions through the

intensification of droughts and vulnerability to forest fires and major LULC

changes. It appears that deforestation and global warming, acting synergistically,

could lead to profound changes in the Amazon biome, and beyond. The potential

shift in the energy and water cycles can cause changes in ecosystem structure

(including biodiversity) and functioning, reducing the capacity of the forest to

retain carbon and thereby increasing soil temperature and eventually affecting the

regional hydrological cycle (Ometto et al. 2011).

Most of the above studies focused on Brazilian Legal Amazon (c. 5 million km2),

a legally designated entity that extends over nine federal states of Brazil (Fig. 15.1),

whose inclusion in the designation in 1953 was underpinned by the similarities in

their ecological structure, economic, political and social conditions. Currently,

Brazilian Legal Amazon comprises the states of Acre, Amapá, Amazonas, Mato

Grosso, Pará, Rondônia, Roraima and Tocantins, including a part ofMaranh~ao (west
of the 44� west).

Fig. 15.1 The map of Brazilian Legal Amazon and its administrative division
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In this chapter, we provide an overview of the extent and dynamics of land use

and land use change of the Amazon Basin, with a focus on Brazilian Amazon,

which occurred from 1960 to 2010, taking into account the environmental and

social aspects related to the deforestation process. We provide some general

information about deforestation rates and data sources available for their evaluation

in all countries within the Amazon Basin.

15.2 Data and Information Sources Available on Land Use

and Land Cover (LULC) Change

Until 1988, data on LULC change in Brazilian Amazon could be obtained from the

agricultural census developed by the Brazilian Institute of Geography and Statistics

(IBGE). Data were published in 1960, 1970 and every 5 years since then, 2006

being the latest census data released (IBGE 2006). The census data provided

important information on land use (classes) at the municipality level but not in a

spatially explicit format (Table 15.1).

Since 1988, the National Institute for Space Research (INPE) has been generat-

ing and compiling satellite data for monitoring LULC in Brazilian Amazon, as part

of the Amazon Deforestation Calculation Program (PRODES). This system has

provided a consistent and unique historical mapping of deforestation (INPE 2014a;

Ometto et al. 2011).

PRODES has produced deforestation reports since 1978, using a mean defores-

tation rate from other data sources, such as IBGE until 1988; since 1997, the results

have been presented in a spatially explicit format. From 2003 to the present,

PRODES data and products (images, annual deforestation maps and deforestation

statistics) are available on the Internet (INPE 2014a). Official statistics on defores-

tation rates for Brazilian Amazon are based on these data.

In addition to PRODES, other remote sensing products complement the defor-

estation and land use change-monitoring portfolio in Amazonia. DETER (INPE

2013) is an alert system developed by INPE that has been monitoring deforestation

at a monthly basis since 2004, providing a reliable information source for decision-

makers to implement rapid action on the ground. Based on indications of forest

degradation obtained from DETER data, INPE has developed the DEGRAD system

(mapping forest degradation in the Brazilian Amazon). The system uses

LANDSAT and CBERS satellite images to map annually areas of degraded forest

that are likely to be converted to clearcutting (INPE 2014b). TerraClass (INPE

2011) is a joint Project by INPE and the Brazilian Agricultural Research Enterprise

(Embrapa) that uses the PRODES data for generating a LULC map of Brazilian

Amazon every 2 years (INPE 2011). The data of TerraClass account for all the

actual land use classes of converted land (see Table 15.1 for mapped land use

classes).
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Other LULC datasets are available for the entire Amazon Basin (Table 15.2),

including relevant parts of Bolivia, Ecuador, Peru, Colombia, Venezuela, Guyana,

Suriname and French Guyana. The Terra-i system detects land cover changes

resulting from human activities at 16-day intervals (Terra-i 2012). A regional

initiative from the Amazon Geo-referenced Socio-environmental Information Net-

work (RAISG) has used a standardised methodology for the whole Basin to produce

Table 15.1 Land use classes considered in the deforested areas in Brazilian Amazon generated by

TerraClass (2008)

Land use class Definition

Annual crop Extensive areas with a predominance of annual cycle crops,

especially grains, with use of high technological standards, such

as use of certified seeds, inputs, pesticides and mechanisation

Mosaic Areas represented by an association of various types of land use

and due to the spatial resolution of the satellite images, a dis-

crimination between their components is not possible. In this

class, family farming and subsystem of traditional pastures for

livestock are carried out in conjugated form

Urban area Areas resulting from population concentration forming villages,

towns or cities with differentiated infrastructure in relation to

rural areas and presenting density of roads, houses, buildings and

other public facilities

Mining Areas for extraction of valuable minerals or other geological

materials with the presence of clearings and exposed soils,

involving deforestation near superficial water bodies

Pasture Pasture areas in the production process with a predominance of

herbaceous vegetation and coverage of grass species between

90% and 100%

Pasture with shrubs Pasture areas in the production process with a predominance of

herbaceous vegetation and grass species coverage between 50%

and 80%, associated with the presence of shrub with sparse

vegetation with coverage between 20% and 50%

Pasture with areas of sec-

ondary regrowth

Areas that after clearcutting of natural vegetation and the devel-

opment of some agro-pastoral activity are at the start of regen-

eration process of native vegetation, with dominance of shrubs

and pioneer tree species. Areas characterized by high diversity of

plant species

Eroded pasture (bare

soil> 50%)

Areas that after clearcutting of forests and the development of

some agro-pastoral activity have a coverage of at least 50% of

exposed soil

Secondary vegetation Areas that after the complete cut of forest vegetation are in

advanced process of regeneration of shrub and/or trees or have

been used for practising forestry or permanent agriculture with

the use of native or exotic species

Other These are areas that did not fit in the previous categories and that

showed a differentiated coverage pattern such as rock outcrops,

river beaches, sandbars and others

Areas with no data Areas that have had their interpretation impossible by the pres-

ence of clouds or cloud shadow, at the time of passage for satellite

image acquisition, in addition to areas recently burned
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deforestation maps for the years 2000, 2005 and 2010 (RAISG 2012). On the global

scale, the GLC 2000 (https://ec.europa.eu/jrc/en/scientific-tool/global-land-cover)

and the GlobCover (http://due.esrin.esa.int/page_globcover.php) are the most used

map sources.

15.3 Occupation of Brazilian Amazon: Drivers and Trends

in Deforestation

Apart from the impacts associated with indigenous settlements in Amazonia, dating

back thousands of years, only in the past 40 years that the region experienced major

changes in LULC. Nowadays, most of the deforestation is undertaken for cattle

Table 15.2 Sources of land use and land cover change data for the Amazon Basin

Level

LUCC

data Description

Spatial/temporal

resolution Website Source

Global GLC2000 Vegetation map of

South America

(Global Land

Cover 2000)

1 km/2000 http://www.

gvm.jrc.it/

glc2000

GLC

(2003)

GlobCover Global compos-

ites and land

cover map

300 m/2005–2006;

2009

http://due.esrin.

esa.int/

globcover/

ESA

(2010)

Amazon

Basin

Terra-i Detects land cover

changes resulting

from human

activities in near

real time

250 m/2004 to

2011 update every

16 days

http://www.

terra-i.org/

terra-i.html

Terra-I

(2012)

RAISG Deforestation

map of the Ama-

zon Basin

30 m/2000–2005

and 2010

www.raisg.

socioambiental.

org

RAISG

(2012)

Brazilian

Amazon

PRODES Yearly deforesta-

tion map

60 m/yearly from

1988 to 2012

www.obt.inpe.

br/prodes/

INPE

(2013)

DETER Monthly defores-

tation alerts

250 m/monthly

from

www.obt.inpe.

br/deter/

INPE

(2013)

IBGE Agricultural cen-

sus data

Municipal level

(not spatial data)

every 5 years since

1960

www.ibge.gov.

br

IBGE

(2006)

TerraClass Land use map 30 m, 2008 avail-

able and 2010 only

the report (missing

spatially explicit

data)

www.inpe.br/

CRA

INPE

(2011)

DEGRAD Forest degrada-

tion map

30 m/yearly since

2007

www.obt.inpe.

br/degrade/

INPE

(2014b)
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ranching, agriculture and creation/expansion of urban areas. Until the 1950s, the

occupation of Brazilian Amazon was limited to the coastal region and the margins

of the main rivers (Escada and Alves 2001), causing imperceptible deforestation at

the regional scale. Economic activity was mostly related to the extraction of

non-timber products, mainly rubber tapping (Costa 1997). Rubber became the

first commodity produced in the region and had its golden years at the turn of the

nineteenth and twentieth century and reached its decline by around 1920 (UICN

1995).

Government incentives to settle the region, underpinned by the construction of

the Belém–Brası́lia highway in eastern Amazonia, caused the population to grow

from 1 m to 5 m from 1955 to 1965 (Becker 1997). As part of the National Plan for

Economic and Social Development (NPD), the main government strategies for the

occupation of Amazonia included (1) infrastructure development (construction of

roads, telecommunication, hydropower and urban areas) for spatial integration,

(2) expropriation of land for implementation of mining and settlement projects

and (3) subsidies to flow of capital and immigration (Becker 1997; Machado 1997).

In the 1970s, the Trans-Amazônica and Cuiabá–Santarém highways—built along-

side existing highways—formed the basic structure of road transportation within

the National Integration Project (PIN) (Escada and Alves 2001).

While promoting the integration and the connectivity to regional and national

markets, the construction of roads has led to high deforestation rates (Almeida

2009; Fearnside et al. 2009). The depletion of native vegetation during 1970s

predominantly occurred along major roads and around new areas of human settle-

ments (Skole and Tucker 1993; Machado 1997; Alves 2002; Fearnside 2005),

primarily in south-eastern Amazon (Fig. 15.3), a region commonly known as the

‘arc of deforestation’ (Becker 2005; Ometto et al. 2011). Following opening the

roads, logging, cattle ranching and small- and large-scale agriculture were the most

common activities that have led to increasing deforestation (Aguiar 2006; Aguiar

et al. 2012), reaching a total area of 152,000 km2 deforested by the end of the 1970s

(INPE 2002).

In the 1980s, the process of occupying of Amazonia included the expansion of

agribusiness, mining and several settlement projects (Kitamura 1994). Tax incen-

tives were a strong driver of deforestation (Fearnside 2005). Between 1978 and

1988, net deforestation in the Amazon region reached 360,889 km2, a significant

increase compared with the decade before (Fig. 15.4; INPE 2002).

The initial expansion of large-scale agriculture started in southern Brazilian

Amazon, affecting the areas of the Cerrado ‘biome’ in the 1990s (Aguiar 2006);

it changed the patterns of land use and the regional economy (Carvalho et al. 2002).

The expansion of world markets improved access to local credit and government

incentives, such as tax exemptions and funding for agricultural research. The

improvement of market channels and infrastructure rapidly encouraged the expan-

sion of mechanized agriculture with cash crops for export (Valdes 2006; Brown

et al. 2004; Barbier 2004; Madi 2004). From the late 1990s to 2004, there was a

significant increase in deforestation rates. This trend reflected the large-scale

agriculture boom, especially in the states of Mato Grosso, Pará and Rondônia,
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leading to a deforestation rate of ca. 18,161 km2 year�1 for 1995–1996 and

27,772 km2 year�1 for 2004 (Fig. 15.2; INPE 2014a).

Due to several factors, such as policy formulations and pressure from the

international community, since 2005 there has been a significant reduction in the

annual deforestation rate in Brazilian Amazon, with 12,911 km2 in 2008, 7464 km2

in 2009, 4571 km2 in 2012 (the lowest deforestation rate since 1988) and 5843 km2

in 2013 (Fig. 15.2; INPE 2014a). The reduction was observed in all states, although

Pará continued to be a state with a high absolute rate of deforestation until 2010

(Fig. 15.3, Table 15.2). Nonetheless, Maranh~ao has the highest accumulated defor-

estation on an area basis (Table 15.3). In total, 18.8% of Brazilian Amazon has

been converted from its natural vegetation (mainly tropical rainforest and cerrado)

Fig. 15.2 Total deforested area per federal state in Brazilian Legal Amazon, from 1988 to 2013.

Data from TerraClass 2010 (INPE 2011) and PRODES (INPE 2014a)

Fig. 15.3 Land use and land cover change from 1997 to 2013 in Brazilian Amazon. Data from

PRODES (INPE 2014a)
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to another land cover type through land use by 2013 (INPE 2013), of which 60%

occurred in the period from 1990 to 2010 (Fig. 15.4).

Some important causes of deforestation were associated with the demand for

new land for agriculture and cattle ranching (Carvalho et al. C; Bickel and Dros

2003; Fearnside 2005; Baccini et al. 2012; Barona et al. 2010) (Fig. 15.5). In some

cases, however, the area of cropland expanded at the expense of pastureland. As a

result of international market pressure on curtailing soy produced on recently

cleared land, the Brazilian Association of Vegetable Oil Industries (ABIOVE)

and National Association of Cereal Exporters (ANEC) proposed the refusal of

soy derived from land deforested in Brazilian Amazon after 2006 (known as the

Table 15.3 Deforested area per federal state in Brazilian Amazon until 2010. Data from

TerraClass 2010 (INPE 2011)

State

Total area

(km2)

Deforested area (km2) until

2013

Percentage of deforested

area

Acre 164,170 20,455 12

Amapá 142,814 4925 3

Amazonas 1,559,160 32,799 2

Maranh~ao 262,297 111,351 42

Mato Grosso 903,385 209,143 23

Pará 1,247,794 257,869 21

Rondônia 237,581 86,821 37

Roraima 224,296 9871 4

Tocantins 271,849 30,271 11

Brazilian legal

Amazon

5,013,347 763,505 15

Fig. 15.4 Accumulated deforestation from 1978 to 2013 (grey) and annual deforestation (black)
in Brazilian Amazon. Data from PRODES (INPE 2011) and TerraClass 2010 (INPE 2011). (a)

Data for 1978 is from PRODES (INPE 2002). It is assumed that the deforestation reached

152,200 km2 until 1978

376 J.P. Ometto et al.



‘soy moratorium’). It has been suggested that the increase in soybean production in
south-eastern Amazonia has, to some extent, displaced animal husbandry further to

the north, where it subsequently has caused deforestation (Barona et al. 2010). Not

all agree that this indirect land use change has been the case (Mueller 2003;

Brandao et al. 2005).

Along with a reduction in deforestation rates, there has been a decrease in

observed forest degradation recently, as shown by the results published for the

years 2007, 2008, 2009 and 2010 by the DEGRAD and PRODES systems. The

extent of degraded areas were 15,987 km2 in 2007, 27,417 km2 in 2008, 13,301 km2

in 2009 and 7508 km2 in 2010 (INPE 2014a, b). The states with higher accumulated

deforestation according to INPE (2014a) are Maranh~ao (42% considering only the

area of the state within the Legal Amazon), Rondônia (37%), Mato Grosso (23%)

and Pará (21%) (Table 15.2).

Land use of the deforested land in Brazilian Amazon in 2010 was pasture

(45.8%), pasture with regeneration of woody vegetation (8.2%), secondary

woody vegetation (22.3%) and cropland (5.4%) (INPE 2011). The sequence of

land use established after deforestation (e.g. forest to pasture, crops to pasture or

pasture to secondary vegetation) and the time lag among the land uses are critical

for land planning and development strategies. As well, this information is funda-

mental to deepen the understanding of the deforestation process, its drivers and the

policies that can contribute to a sustainable use of the soil and Amazon

conservation.

15.4 The Impacts of Land Use Change

The direct and indirect consequences of major changes in land use can affect human

societies within Amazonia and beyond. Changes in ecosystem productivity, hydro-

logical regime and climate are some of the impacts of deforestation that go beyond

Fig. 15.5 Percentage of thematic land use classes per state in deforested areas of Brazilian

Amazon. Data from TerraClass 2010 (INPE 2011)
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the regional and continental boundaries (Fearnside 2005; Betts 2001; Bonan 2002;

Foley et al. 2011; Davin et al. 2007). At the global scale, LULC is an important

driver of the carbon and nitrogen cycles (Galloway et al. 1995; Denman et al. 2007;

Sutton et al. 2013). It has been estimated that 35% of anthropogenic emissions of

CO2 during the past 150 years has been a direct result of changes in LULC

(Houghton 2003). In relation to nutrients, the increase in reactive nitrogen, derived

from anthropogenic activities, has surpassed by far the rates of biological nitrogen

fixation in all natural terrestrial systems and is estimated that atmospheric deposi-

tion will have doubled by 2050 compared with that in the early 1990s (Galloway

et al. 2004). Nitrogen deposition is thought to become one of the main drivers,

along with LULC and climate change, of biodiversity loss at global scale (Sala

et al. 2000). According to Galloway et al. (2004), in the early 1990s, a small region

of south-east South America received inorganic N deposition over 1000 mg N m2

year�1. By 2050, this area is expected to grow significantly, and there will be a large

region receiving >2000 mg N m2 year�1.

Deforestation, at the local scale, also causes loss of biodiversity, soil erosion,

nutrient depletion and soil compaction. The degradation of soil quality results in

low agricultural productivity (Martinelli et al. 2012) and increases the risk of

further land clearing for extensive agriculture at the expense of native forest

ecosystems (Sutton et al. 2013). Alterations to the hydrological regime have also

been observed after deforestation. Conversion of forest can heavily impact the

hydrological dynamics by increasing run-off, creating flash floods that can be

followed by periods of greatly reduced stream flow. Regular flooding patterns are

important for natural freshwater ecosystem functioning, for the riparian ecosystems

as well as for floodplain agriculture (Fearnside 2005).

Deforestation reduces the options for sustainable forest management for timber

or presently little-valued genetic or pharmacological resources (Fearnside 2005).

The Amazon forest ‘biome’ is rich in biodiversity, for instance, comprising more

than 50,000 vascular plant species, of which 30,000 are endemic (Vieira

et al. 2008). Habitat fragmentation may directly drive the loss of fauna and flora,

unbalancing ecological productivity (Tollefson 2013). Furthermore, biodiversity

has an inherent value beyond the market value of diverse forest products (Fearnside

1999). The impact of continued deforestation on biodiversity is much greater in

areas with little remaining forest, fragmented landscapes and high levels of ende-

mism. According to Fearnside (2005), if Amazonian deforestation were allowed to

continue unbridled, the same levels of risk to biodiversity would apply that had

already happened to the Atlantic forest (see, e.g. Tabarelli et al. 2012).

Changes in vegetation canopy height alter the temperature and humidity balance

leading to different patterns of precipitation that can feedback negatively to agri-

cultural production (Ometto et al. 2011). Werth and Avissar (2002) found that

deforestation effects in the Amazon were strong, with reductions in precipitation,

evapotranspiration and cloudiness.

In addition, deforestation promotes the production of GHG from soils previously

covered by native forests (Houghton 1999; McGuire et al. 2001; DeFries

et al. 2002; Achard et al. 2004; Potter et al. 2008; Ometto et al. 2011). Along

with C emissions, other GHGs are emitted from deforestation. Steudler et al. (1996)
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showed that forest-to-pasture conversion resulted in a net source of CH4 from soil

of about 10 kg CH4 ha
�1 year�1. According to Hao and Ward (2012), about 85% of

the total anthropogenic CH4 emitted originates in the tropics, mainly resulting from

agriculture, cattle husbandry, fuel wood use and deforestation. The Amazon is not a

major contributor of nitrous oxide (N2O) to the atmosphere, the exception being

forest fires. However, the upland (‘terra firme’) Amazonian forest soils are esti-

mated to emit about 15% of global non-anthropogenic emissions (Davidson and

Artaxo 2004).

Since early 1980s, Brazil has been one of the top GHG emitters, overall, due to

the intense rate of deforestation at the contact zone between Amazon forest and

Cerrado ‘biomes’. The recent decreasing trend in deforestation rates in Brazilian

Amazon has resulted from important commitments that the country has made

during international climate change negotiations. The proposed reduction of 80%

in emissions derived from deforestation, in relation to a decadal mean (MMA

2009), is about to be achieved. The implications of these actions point to the

necessity of profound changes and an alternative development plan for Brazilian

Amazon, including capacity building, education and opportunities for economic

activities, in particular at community level. At a more immediate timescale, incen-

tives to aid the regrowth of secondary vegetation in areas illegally deforested could

have the potential for the region to become a carbon sink.

15.5 Conclusions

Despite the recent decrease in deforestation rates in Brazilian Amazon, sustained

efforts towards better land management are required to maintain efforts to harmo-

nise economic development, social expectations and environmental conservation.

Together, deforestation and global warming lead to profound changes in the forest

structure with effects not only on the local environment, but beyond, potentially

affecting human societies. Furthermore, deforestation causes changes in ecosystem

productivity, hydrological and the climate regime. Investments in satellite moni-

toring together with studies on the impacts of deforestation are critical tools to

understand and manage important processes for maintaining critical ecosystem

services provided by the ecosystems of Brazilian Amazon.
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Chapter 16

The Impact of Land Use on Carbon Stocks

and Fluxes in Brazilian Amazonia:

Implications for Policy

Philip Fearnside

16.1 Introduction

Assessing impact of land use on carbon stocks and fluxes depends on quantification

of the magnitudes and understanding the processes operating in all three of these

sectors. This requires estimates of biomass and carbon stocks, the carbon fluxes

from transformations such as deforestation and abandonment to secondary succes-

sion and the associated models of land-use change needed to estimate the areas

affected. Although significant progress has been made in these three areas in the

past few years, much remains to be done. The social and physical changes them-

selves have been evolving, as have expectations regarding future changes in

Brazilian Amazonia, or Brazilian Legal Amazon (BLA) (Fig. 16.1). This chapter

reviews progress on emissions estimates for deforestation and logging and for the

magnification of these effects by extreme events. Future prospects for monitoring

these processes are also reviewed. Finally, the chapter reviews land-use change, its

modelling, recent developments and probable future drivers. This includes both the

forces driving increased biomass loss and consequent carbon emission and efforts

such as Reducing Emissions from Deforestation and Forest Degradation (REDD)

that are aimed at restraining forest destruction by using the value that avoiding these

emissions has for global efforts to mitigate climate change.
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16.2 Emissions Estimates

16.2.1 Deforestation

There have been a number of advances in quantifying emissions from deforestation,

but this is still the most uncertain portion of global emissions estimates. Discrep-

ancies are large among recent estimates of emissions (but see Chaps. 5 and 6).

Harris et al. (2012) estimated average annual gross emission from tropical defor-

estation over the 2000–2005 period at 0.81 Pg C (0.57–1.22 Pg C 90% confidence

interval). This contrasts with an estimate of 2.2 Pg C by Baccini et al. (2012) for the

2000–2010 period as well as estimates by Houghton (2003) of 1.93 Pg C for

Fig. 16.1 Brazilian Amazonia and locations mentioned in the text. Dams: (1) Jirau, (2) Santo

Antônio, (3) Belo Monte; Cities: (4) S~ao Paulo, (5) Santarém, (6) Cuiabá, (7) Porto Velho,

(8) Cláudia, (9) Manaus, (10) Belém; Other: (11) PDBFF, (12) Ducke Reserve, (13) RDS Juma
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1980–1989 and 2.2 Pg C for 1990–1999. It also differs from the ‘classic’ value of
1.6 Pg C for the annual net emission from land-use change that persisted through a

series of the Intergovernmental Panel on Climate Change (IPCC) reports on the

basis of an evolving series of rationales (see Fearnside 2000b).

The study by Harris et al. (2012) has claimed as positive points the fact that the

study was limited to gross emissions (i.e. ignoring regrowth in the deforestation

emission) and that it omitted soil carbon. The study also omitted the trace-gas

emissions that, considering the global warming potentials used to express CO2

equivalents under the 1997 Kyoto Protocol of the United Nations Framework

Convention on Climate Change (UNFCCC), increased the impact of global

warming of each ton of carbon emitted by deforestation by c. 15.3%� 9.7%

(depending on the emission factors used) as compared to a ton of carbon emitted

by fossil fuels, which emit almost all of their carbon as CO2 (Fearnside 2000c,

pp. 143–145). This author holds the view that all components must be included

based on the best available data, even if the estimates have substantial uncertainty.

Excluding uncertain components does not increase the utility of the result for

assessing the impact of land use on carbon stocks and fluxes—it only makes the

result less relevant.

The trace-gas emissions depend on how much of the biomass is oxidized through

combustion and how much through decay (e.g. Fearnside 2000c). For the portion

oxidized through combustion, the amount emitted through flaming versus smoul-

dering combustion is important, more trace gases being emitted by smouldering.

Burn quality is an important factor in determining the biomass exposed to burn-

ing that is actually oxidized, the unburned biomass that will be subject to decay or

to subsequent burning, and how much is converted to charcoal. Studies include

those of Soares Neto et al. (2009), who found 23.9% burning efficiency in Alta

Floresta, Mato Grosso, similar to other results from Amazonian burns. A study by

Righi et al. (2009) in a transition forest in Feliz Natal, Mato Grosso, in 2007 (a dry

year) found a burning efficiency of 65%. Higher burning efficiencies in forests with

lower biomass in the ‘arc of deforestation’ imply additional trace-gas emissions

(Fearnside et al. 2009).

16.2.2 Logging

16.2.2.1 Logging and Emissions

Logging is a major factor of forest disturbance that has received much less research

attention than deforestation, in part, because of the greater difficulty of quantifica-

tion by remote sensing. Merry et al. (2009) have simulated the future advance of

logging, and Ahmed and Ewers (2012) have produced maps of remaining timber

resources.

The question of how much carbon is emitted by logging is an important one, and

it has not been adequately included in global emissions estimates and in national

16 The Impact of Land Use on Carbon Stocks and Fluxes in Brazilian Amazonia:. . . 387



accounts. Brazil’s first inventory included an estimate (not included in the

inventory’s accounting of national emissions) of only 2.4� 106 Mg C per year

(MCT 2004, p. 149), and logging emissions were completely omitted in the second

inventory (MCT 2010). By contrast, Asner et al. (2005) estimated annual emissions

from logging at 80� 106 Mg C. An unpublished critique by researchers at the

National Institute for Space Research (INPE) of Brazil (Câmara et al. 2005) pointed

out problems in interpreting the satellite imagery and suggested that the annual

emission will be about half as much, or 40� 106 Mg C. Both results provide

confirmation that emissions are substantial, and they bracket the earlier estimate

of 62� 106 Mg C (Fearnside 2000a). In 1990 (the standard year for initial inven-

tories under the UNFCCC), this represented 15% of the annual balance of emission

from Amazonian deforestation and logging in Brazil (Fearnside 2000a); the per-

centage today would be higher, since the deforestation rate in 2013 had declined to

roughly half the rate in 1990, but logging activity has not declined.

16.2.2.2 Future Prospects for Monitoring Logging

Progress has been disappointing in automatic interpretation of satellite imagery.

One algorithm (Souza et al. 2005) tried and failed to win approval by the Brazilian

Forest Service (SFB) for use in application on a regional scale. Graça et al. (2005)

developed an algorithm that performed well in a limited area near Cláudia, Mato

Grosso, but has not yet been translated into an automated form that can be easily

applied on a regional scale. The CLASS algorithm (Asner et al. 2005) has a better

computational implementation for large-scale ‘operational’ use. The algorithm

needs to be complemented with local expertise to clean the results of areas of

rock outcrops, hilltops and some seasonally flooded ecosystems (v�arzea) that were
mistakenly identified as logging in the study by Asner et al. (2005) as pointed out by

Câmara et al. (2005). A subsequent ‘light’ adaptation (ClassLite: Asner et al. 2009)
is not designed specifically for logging, but rather for detecting biomass loss from

any cause, including fire.

A key to identifying logging activity is the correct identification of the logging

decks (small clearings where logs are stockpiled for loading on trucks). This has

been hindered by the effect of shadows that often impede the algorithms from

correctly identifying the decks. An important advance has been made by

Maldonado et al. (2009), who developed an algorithm that eliminates the effect

of shading, so that the logging decks stand out clearly.

Unfortunately, none of these algorithms has yet advanced to the point where

regular estimates of degradation (biomass loss) from logging are available similar

to those produced yearly for deforestation. The DETEX programme of INPE is

intended to monitor areas of logging, but, so far, the results of this effort are not

posted on INPE’s website, in contrast to the annual deforestation data from the

PRODES programme. It should be noted that logging interests are adamant that

logged areas not be characterized as ‘degraded’, but rather as ‘managed’ areas.
However, considering the definition of degradation as a reduction in biomass and
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carbon stock, logged areas are greatly degraded (e.g. Keller et al. 2004). They are

also damaged in other ways as compared to undisturbed forest. In practice, logging

often serves as a prelude to conversion to other uses, despite the discourse regarding

sustainable management (e.g. Fearnside 2003).

16.2.3 Extreme Events

16.2.3.1 Extreme Events and Emissions

The impact of land-use change on carbon stocks and flows is aggravated by extreme

events, especially droughts. Deforestation creates forest edges, where the microcli-

mate is hotter and drier than in continuous forest, causing increased tree mortality

due to water stress (Nascimento and Laurance 2004). Droughts magnify this source

of mortality. The edges are also the main entry point for forest fires (Cochrane and

Laurance 2002), which are also directly related to rainfall (Vasconcelos

et al. 2013a; Nepstad et al. 2004). Amazonian droughts affect biomass both through

mortality and through impeding growth (Gatti et al. 2014; Phillips et al. 1998, 2009,

2010). Tree mortality from forest-fire events has been estimated in on-the-ground

studies by various authors (Table 16.1).

Almost all Amazonian forest fires are at least partially the result of human

activities, including both the ignition sources and, in many cases, the increased

flammability of standing forest due to the impact of logging in increasing

necromass and in opening the canopy (e.g. Gerwing 2002; Berenguer et al. 2014).

These factors make it possible for forest fires to develop whenever a major drought

episode occurs, such as the El Ni~no events of 1997–1998 and 2003 and the Atlantic
dipole events of 2005 and 2010 (Lewis et al. 2011; Marengo et al. 2008, 2011, and

Chap. 4).

The losses are more severe when logging and fire are combined (e.g. Barlow and

Peres 2006). In a study in Paragominas, Pará, Gerwing (2002, p. 136) found, as

compared to ‘intact’ forest, 11.8% less total above-ground biomass (live + dead) in

forest that had been moderately logged, 12.9% less in forest that had been heavily

logged, 23.4% less in forest that had been logged and lightly burned and 51.1% less

in forest that had been logged and heavily burned. Berenguer et al. (2014, p. 6)

found forest that had been logged but not burned to have c. 24.5% less carbon in

above-ground biomass (live + dead), on average, than ‘undisturbed’ forest in

Paragominas, while forest that had been both logged and burned had 48.2% less.

In Santarém, the same study found that forests that had been logged but not burned

had above-ground biomass carbon reduced by only 2.2%, while those that had only

been burned had 5.6% less and those both logged and burned 22.2% less than

‘undisturbed’ forest.
The occurrence of fire is related to rainfall and soil water (Alencar et al. 2004;

Arag~ao et al. 2008; Chap. 13; Nepstad et al. 2004; Silvestrini et al. 2011). This

indicates the likelihood of increased fires if Amazonia experiences the projected by
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dry-season rainfall decreases expected to result from continued global warming

(Justino et al. 2011; Malhi et al. 2008, 2009; Nepstad et al. 2008; Nobre and Borma

2009). Among the consequences of this would be reduced capacity for REDD to

provide benefits, both for climate and for local populations (Arag~ao and

Shimabukuro 2010; Barlow et al. 2012).

Emissions from the major forest fires that occurred during the El Ni~no of

1997–1998 were estimated in Pará (Alencar et al. 2006) and in Roraima (Barbosa

and Fearnside 1999). Potential emissions from the fires in Southwestern Amazonia

during the 2005 Atlantic dipole drought were estimated by Vasconcelos

et al. (2011, 2013b). All of these studies indicate major emissions.

Because forest fires represent a threat to Amazonian forest, it is important to

understand the likely changes in fire frequency and area under climate regimes

altered by global warming (Chap. 13). The distribution of fires of different sizes is

important in helping to define the levels of atmospheric greenhouse gases that

correspond to ‘dangerous’ interference with the global climate system, as required

by Article 2 of the climate convention (UNFCCC 1992). A study by Pueyo

et al. (2010) has contributed to this in improving the mathematical characterization

of fire-size distributions in Amazonian forest and savanna ecosystems under

drought conditions. The study finds evidence of a critical transition to a megafire

regime under extreme drought in rainforests.

The effect of increased forest fires under climatic regimes altered by projected

global warming has been omitted from most modelled estimates of future emissions

from Amazonia (e.g. Cox et al. 2004, 2008). Forest fires would both increase

emissions and speed the demise of the forest, as compared to a scenario without

fires. The effect of fire is not included in recent models that indicate resistance of

Amazon forest to climates with as much as four times the preindustrial atmospheric

CO2 concentration, based on CO2 fertilization increasing tree growth and reducing

water loss from transpiration (Cox et al. 2013; Good et al. 2013; Huntingford

et al. 2013). Fires can kill trees irrespective of their ability to survive drought

alone (e.g. Fearnside 2013a).

Emissions from forest fires are not included in national accounts under the

UNFCCC (IPCC 2006). However, if global warming is to be contained, it is

necessary to have estimates of all emissions sources, including those that are wholly

or partially the result of natural events. Only emissions that are ‘directly human

induced’ are covered under the Kyoto Protocol (UNFCCC 1997) and are considered

to be the responsibility of the country where the emission occurred. The objective of

the UNFCCC is to avoid ‘dangerous’ concentrations of greenhouse gases

(UNFCCC 1992, Art. 2). To keep concentrations within this limit, it is necessary

to know the total that is being emitted in the world, so that the quotas (‘assigned
amounts’) negotiated for the different countries will be sufficient to limit the total

increase, not just the increase that is deliberately emitted by society. If emissions,

such as those of anthropogenic forest fires are not counted, then the quotas nego-

tiated may be insufficient to contain global warming.
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16.2.3.2 Monitoring Fires

The interpretation of satellite imagery to detect and quantify damage from Ama-

zonian fires has advanced using LANDSAT-TM imagery with 30-m resolution

(e.g. Graça et al. 2012; Chap. 13). INPE’s DEGRAD programme uses 250-m

resolution MODIS imagery to measure fire scars at least 25 ha in area (INPE

2014a). These results are not yet posted on INPE’s website, but they are commu-

nicated to the Ministry of the Environment.

Canopy damage has been mapped by Morton et al. (2011) for one LANDSAT

scene in southern Amazonia using both LANDSAT and MODIS imagery. The

algorithm that these authors developed is able to differentiate canopy damage from

fires and from logging for areas above 1.5 ha using LANDSAT or 10 ha using

MODIS, using a 4-year moving window to characterize the changes in each group

of pixels over time. These developments offer hope that the spatial extent of fire

damage can be quantified on a regional basis, thereby addressing an important

source of uncertainty regarding Amazonian emissions from forest degradation

(Chap. 13).

16.3 Land-Use Change

16.3.1 Modelling Land-Use Change

Difficult as it is, the ability to understand and model land-use change is essential if

effective governance measures are to be implemented to bring the process under

control. The causes of Amazonian deforestation are many, and the relative impor-

tance of each varies among locations and over time in any given location

(e.g. Fearnside 2005, 2008a). The dynamics of clearing by small farmers depends

on a variety of economic and demographic factors (Caldas et al. 2010; Perz and

Walker 2002). Roads are important factors for actors of all sizes, but the tens of

thousands of kilometres of clandestine or ‘endogenous’ roads that have been built in
the forest are particularly important for entry of small farmers (Brand~ao Júnior

et al. 2007). Roads speed deforestation not only though clearing spreading laterally

from the roadside, but also by allowing migration flows to areas far beyond the end

of the road in question, as in the case of the proposed reopening of the BR-319

Highway that would reconnect Manaus and Porto Velho (Barni et al. 2015). Land

speculation, which is also stimulated by roads, is a significant force in many parts of

the region, including among small farmers in settlement areas established by the

government (Carrero and Fearnside 2011).

Cattle pasture is still the main replacement for forest in Brazilian Amazonia as a

whole (McAlpine et al. 2010). However, soybeans are the major force driving land-

use change in much of Mato Grosso and in smaller areas in eastern Rondônia and in

the Santarém area of Pará (Fargione et al. 2008; Gibbs et al. 2008; Fearnside 2001;
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Morton et al. 2006). The role of China has recently become a dominant factor in the

advance of soy (Fearnside et al. 2013; Fearnside and Figueiredo 2015). Even when

soy is planted in former cattle pastures rather than in freshly felled forest, it has an

indirect effect on deforestation by displacing ranching activity into rainforest areas,

as has been shown statistically for movement of this activity from Mato Grosso to

Pará (Arima et al. 2011). Note that Brazilian diplomats do not accept this effect and

were successful in getting mention of it deleted from the summary for policymakers

for the IPCC’s Fifth Assessment Report (Garcia 2014).

Quantifying the effect of protected areas on deforestation is particularly impor-

tant as a guide to policy in this area. The conservation units created and strength-

ened under the Amazon Region Protected Areas (ARPA) programme have been

shown to have a significant effect in slowing deforestation (Soares-Filho et al. 2009,

2010). Differences in effectiveness in resisting deforestation have been found for

the various types of reserves, such as those under federal versus state-level control

and ‘integral protection’ versus ‘sustainable use’ categorization in Brazil’s National
System of Conservation Units (SNUC) (Vitel et al. 2009). Indigenous areas have

consistently been found to be the most resistant to deforestation, and in many areas

in the arc of deforestation, indigenous areas represent the only forest that remains

standing (Nepstad et al. 2006a).

The SimAmazonia model in the DINAMICA software by Soares-Filho

et al. (2006) has been an important tool for visualizing likely trends over the

2000–2050 period. However, for assessing the impact of specific development

projects, such as opening a highway or creating a reserve, a number of additional

features are needed. In the case of highways, these projects act as positive forces in

increasing the total amount of deforestation that takes place, not merely in

redistributing the location of a given amount of deforestation activity that has

been calculated separately based on macroeconomic indicators such as expected

growth in gross domestic product (GDP). Simulations using DINAMICA indicate a

substantial impact from currently planned highway projects, such as the reopening

of the BR-319 Highway that would connect the arc of deforestation in Rondônia

with Manaus in central Amazonia (Fearnside et al. 2009; see also Fearnside and

Graça 2006). In the case of reserves, there can be a significant distortion in the

expected amount of deforestation in the reserve area. When the baseline defores-

tation is calculated by multiplying a deforestation rate expressed as a proportion of

the forest area in a large subregion (in one case representing about one-third of

Brazilian Amazonia), a large total area to be deforested each year results; when this

is spatially allocated based on attractive features such as presence of roads and of

previous clearings, the large area to be deforested is placed in a single corner of the

subregion, producing unrealistically high-clearing rates for this particular location.

This is the case for the Juma Sustainable Development Reserve (RDS Juma) in the

state of Amazonas, which is the location of the first Reducing Emissions from

Deforestation and Forest Degradation (REDD) project (Yanai et al. 2012).
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16.3.2 Monitoring Deforestation

There has been a trend to smaller clearings detected by INPE’s PRODES

programme (using LANDSAT-TM with 30-m resolution), with increasing percent-

ages of the area deforested each year being in clearings with smaller areas.

Deforestation estimates with higher-resolution sensors will be needed to capture

small clearings (LANDSAT-TM has a detection limit of 6.25 ha for clearings).

High-resolution sensors, such as IKONOS or QuickBird, will also be needed to

monitor the narrow strips of forest along watercourses that are still considered as

areas of environmental protection (APPs) under the Forest Code as revised in 2012.

The Ministry of the Environment and INPE have plans for compiling a higher-

resolution mosaic that would at least be able to detect the 30-m wide APPs of large

properties, but not the 5-m wide APPs of small properties. Satellite monitoring

linked to Google Earth, aided by on-the-ground input from civil society via the

internet, is expected to increase the speed and accuracy of deforestation monitoring

(Tollefson 2009).

Information on land uses in deforested areas has long been a limitation in

quantifying net emissions of greenhouse gases. The limitation of deforestation

monitoring to just two classes, forest and non-forest, does not allow quantification

of the stock and uptake of carbon in the deforested landscape, forcing calculations

of emissions to rely on extrapolations from samples in small areas. Especially

important are estimates of areas of secondary forest and of degraded pasture. An

important improvement is the Terra Class data set (EMBRAPA and INPE 2011;

INPE 2014b; Chap. 15).

16.3.3 Recent Developments in the Region

Changes in deforestation rates have a direct relation with carbon emissions and the

rate of depletion of carbon stocks. Deforestation rates in Brazilian Amazonia

declined markedly from 2004 (when 27.8� 103 km2 were cleared) to 2014 (when

4.8� 103 km2 were cleared) (INPE 2015). Note, however, that deforestation soared

in the 3 months following the July cut-off of the official annual deforestation

estimate for 2014 (Fearnside 2015). This was followed by the rainy season in

Amazonia, when, although deforestation rates were also much higher than in

previous years, the effect is insignificant in terms of the annual total. Whether or

not the upturn of deforestation beginning in August 2014 signals a sustained

rebound, the basic forces driving deforestation continue to grow on the long term.

The decline in deforestation rates after 2004 was the result of a variety of

different forces, with significant differences depending on the location and the

year in question. From 2004 to 2008, the slowdown can largely be explained by

the decline in international prices of commodities such as soy and beef and a rise in

the value of the Brazilian real relative to other currencies, thus decreasing the
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profitability of exporting commodities that drive Amazonian deforestation

(Fearnside 2009a). From 2009 onwards, the trend in deforestation rates diverged

from those of commodity indicators, indicating that government regulatory mea-

sures were having a significant effect (Assunç~ao et al. 2012; Hargrave and

Kis-Katos 2011).

Despite the decreases in deforestation rates since 2004, a number of changes

point in the direction of greater future deforestation. These include the continuing

increases of the Amazonian population and of investment in the region, the plan-

ning and construction of ever more highways, dams and other infrastructure pro-

jects and some notable changes weakening environmental protections. One is the

revision of the Forest Code (Codigo Florestal), as finally passed on 25 September

2012 (Law No. 12.651/12). This greatly reduces (or eliminates) requirements for

maintaining forest along watercourses and on steep hillsides and, by effectively

pardoning most of the past violations, creates the expectation that deforestation in

violation of the present regulations will eventually be pardoned in future ‘amnes-

ties’ (Fearnside 2010; Metzger et al. 2010; Vieira and Becker 2010; Sparovek

et al. 2012). Another serious setback for environmental protection is the weakening

of the environmental impact statement and licensing process by the precedents set

in 2011 and 2012 in the cases of the Santo Antônio and Jirau dams on the Madeira

River and the Belo Monte Dam on the Xingu River (Fearnside 2012a, 2013b, 2014).

By allowing infrastructure projects to be approved over the objections of the

technical staff of the licensing agencies, and by granting licences without having

satisfied the ‘conditionalities’ that had been established as preconditions, the door is
opened to approving any project no matter how great its impacts may be. Other

setbacks include a virtually complete halt to creation of new protected areas after

2010 (Alencastro 2014), continued reduction or rescinding of existing protected

areas (Bernard et al. 2014) and a 72% cut in government funds for controlling

deforestation in 2015 (Leite 2015).

Of great concern is proposed legislation limiting the authority of the executive

branch of the federal government to enforce environmental regulations and to

create new indigenous areas and conservation units. Requiring congressional

approval would effectively make it impossible to create more protected areas in

the foreseeable future. As demonstrated by the recent weakening of the Forest

Code, the national congress is currently dominated by the ‘ruralist block’ (repre-
sentatives of large land-holders).

16.3.4 Future Forces in Land-Use Change

A variety of forces can be expected to affect future trends in Amazonian land-use

change. Brazil’s National Plan on Climate Change (PNMC), and the ‘voluntary
objectives’ Brazil announced at the 2009 Conference of the Parties of the climate

convention held in Copenhagen, call for a reduction of the annual deforestation rate

to 5� 103 km2 by 2020 (CIMC 2008). This reduction is substantial as compared to
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the 19.5� 103 km2 annual deforestation rate used as the baseline for the plan, but is

much less so as compared to recent rates (5.8� 103 km2 in 2013). Nevertheless,

achieving this will require significant governance efforts given the likely forces

acting to increase deforestation in the coming years. These include the effects of

planned reconstruction of key highways (together with the opening of side roads):

the Santarém-Cuiabá (BR-163) and the Manaus-Porto Velho (BR-319) Highways

(Fearnside 2007; Fearnside and Graça 2006). Roads are generally the key drivers in

Amazonian deforestation (e.g. Arima et al. 2008; Perz et al. 2008; Southworth

et al. 2011). The effect of planned dams is already being felt (Barreto et al. 2011).

Planned waterways for transport of soybeans can be expected to strengthen this

deforestation force (Fearnside 2002). The effect of biofuels, including oil palm,

may be significant (Fearnside 2009b). Increasing Brazilian exports of beef, along

with investments in both deforestation and in pasture intensification, represents

another significant trend (McAlpine et al. 2010).

Various possible forces have been suggested as acting to reduce deforestation

pressure in the future. These include increasing urbanization (Wright and Muller-

Landau 2006); however, various factors make this effect much less than claimed,

especially the fact that most of the people moving to cities are not from the major

groups of actors in Amazonian deforestation (Fearnside 2008b). Another is the

effect of a moratorium on soy purchases from land deforested for this crop (Gibbs

et al. 2015a; Nepstad et al. 2014). Certification of cattle ranches and slaughter-

houses is also being promoted as a means of decreasing deforestation pressure

(Gibbs et al. 2015b; Nepstad et al. 2006b, 2014; Newton et al. 2014). Note,

however, that a variety of practices allowing ‘leakage’ and ‘laundering’ reduce
the effectiveness of these agreements at present (Gibbs et al. 2015b). Similar

challenges face timber certification that is promoted both by the government and

by NGOs as a means of encouraging sustainable forest management (e.g. Barreto

et al. 1998). The net effect of the spread of sustainable forest management is much

more complicated than is often portrayed because of economic contradictions and

regulatory loopholes that can make the management plans a mere front for

obtaining authorization for harvesting and transporting the logs, but with future

conversion to deforested land uses as the ultimate result (Fearnside 2003).

One of the most controversial topics regarding future deforestation is the poten-

tial role of reducing emissions from deforestation and forest degradation (REDD).

Potential benefits include reducing clearing in private properties (Stickler

et al. 2009), creating protected areas (Nepstad et al. 2011) and implementing a

variety of policy changes for reducing deforestation (Moutinho et al. 2011a, b).

Challenges include the proper accounting for leakage (Fearnside 2009c; Yanai

et al. 2012) and a series of unresolved controversies ranging from how the carbon

accounting is done to how the resulting funds are used (Fearnside 2012b, c). Many

have strong opinions on REDD, favouring either throwing it out altogether or

working to fix its problems. Strong reasons to solve the very real problems that

face REDD include the still significant amounts of carbon emitted annually by

Amazonian deforestation, the very large stocks of carbon in the remaining forest at

risk of future emission, the lower cost and greater speed of avoiding deforestation
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emissions as compared to many other mitigation options and the substantial

non-carbon environmental benefits and social gains from maintaining Amazonian

rainforest.
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Câmara G, Valeriano D, Soares JV, Souza C Jr (2005) Nota técnica sobre o artigo “Selective
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ópticos y de microondas. Serie Geografica 7:97–108

EMBRAPA (Empresa Brasileira de Pesquisa Agropecuária) and INPE (Instituto Nacional de
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http://www.obt.inpe.br/prodes/

IPCC (2006) 2006 IPCC Guidelines for National Greenhouse Gas Inventories. In: Eggleston HS,

Buendia L, Miwa K, Ngara T, Tanabe K (eds) National Greenhouse Gas Inventories

Programme. Intergovernmental Panel on Climate Change (IPCC) and Institute for Global

Environmental Strategies (IGES), Kanagawa, Japan

Justino F, de Melo AS, Setzer A, Sismanoglu R, Sediyama GC, Ribeiro GA, Machado JP, Sterl A

(2011) Greenhouse gas induced changes in the fire risk in Brazil in ECHAM5/MPI-OM

coupled climate model. Clim Change 106(2):285–302. doi:10.1007/s10584-010-9902-x

Kauffman JB (1991) Survival by sprouting following fire in tropical forests of the Eastern

Amazon. Biotropica 23(3):219–224

Keller M, Palace M, Asner GP, Pereira R, Silva JNM (2004) Coarse woody debris in undisturbed

and logged forests in the eastern Brazilian Amazon. Glob Chang Biol 10:784–795. doi:10.

1111/j.1529-8817.2003.00770.x

Leite M (2015) Dilma corta 72% da verba contra desmatamento na Amazônia. Folha de S~ao Paulo.
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Suassuna K, Scaramuzza CAM, de Araújo FV (2009) Reduction of carbon emissions associ-

ated with deforestation in Brazil: the role of the Amazon Region Protected Areas Program.
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Chapter 17

An Amazonian Forest and Its Fragments

as a Laboratory of Global Change

William F. Laurance, José L.C. Camargo, Philip M. Fearnside,

Thomas E. Lovejoy, G. Bruce Williamson, Rita C.G. Mesquita,

Christoph F.J. Meyer, Paulo E.D. Bobrowiec, and Susan G.W. Laurance

17.1 Introduction

The Biological Dynamics of Forest Fragments Project (BDFFP) is the world’s
largest and longest-running experimental study of habitat fragmentation

(Box 17.1). Located in central Amazonia near the city of Manaus, the BDFFP has

evolved since its inception in 1979 into a major epicentre for long-term research.

The BDFFP’s research mission has gradually broadened to include not only long-
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term studies of forest fragmentation but also important work on global-change

phenomena and a variety of basic research topics.

Here we highlight some key contributions of this singular project to the study of

land-use change and regional- and global-scale drivers in central Amazonia, at the

heart of the world’s largest tropical forest.

17.1.1 Amazonia and Global Change

Amazonia stands at the intersection of several key questions for global change, both

for study and for action. It is believed to be one of the regions that will be most

impacted by projected climate changes (Salazar et al. 2007; Dai 2012; IPCC 2013).

It has the potential to contribute significantly to efforts to mitigate climate change

during the narrow window of time that we have to avert ‘dangerous’ global

warming (Fearnside 2000, 2012). It is also one of the places where sharply reducing

greenhouse gas emissions—by limiting forest loss and degradation—could deliver

the greatest global benefits for humankind (Stickler et al. 2009).

The rapid loss and fragmentation of old-growth forests are among the greatest

threats to tropical biodiversity (Lovejoy et al. 1986; Sodhi et al. 2004; Laurance and

Peres 2006; Gibson et al. 2011). More than half of all remaining tropical forest

occurs in the Amazon basin, which is being seriously altered by large-scale

agriculture (Fearnside 2001a; Gibbs et al. 2010), industrial logging (Asner

et al. 2005), proliferating roads and energy infrastructure (Laurance et al. 2001a;

Fearnside 2002, 2007; Killeen 2007), increasing biofuel production (Butler and

Laurance 2009) and oil, gas and mining developments (Finer et al. 2008).

The exploitation of Amazonia is driving forest fragmentation on a vast spatial

scale. By the early 1990s, the area of Amazonian forest that was fragmented

(<100 km2) or vulnerable to edge effects (<1 km from the edge) was over 150%
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greater than the area that had been deforested (Skole and Tucker 1993). From 1999

to 2002, deforestation and logging in Brazilian Amazonia, respectively, created

~32,000 and ~38,000 km of new forest edge annually (Broadbent et al. 2008).

Prevailing land uses in Amazonia, such as cattle ranching and small-scale farming,

produce landscapes dominated by small (<400 ha) and irregularly shaped forest

fragments (Cochrane and Laurance 2002; Broadbent et al. 2008). Such fragments

are highly vulnerable to edge effects, fires and other deleterious consequences of

forest fragmentation (Laurance et al. 2002; Barlow et al. 2006; Cochrane and

Laurance 2008). While model predictions for future climate in Amazonia vary

considerably, it is expected that parts of the region will be hotter and drier under

expected global warming (Dai 2012; IPCC 2013). What this warming portends for

affected areas of Amazonian forest is a matter of some controversy. Disastrous

die-offs projected by the UK Meteorological Office Hadley Centre at atmospheric

CO2 concentrations about twice those in the pre-industrial atmosphere (Cox

et al. 2000, 2004) have now been countered by a new model version from the

same group indicating the Amazon forest is likely to remain almost entirely intact,

even with up to four times the pre-industrial CO2 concentration (Cox et al. 2013;

Good et al. 2013; Huntingford et al. 2013). The main difference is inclusion of CO2

fertilization effects, making the trees grow faster, resist stress better and close their

stomata more frequently such that they use and need less water.

17.1.2 Contributions of the BDFFP to Global-Change
Research

The BDFFP, with 37 years of research in fragmented and continuous forest in

central Amazonia (Box 17.1, Fig. 17.1), has been contributing to quantifying the

interactions of land use and global climate change. BDFFP studies have assessed

the vulnerability of the forest to changes in meteorological parameters (Laurance

et al. 2009a), including those that are aggravated by fragmentation (Laurance

2004a, b). The long-term monitoring of thousands of individual forest trees, and

of populations of various other plant and animal species in the same locations,

provides the potential for early detection of global environmental changes.

The BDFFP is a source of invaluable long-term datasets. These include high-

quality estimates of Amazon forest biomass and carbon stocks (Phillips et al. 1998;

Baker et al. 2004). The project also contributes greatly to knowledge of the

diversity of species and their relationships in an Amazon forest ecosystem

(Laurance et al. 2010a; Ter Steege et al. 2013). Biodiversity and ecosystem

processes represent part of what is lost when the forest is destroyed or degraded,

whether by direct human action, by climate change or by the interaction of both

together. Understanding these processes is essential for assessing not only the
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vulnerability of forests but also their potential resilience in the face of global change

and the rate of recovery following perturbation (Williamson et al. 2014).

The BDFFP has made a substantial contribution to debate over climatic influ-

ences on the Amazon via its monitoring of lianas and forest dynamics (Laurance

et al. 2014a, b). Lianas evidently make better use of rising CO2 than do trees

(e.g. Condon et al. 1992) and contribute significantly to tree damage and mortality

(Ingwell et al. 2010). They also form heavily vine-dominated ‘liana forests’ in drier
parts of Amazonia (Fearnside 2013). BDFFP plots show a marked increase in liana

abundance and biomass between censuses in 1997–1999 and 2012 (Laurance

et al. 2014a, b). Liana increases have also been found in tropical forests in western

Amazonia, Central America, the Guianas and elsewhere, with rising CO2 levels

being one of the more likely explanations (see Laurance et al. 2014a, b and

references therein). This negative effect of CO2 enrichment is not included in the

Hadley Centre models and would likely cancel out some of the benefits indicated in

a high-CO2 future.

BDFFP data have helped to identify the direct effects of a warmer, drier climate

on the forest. The microclimate at forest edges is significantly hotter and drier than

that in the continuous forest (Kapos 1989; Kapos et al. 1993; Camargo and Kapos

1995). Canopy trees are vulnerable to changing microclimates on forest edges

during the dry season, with desiccation detected up to 2 km from clearings (Briant

et al. 2010). At the BDFFP, edge-associated tree mortality and ‘biomass collapse’
have been extensively documented (Laurance et al. 1997, 1998a, b, c, 2000;

Nascimento and Laurance 2004). Because the entire forest can be expected to

face comparable conditions under projected climate change, the dead trees in the

BDFFP fragment edges stand as a clear warning of the power of these changes.

Fig. 17.1 Map of the Biological Dynamics of Forest Fragments Project in central Brazilian

Amazonia
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Better estimates of how the forest will fare under changed climate are essential

for many reasons, including providing the scientific basis needed to convince both

world leaders and the general public that containing climate change is worth the

cost. But just as basic is the question: what should we do about climate change once

the world finally decides to act? The role of tropical forests is critical to this debate,

as they contain a large stock of carbon that could either be substantially released by

deforestation, logging and fire or conserved for their crucial environmental values.

The ways how avoiding these emissions could be incorporated into global mitiga-

tion efforts, how carbon benefits would be rewarded and how they should be

calculated have been the subject of long-standing controversy, dividing environ-

mental groups, national governments and scientists (see Fearnside 2001b, 2012).

One aspect of this discussion to which the BDFFP makes an important contri-

bution is in reducing the uncertainty surrounding biomass and carbon stock esti-

mates for Amazon forest. The BDFFP tree survey is much more complete than, for

example, the 3000 1-ha plots surveyed by the RADAMBRASIL project (Nogueira

et al. 2008). The BDFFP has much better species identifications and includes data

on other forest components, such as palms, lianas, strangler figs, understory vege-

tation and dead vegetation (necromass). Correct species identification allows better

matching with plant functional traits such as wood density and tree form

(e.g. Fearnside 1997; Nogueira et al. 2005, 2007; Chave et al. 2006).

Crucially, the BDFFP forest data allow one to see the variability in biomass from

one hectare to another. The mean above-ground biomass of live trees across 69 1-ha

plots was 356� 47 Mg ha�1 (Laurance et al. 1999). This great variability indicates

the need for many plots, rather than relying on only a few plots of 1 ha or less

scattered around the region as the basis for calibrating satellite imagery for biomass

mapping and for estimating greenhouse gas emissions from deforestation (see

Chap. 16).

17.2 Long-Term Studies of Forest Fragmentation

The BDFFP’s original mission focuses on assessing the effects of forest fragmen-

tation on Amazonian forests and fauna and on important ecological and ecosystem

processes. Here we summarize some key conservation lessons that have been

gleaned to date.

17.2.1 Sample Effects Are Important in Amazonia

Many species in Amazonian forests are rare or patchily distributed. This phenom-

enon is especially pronounced in the large expanses of the basin that overlay

heavily weathered, nutrient-poor soils (e.g. Radtke et al. 2008), where resources

such as fruits, flowers and nectars are scarce and plants are heavily defended against
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herbivore attack (Laurance 2001). Herein lies a key implication for understanding

forest fragmentation: given their rarity, many species may be absent from fragments

not because their populations have vanished, but because they were simply not

present at the time of fragment creation—a phenomenon termed the ‘sample effect’
(Wilcox and Murphy 1985). Such sample effects are the hypothesized explanation

for the absence of many rare understory bird species from fragments (Ferraz

et al. 2007). In addition, many beetles (Didham et al. 1998a), bats (Sampaio

et al. 2003), ant-defended plants (Bruna et al. 2005) and trees (Bohlman

et al. 2008; Laurance et al. 2010b) at the BDFFP exhibit high levels of habitat

specialization or patchiness. In a region where rarity and patchy distributions of

species are the norm, sample effects appear to play a major role in structuring

fragmented communities. Given these sample effects, nature reserves will have to

be especially large to sustain viable populations of rare species (Lovejoy and Oren

1981; Laurance 2005; Peres 2005; Radtke et al. 2008).

17.2.2 Fragment Size Is Vital

Although fragments range from just 1 ha to 100 ha in the BDFFP study area,

understanding fragment-area effects has long been a central goal of the project

(Lovejoy and Oren 1981; Lovejoy et al. 1984, 1986). The species richness of many

organisms declines with fragment area, even with constant sampling effort across

all fragments. Such declines are evident in leaf bryophytes (Zartman 2003), tree

seedlings (Benı́tez-Malvido and Martinez-Ramos 2003a), palms (Scariot 1999),

understory insectivorous birds (Stratford and Stouffer 1999; Ferraz et al. 2007),

gleaning animal-eating bats (Sampaio 2000; Rocha et al. 2013), primates (Gilbert

and Setz 2001; Boyle and Smith 2010a) and larger herbivorous mammals (Timo

2003), among others. For these groups, smaller fragments are often unable to

support viable populations, and deleterious edge effects—ecological changes asso-

ciated with the abrupt, artificial edges of forest fragments—can also rise sharply in

intensity (Didham et al. 1998a). A few groups, such as ant-defended plants and their

ant mutualists, show no significant decline in diversity with fragment area (Bruna

et al. 2005).

Fragment size also influences the rate of species losses, with smaller fragments

losing species more quickly (Lovejoy et al. 1986; Stouffer et al. 2008). Assuming

the surrounding matrix is hostile to bird movements and precludes colonization,

Ferraz et al. (2003) estimated that a 1000-fold increase in fragment area would be

needed to slow the rate of local species extinctions by tenfold. Even a fragment of

10,000 ha in area would be expected to lose a substantial part of its bird fauna

within one century (Ferraz et al. 2003). Similarly, mark–recapture data suggest that

very large fragments will be needed to maintain fully intact assemblages of some

faunal groups, such as ant-following birds, which forage over large areas of the

forest (Van Houtan et al. 2007).
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17.3 Edge Effects

17.3.1 Forest Hydrology Is Disrupted

The hydrological regimes of fragmented landscapes differ markedly from those of

intact forest (Kapos 1989). Pastures or crops surrounding fragments have much

lower rates of evapotranspiration than do forests because they have far lower leaf

area and thus less rooting depth. Additionally, such clearings are hotter and drier

than forests (Camargo and Kapos 1995). Field observations and heat flux simula-

tions suggest that desiccating conditions can penetrate up to 100–200 m into

fragments from adjoining clearings (Malcolm 1998; Didham and Lawton 1999).

Further, streams in fragmented landscapes experience greater temporal variation in

flows than do those in forests, because clearings surrounding fragments have less

evapotranspiration and rainfall interception by vegetation (Trancoso 2008). Free

run-off promotes localized flooding in the wet season and stream failure in the dry

season, with potentially important impacts on aquatic invertebrates (Nessimian

et al. 2008) and other organisms.

Forest fragmentation also can alter low-level atmospheric circulation, which in

turn affects local cloudiness and rainfall. The warm, dry air over clearings tends to

rise, creating zones of low air pressure. The relatively cool, moist air over the

forests is drawn into this vacuum (Avissar and Schmidt 1998). As it warms, it also

rises and forms convectional clouds over the clearing, which can lead to localized

thunderstorms (Avissar and Liu 1996). In this way, clearings of a few hundred

hectares or more can draw moisture away from nearby forests (Laurance 2004a;

Cochrane and Laurance 2008). In eastern Amazonia, satellite observations of

canopy–water content suggest that such desiccating effects typically penetrate

1.0–2.7 km into fragmented forests (Briant et al. 2010). This moisture-robbing

function of clearings, in concert with frequent burning in adjoining pastures, could

help explain why fragmented forests are so vulnerable to destructive, edge-related

fires (Cochrane and Laurance 2002, 2008).

17.3.2 Edge Effects Often Dominate Fragment Dynamics

Edge effects are among the most important drivers of ecological change in the

BDFFP fragments. The distance to which different edge effects penetrate into

fragments varies widely, ranging from <10 m to 300 m at the BDFFP (Laurance

et al. 2002) and considerably further (at least 2–3 km) in areas of the Amazon where

edge-related fires are common (Cochrane and Laurance 2002, 2008; Briant

et al. 2010).

Edge phenomena are remarkably diverse (Fig. 17.2). They include increased

desiccation stress, wind shear and wind turbulence that sharply elevate rates of tree

mortality and damage (Laurance et al. 1997, 1998a). These in turn cause wide-
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ranging alterations in the community composition of trees (Laurance et al. 2000,

2006a, b) and lianas (Laurance et al. 2001b). Such stresses may also reduce

germination (Bruna 1999) and establishment (Uriarte et al. 2010) of shade-tolerant

plant species in fragments, leading to dramatic changes in the composition and

abundance of tree seedlings (Benı́tez-Malvido 1998; Benı́tez-Malvido and

Martinez-Ramos 2003a).

Many animal groups, such as numerous bees, wasps, flies (Fowler et al. 1993),

beetles (Didham et al. 1998a, b), ants (Carvalho and Vasconcelos 1999), butterflies

(Brown and Hutchings 1997), understory birds (Quintela 1985; Laurance 2004b)

and gleaning animal-eating bats (Rocha et al. 2013), decline in abundance near

fragment edges. Negative edge effects are apparent even along forest roads (20–30-

m width) in large forest tracts. Among understory birds, for example, five of eight

foraging guilds declined significantly in abundance within 70 m of roads, whereas

tree mortality increased and canopy cover declined (Laurance 2004b).

Some groups of organisms remain stable or even increase in abundance near

edges. Leaf bryophytes (Zartman and Nascimento 2006), wandering spiders

Fig. 17.2 The diversity of edge-effect phenomena studied at the BDFFP and the distance to which

each was found to penetrate into fragment interiors (after Laurance et al. 2002)
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(Ctenus spp.; Rego et al. 2007; Mestre and Gasnier 2008) and many frogs (Gascon

1993) show no significant response to edges. Organisms that favour forest ecotones

or disturbances, such as many species of gap-favouring and frugivorous birds

(Laurance 2004b), hummingbirds (Stouffer and Bierregaard 1995a), frugivorous

bats that exploit early successional plants (Sampaio 2000), light-loving butterflies

(Leidner et al. 2010) and fast-growing lianas (Laurance et al. 2001b), increase in

abundance near edges, sometimes dramatically.

17.3.3 Edge Effects Are Cumulative

BDFFP research provides strong support for the idea that two or more nearby edges

create more severe edge effects than does just one (Fig. 17.3). This conclusion is

supported by studies of edge-related changes in forest microclimate (Kapos 1989;

Malcolm 1998), vegetation structure (Malcolm 1994), tree mortality (Laurance

et al. 2006a), abundance and species richness of tree seedlings (Benı́tez-Malvido

1998; Benı́tez-Malvido and Martinez-Ramos 2003a), liana abundance (Laurance

et al. 2001b) and the density and diversity of disturbance-loving pioneer trees

(Laurance et al. 2006a, b, 2007). The additive effects of nearby edges could help

to explain why small (<10 ha) or irregularly shaped forest remnants are often so

severely altered by forest fragmentation (Zartman 2003; Laurance et al. 2006a).

17.3.4 Edge Age, Structure and Adjoining Vegetation
Influence Edge Effects

When a forest edge is newly created, it is open to fluxes of wind, heat and light,

creating sharp edge–interior gradients in forest microclimate that stress or kill many

rainforest trees (Lovejoy et al. 1986; Sizer and Tanner 1999). As the edge ages,

however, proliferating vines and lateral branch growth tend to ‘seal’ the edge,

making it less permeable to microclimatic changes (Camargo and Kapos 1995;

Didham and Lawton 1999). Tree death from microclimatic stress is likely to decline

over the first few years after edge creation (D’Angelo et al. 2004) because the edge
becomes less permeable, because many drought-sensitive individuals die immedi-

ately and because surviving trees may acclimate to drier, hotter conditions near the

edge (Laurance et al. 2006a). Tree mortality from wind turbulence, however,

probably increases as the edge ages and becomes more closed because, as suggested

by wind tunnel models, downwind turbulence increases when edges are less

permeable (Laurance 2004a).

Regrowth forest adjoining fragment edges can also lessen edge-effect intensity.

Microclimatic alterations (Didham and Lawton 1999), tree mortality (Mesquita

et al. 1999) and edge avoidance by understory birds (Develey and Stouffer 2001;
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Fig. 17.3 Forest plots

affected by two or more

nearby edges (plot centre

<100 m from the edge)

suffer greater tree mortality

(A) and have a higher

density (B) and species

richness (C) of disturbance-

loving pioneer trees than do

plots with just one nearby

edge. Values shown are the

mean� SD (after Laurance

et al. 2006a)
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Laurance 2004b; Laurance et al. 2004a, b) and gleaning bats that feed on inverte-

brates and small vertebrates (Rocha et al. 2013) are all reduced substantially when

forest edges are buffered by adjoining regrowth forest, relative to edges adjoined by

cattle pastures.

17.4 Isolation and Matrix Effects

17.4.1 Matrix Structure and Composition Affect Fragments

Secondary forests have gradually overtaken most pastures in the BDFFP landscape.

This regrowth lessens the effects of fragmentation for some taxa as the matrix

becomes less hostile to faunal use and movements. Several species of insectivorous

birds that had formerly disappeared have recolonized fragments as the surrounding

secondary forest grew back (Stouffer and Bierregaard 1995b). The rate of local

extinctions of birds has also declined (Stouffer et al. 2008). Similarly, gleaning

animal-eating bats, which occurred at low abundances in fragments (Sampaio 2000)

and in secondary regrowth (Bobrowiec and Gribel 2010) 10–15 years ago, have

since increased in response to matrix regeneration (Rocha et al. 2013). A number of

other species, including certain forest spiders (Mestre and Gasnier 2008), dung

beetles (Quintero and Roslin 2005), euglossine bees (Becker et al. 1991) and

monkeys such as red howlers, bearded sakis and brown capuchins (Boyle and

Smith 2010a), have recolonized some fragments.

The surrounding matrix also has a strong effect on plant communities in frag-

ments by mediating certain edge effects (see above), influencing the movements of

pollinators (Dick 2001; Dick et al. 2003) and seed dispersers (Jorge 2008;

Bobrowiec and Gribel 2010; Boyle and Smith 2010a) and strongly affecting the

seed rain that arrives in fragments. For instance, pioneer trees regenerating in

fragments differed strikingly in composition between fragments surrounded by

Cecropia-dominated regrowth and those encircled by Vismia-dominated regrowth

(Nascimento et al. 2006). In this way plant and animal communities in fragments

could come to mirror to some extent the composition of the surrounding matrix

(Laurance et al. 2006a, b), a phenomenon observed elsewhere in the tropics

(e.g. Janzen 1983; Diamond et al. 1987).

17.4.2 Matrix Is Affected by History and Forest Proximity

Land-use history is a primary driver of secondary succession in the central Amazon,

resulting in the establishment of distinct trajectories differing in structure, compo-

sition, biomass and dynamics (Mesquita et al. 1999; Williamson et al. 2014).

Intensive use with prescribed fire to maintain pastures compromises the
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regenerative potential of land which, once abandoned, is colonized by few species

and dominated by the genus Vismia, resulting in secondary forests that are depau-

perate in richness and stalled in succession. Where land use has been less intensive,

a more diverse vegetation, dominated by the genus Cecropia, colonizes, fostering
relatively rapid plant succession.

Plant density and species diversity in secondary forests decrease with distance

from forest edge and are significantly different between Vismia- and Cecropia-
dominated secondary forests. These differences were initially attributed to differ-

ential seed dispersal limitations (Mesquita et al. 2001; Puerta 2002). Wieland

et al. (2011), however, showed that the seed rain was similar for both types of

second growth and dominated by pioneer species, with only the occasional presence

of mature forest species, even very close to forest edges. These results point to other

relevant processes affecting plant establishment, such as seed consumption, germi-

nation success and seedling herbivory (Wieland et al. 2011; Massoca et al. 2012).

17.4.3 Even Narrow Clearings Are Harmful

Many Amazonian species avoid clearings, and even a forest road can be an

insurmountable barrier for some. A number of understory insectivorous birds

exhibit depressed abundances near forest roads (20–40-m width) (Laurance

2004b) and strongly inhibited movements across those roads (Laurance

et al. 2004a, b). Experimental translocations of resident adult birds reveal such

bird species will cross a highway (50–75-m width) but not a small pasture (250-m

width) to return to their territory (Laurance and Gomez 2005). Individuals of other

vulnerable species, however, have traversed clearings to escape from small frag-

ments to larger forest areas (Harper 1989; Van Houtan et al. 2007). Captures of

understory birds declined dramatically in fragments when a 100-m wide swath of

regrowth forest was cleared around them, suggesting that species willing to traverse

regrowth would not cross clearings (Stouffer et al. 2006).

Aside from birds, clearings of just 100–200-m width can evidently reduce or halt

the movements of many forest-dependent organisms (Laurance et al. 2009b), rang-

ing from herbivorous insects (Fáveri et al. 2008), euglossine bees (Powell and

Powell 1987) and dung beetles (Klein 1989) to the spores of epiphyllous lichens

(Zartman and Nascimento 2006; Zartman and Shaw 2006). Narrow clearings can

also provide invasion corridors into forests for exotic and nonforest species (Gascon

et al. 1999; Laurance et al. 2009b).
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17.5 Landscape Dynamics

17.5.1 Rare Disturbances Can Leave Lasting Legacies

Rare events such as windstorms and droughts have strongly influenced the ecology

of fragments. Rates of tree mortality rose abruptly in fragmented (Laurance

et al. 2001c) and intact forests (Williamson et al. 2000; Laurance et al. 2009a) in

the year after the intense 1997 El Ni~no drought. Such pulses of tree death help drive
changes in the floristic composition and carbon storage of fragments (Laurance

et al. 2007). Leaf shedding by drought-stressed trees also increases markedly during

droughts, especially within ~60 m of forest edges (Laurance and Williamson 2001).

The additional litter increases the susceptibility of fragments to intrusion by surface

fires (Cochrane and Laurance 2002, 2008).

Intense windblasts from convectional thunderstorms have occasionally strafed

parts of the BDFFP landscape and caused intense forest damage and tree mortality,

especially in the fragments. Fragments in the easternmost cattle ranch at the BDFFP

have had substantially lower rates of tree mortality than did those in the other two

ranches, because the former have so far escaped windstorms (Laurance et al. 2007).

These differences have strongly influenced the rate and trajectory of change in tree-

community composition in fragments (Laurance et al. 2006b). Hence, by altering

forest dynamics, composition, structure and carbon storage, rare disturbances have

left an enduring imprint on the ecology of fragmented forests.

17.5.2 Fragments Are Hyperdynamic

The BDFFP fragments experience exceptionally large variability in population and

community dynamics, relative to intact forest, despite being largely protected from

ancillary human threats such as fires, logging and overhunting. Being a small

resource base, a habitat fragment is inherently vulnerable to stochastic effects and

external vicissitudes. Species abundances can fluctuate dramatically in small com-

munities, especially when immigration is low and disturbances are frequent

(Hubbell 2001). Edge effects, reduced dispersal, external disturbances and chang-

ing herbivore or predation pressure can all elevate the dynamics of plant and animal

populations in fragments (Laurance 2002, 2008).

Many examples of hyperdynamism have been observed in the BDFFP frag-

ments. Some butterfly species have experienced dramatic population irruptions in

response to a proliferation of their favoured host plants along fragment margins

(Brown and Hutchings 1997), and butterfly communities in general are

hyperdynamic in fragments (Leidner et al. 2010). Bat assemblages also show

pronounced species turnover, particularly in 1-ha fragments (Rocha et al. 2013).

Streamflows are far more variable in fragmented than forested watersheds

(Trancoso 2008). Rates of tree mortality and recruitment are chronically elevated
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in fragments (Laurance et al. 1998a, b), with major pulses associated with rare

disturbances (see above). Further, tree species disappear and turn over far more

rapidly in fragments than intact forest, especially within ~100 m of forest margins

(Laurance et al. 2006b). These and many other instabilities plague small, dwindling

populations in the BDFFP fragments.

17.5.3 Fragments in Different Landscapes Diverge

An important insight is that different fragmented landscapes—even those as alike

as the three large cattle ranches in the BDFFP, which have very similar forests,

soils, climate, fragment ages and land-use histories—can diverge to a surprising

degree in species composition and dynamics. Although spanning just a few dozen

kilometres, the three ranches are following unexpectedly different trajectories of

change.

At the outset, small initial differences among the ranches multiplied into much

bigger differences. Parts of the western and eastern ranches were cleared in 1983,

when an early wet season prevented burning of the felled forest. Tall, floristically

diverse Cecropia-dominated regrowth quickly developed in these areas, whereas

areas cleared in the years just before or after became cattle pastures or, eventually,

scrubby Vismia-dominated regrowth (Williamson and Mesquita 2001). These dif-

ferent successional trajectories manifested, for instance, as distinct differences in

bat assemblages, whereby Cecropia-dominated regrowth retained a considerable

fraction of forest-specialist bat species found in continuous forest compared to

Vismia regrowth (Bobrowiec and Gribel 2010). As discussed above, the differing

matrix vegetation strongly affected the dynamics of plant and animal communities

in the nearby fragments. These differences were magnified by subsequent wind-

storms, which heavily damaged most fragments in the central and western ranches,

and yet left fragments in the eastern ranch unscathed. Even identically sized

fragments in the three ranches have had remarkably different dynamics and vectors

of compositional change (Laurance et al. 2007).

The apparently acute sensitivity of fragments to local landscape and weather

dynamics—even within a study area as initially homogeneous as ours—prompted

us to propose a ‘landscape–divergence hypothesis’ (Laurance et al. 2007). We

argue that fragments within the same landscape tend to have similar dynamics

and trajectories of change in species composition, which will often differ from

those in other landscapes. Over time, this process will tend to homogenize frag-

ments in the same landscape and promote ecological divergence among fragments

in different landscapes. Evidence for this hypothesis is provided by tree communi-

ties in our fragments, which appear to be diverging in composition among the three

cattle ranches (Fig. 17.4). Pioneer and weedy trees are increasing in all fragments,

but the composition of these generalist plants and their rate of increase differ

markedly among the three ranches (Scariot 2001; Laurance et al. 2006a, 2007;

Nascimento et al. 2006). This same pattern of landscape homogenization within

420 W.F. Laurance et al.



ranches can also be seen for bat assemblages in the secondary forest matrix

(Bobrowiec and Gribel 2010).

17.6 Broader Consequences of Fragmentation

17.6.1 Ecological Distortions Are Common

Many ecological interactions are altered in fragmented forests. Fragmented com-

munities can pass through unstable transitional states that may not otherwise occur

in nature (Terborgh et al. 2001). Moreover, species at higher trophic levels, such as

predators and parasites, are often more vulnerable to fragmentation than are herbi-

vores, thereby altering the structure and functioning of food webs (Didham

et al. 1998b; Terborgh et al. 2001).

BDFFP findings suggest that even forest fragments that are unhunted, unlogged

and unburned have reduced densities of key mammalian seed dispersers. As a

Fig. 17.4 Increasing

divergence of tree-

community composition in

three fragmented

Amazonian landscapes.

Tree communities in forest-

edge plots (<100 m from

the nearest edge) are shown

before forest fragmentation

and 13–18 years after

fragmentation, based on a

single ordination of all plots

and censuses in the study

area. The ordination used

importance values for all

267 tree genera found in the

plots (after Laurance

et al. 2007)
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result, seed dispersal for the endemic, mammal-dispersed tree Duckeodendron
cestroides was far lower in fragments, with just ~5% of the number of seeds

being dispersed >10 m away from parent trees than in intact forest (Cramer

et al. 2007a). Leaf herbivory appears reduced in fragments, possibly because of

lower immigration of insect herbivores (Fáveri et al. 2008). Dung beetles exhibit

changes in biomass and guild structure in fragments (Radtke et al. 2008) that could

alter rates of forest nutrient cycling and secondary seed dispersal (Klein 1989;

Andresen 2003). Exotic Africanized honeybees, a generalist pollinator, are abun-

dant in matrix and edge habitats and can alter pollination distances and gene flow

for some tree species (Dick 2001; Dick et al. 2003). A bewildering variety of

ecological distortions can pervade fragmented habitats, and a challenge for conser-

vation biologists is to identify those of greatest importance and generality.

17.6.2 Fragmentation Affects Much More than Biodiversity

Habitat fragmentation affects far more than biodiversity and interactions among

species; many ecosystem functions, including hydrology (see above) and biochem-

ical cycling, are also being altered. Among the most important of these are

fundamental changes in forest biomass and carbon storage.

Carbon storage in fragmented forests is affected by a suite of interrelated

changes. Many trees die near forest edges (Laurance et al. 1997, 1998a), including

an alarmingly high proportion of large (�60-cm DBH) canopy and emergent trees

that store much forest carbon (Laurance et al. 2000). Fast-growing pioneer trees and

lianas that proliferate in fragments are smaller and have lower wood density

(Fig. 17.5) and thereby sequester much less carbon, than do the mature-phase

trees they replace (Laurance et al. 2001b, 2006a). Based on current rates of forest

fragmentation, the edge-related loss of forest carbon storage might produce up to

Fig. 17.5 Tree genera that

increase in forest fragments

(those with positive values

on the X axis) tend to have

lower wood density than do

those that decline in

fragments (those with

negative values on the X

axis) (after Laurance

et al. 2006b)
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150 million tons of atmospheric carbon emissions annually, above and beyond that

from tropical deforestation per se (Laurance et al. 1998c). Such discharge would

exceed the yearly carbon emissions of the entire United Kingdom. Note, however,

that most of this emission is already counted in the existing estimates of the impact

of Amazonian land-use change because the deforestation emission estimates use

forest biomass values for undegraded forest (Fearnside 2000). Because most defor-

estation occurs by expansion of already-existing clearings, forest edges (with

reduced biomass) are the first areas to be cleared. Only the annual increase in the

total length of forest edges represents an addition. Improved emission estimates,

accounting for degradation by logging, fire and fragmentation, are a high priority.

In addition, biomass is being redistributed in fragmented forests. Less biomass is

stored in large, densely wooded old-growth trees and more in fast-growing pioneer

trees, disturbance-loving lianas, woody debris and leaf litter (Sizer et al. 2000;

Nascimento and Laurance 2004; Vasconcelos and Luiz~ao 2004). Finally, carbon

cycling accelerates. The large, mature-phase trees that predominate in intact forests

can live for many centuries or even millennia (Chambers et al. 1998; Laurance

et al. 2004a, b), sequestering carbon for long periods of time. However, the

residence time of carbon in early successional trees, vines and necromass (wood

debris, litter), which proliferate in fragments, is far shorter (Nascimento and

Laurance 2004). Other biochemical cycles, such as those affecting key nutrients

like phosphorus (Sizer et al. 2000) and calcium (Vasconcelos and Luiz~ao 2004),

may also be altered in fragmented forests, given the striking changes in biomass

dynamics, hydrology and thermal regimes they experience.

17.7 Predicting Species Responses to Fragmentation

17.7.1 Species Losses Are Highly Nonrandom

Local extinctions of species in the BDFFP fragments have occurred in a largely

predictable sequence, with certain species being consistently more vulnerable than

others. Among birds, a number of understory insectivores, including army ant

followers, solitary species, terrestrial foragers and obligate mixed-flock members,

are most susceptible to fragmentation. Others, including edge/gap species, insecti-

vores that use mixed flocks facultatively, hummingbirds and many frugivores, are

far less vulnerable (Antongiovanni and Metzger 2005; Stouffer et al. 2006, 2008).

In a similar vein, among bats, gleaning predators are consistently the most vulner-

able species, whereas many frugivores respond positively to fragmentation and

disturbance (Sampaio 2000; Bobrowiec and Gribel 2010; Rocha et al. 2013). Pri-

mates exhibit similarly predictable patterns of species loss, with wide-ranging

frugivores, especially the black spider monkey, being the most vulnerable (Boyle

and Smith 2010a). Local extinctions in fragments follow a foreseeable pattern, with

species assemblages in smaller fragments rapidly forming a nested subset of those
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in larger fragments (Stouffer et al. 2008). Random demographic and genetic

processes may help to drive tiny populations into oblivion, but the species that

reach this precarious threshold are far from random.

17.7.2 Fragmented Communities Are Not Neutral

An important corollary of nonrandom species loss is that fragmented forests are not

neutral. Neutral theory (Hubbell 2001) assumes that species in diverse, space-

limited communities, such as tropical trees, are competitively equivalent in order

to make predictions about phenomena such as the species–area curves, the relative

abundances of species in communities and the rate of species turnover in space.

Hubbell (2001) emphasizes the potential relevance of neutral theory for predicting

community responses to habitat fragmentation: for isolated communities, locally

abundant species should be least extinction prone, with rare species being lost more

frequently from random demographic processes. Over time, fragments should

become dominated by initially abundant species, with rare species gradually

vanishing; other ecological traits of species are considered unimportant.

Gilbert et al. (2006) tested the efficacy of neutral theory for predicting changes in

tree communities at the BDFFP. Neutral theory effectively predicted the rate of

local extinctions of species from plots in fragmented and intact forest as a function

of the local diversity and the mortality rate of trees. However, in most fragments,

the observed rate of change in species composition was two to six times faster than

predicted by the theory. Moreover, the theory was wildly erroneous in predicting

which species are most prone to local extinction. Rather than becoming increas-

ingly dominated by initially common species, fragments in the BDFFP landscape

have experienced striking increases in disturbance-loving pioneer species

(Fig. 17.6) (Laurance et al. 2006a), which were initially rare when the fragments

were created. As a model for predicting community responses to habitat

Fig. 17.6 Striking

increases in the density of

52 species in nine pioneer or

early successional genera

(Annona, Bellucia,
Cecropia, Croton, Goupia,
Jacaranda, Miconia,
Pourouma, Vismia) near
forest edges in the BDFFP

study area (after Laurance

et al. 2006a)
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fragmentation, neutral theory clearly failed, demonstrating that ecological differ-

ences among species strongly influence their responses to fragmentation.

17.7.3 Matrix Use and Area Needs Determine Animal
Vulnerability

The responses of animal species to fragmentation appear largely governed by two

key sets of traits. The first is their spatial requirements for forest habitat. In birds

(Van Houtan et al. 2007) and mammals (Timo 2003), wide-ranging forest species

are more vulnerable than are those with localized ranges and movements. Species

with limited spatial needs, such as many small mammals (Malcolm 1997), hum-

mingbirds (Stouffer et al. 2008), frogs (Tocher et al. 1997) and ants (Carvalho and

Vasconcelos 1999), are generally less susceptible to fragmentation.

The second key trait for fauna is their tolerance of matrix habitats (Gascon

et al. 1999), which comprises cattle pastures and regrowth forest in the BDFFP

landscape. Populations of species that avoid the matrix will be entirely isolated in

fragments and therefore vulnerable to local extinction, whereas those that tolerate

or exploit the matrix often persist (Laurance 1991; Malcolm 1997; Antongiovanni

and Metzger 2005; Ferraz et al. 2007; Bobrowiec and Gribel 2010). At least among

terrestrial vertebrates, matrix use is positively associated with tolerance of edge

habitats (Laurance 2004b; Farneda 2013), an ability to traverse small clearings

(Laurance et al. 2004a, b; Laurance and Gomez 2005) and behavioural flexibility

(Neckel-Oliveira and Gascon 2006; Stouffer et al. 2006; Van Houtan et al. 2006;

Boyle and Smith 2010b). Within particular animal groups, such as beetles or small

mammals, traits such as body size and natural abundance are poor or inconsistent

predictors of vulnerability (Laurance 1991; Didham et al. 1998a; Jorge 2008; Boyle

and Smith 2010a). Natural abundance, however, is an important predictor of

sensitivity to fragmentation for bats at the BDFFP (Farneda 2013).

17.7.4 Disturbance Tolerance and Mutualisms Affect Plant
Vulnerability

Among plants, a different suite of factors is associated with vulnerability to

fragmentation. Because fragments suffer chronically elevated tree mortality,

faster-growing pioneer trees and lianas that readily colonize treefall gaps are

favoured at the expense of slower-growing mature-phase trees (Laurance

et al. 2006a, b). Pioneer species often flourish in the matrix and produce abundant

small fruits that are carried into fragments by frugivorous birds and bats that move

between the matrix and nearby fragments (Sampaio 2000; Nascimento et al. 2006).

Especially vulnerable in fragments are the diverse assemblages of smaller
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subcanopy trees that are physiologically specialized for growth and reproduction in

dark, humid, forest-interior conditions (Laurance et al. 2006b). Tree species that

have obligate outbreeding systems, rely on animal seed dispersers or have relatively

large, mammal-dispersed seeds also appear vulnerable (Laurance et al. 2006b;

Cramer et al. 2007b).

These combinations of traits suggest that plant communities in fragmented

forests are structured primarily by chronic disturbances and microclimatic stresses

and possibly also by alterations in animal pollinator and seed-disperser communi-

ties. For long-lived plants such as Heliconia species and many mature-phase trees,

demographic models suggest that factors that reduce adult survival and growth—

such as recurring wind disturbance and edge-related microclimatic stresses—exert

a strong influence on population growth (Bruna 2003; Bruna and Oli 2005).

Differential tolerance to drought also seems to play a role on secondary forests.

We find higher and significant mortality and lower biomass accumulation rates in

Cecropia-dominated secondary forests, associated with drier years, whereas

Vismia-dominated regrowth showed a non-significant, but similar, trend. It is likely

that different species assemblages account for the differential ability of these

successional pathways to tolerate extreme climate events (Mesquita et al. 2012).

17.8 Broad Perspectives

17.8.1 Long-Term Research Is Crucial

Many insights from the BDFFP would have been impossible in a shorter-term

study. The exceptional vulnerability of large trees to fragmentation (Laurance

et al. 2000) only became apparent after two decades of fragment isolation. Like-

wise, the importance of ephemeral events such as El Ni~no droughts (Williamson

et al. 2000; Laurance et al. 2001c) and major windstorms (Laurance et al. 2007)

would not have been captured in a less-enduring project. Many other key phenom-

ena, such as the kinetics of species loss in fragments (Ferraz et al. 2003), the strong

effects of matrix dynamics on fragmented bird and bat assemblages (Antongiovanni

and Metzger 2005; Stouffer et al. 2006; Rocha et al. 2013), the divergence of

fragments in different landscapes (Laurance et al. 2007) and the effects of frag-

mentation on rare or long-lived species (Benı́tez-Malvido and Martinez-Ramos

2003b; Ferraz et al. 2007), are only becoming understood after decades of effort.

Far more remains to be learned. For example, forest simulation models param-

eterized with BDFFP data suggest that even small (<10 ha) fragments will require a

century or more to stabilize in floristic composition and carbon storage (Groeneveld

et al. 2009), given the long-lived nature of many tropical trees. Eventually, these

fragments might experience a fundamental reorganization of their plant communi-

ties, given striking shifts in the composition of their tree, palm, liana and herb

seedlings (Scariot 2001; Benı́tez-Malvido and Martinez-Ramos 2003a; Brum
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et al. 2008). If these newly recruited plants represent the future of the forest, then

the BDFFP fragments will eventually experience dramatic changes in floristic

composition—comparable to those observed in some other long-fragmented eco-

systems (e.g. da Silva and Tabarelli 2000; Gir~ao et al. 2007; Santos et al. 2010).

17.8.2 The BDFFP Is a Best-Case Scenario

Although forest fragments in the BDFFP are experiencing a wide array of ecolog-

ical changes, it is important to emphasize that it is a controlled experiment. The

fragments are square, not irregular, in shape. They are isolated by distances of just

80–650 m from large tracts of surrounding mature forest. They are embedded in a

relatively benign matrix increasingly dominated by regrowth forest. And they lack

many of the ancillary threats, such as selective logging, wildfires and overhunting,

that plague many fragmented landscapes and wildlife elsewhere in the tropics

(e.g. Moura et al. 2014). Such threats can interact additively or synergistically

with fragmentation, creating even greater perils for the rainforest biota (Laurance

and Cochrane 2001; Michalski and Peres 2005; Brook et al. 2008). For these

reasons, results from the BDFFP are clearly optimistic relative to many human-

dominated landscapes elsewhere in the tropics.

17.9 Conservation Lessons from the BDFFP

17.9.1 Amazonian Reserves Should Be Large and Numerous

A key conclusion from BDFFP research is that nature reserves in Amazonia should

ideally be very large—on the order of thousands to tens of thousands of square

kilometres (Laurance 2005; Peres 2005). Only at this size will they be likely to

maintain natural ecological processes and sustain viable populations of the many

rare and patchily distributed species in the region (Ferraz et al. 2007; Radtke

et al. 2008); provide resilience from rare calamities such as droughts and intense

storms (Laurance et al. 2007); facilitate persistence of terrestrial and aquatic

animals that migrate seasonally (B€uhrnheim and Fernandes 2003); buffer the

reserve from large-scale edge effects including fires, forest desiccation and

human encroachment (Cochrane and Laurance 2002; Briant et al. 2010); maximize

forest carbon storage (Laurance et al. 1997, 1998c); and provide resilience from

future climatic and atmospheric changes—the effects of which are difficult to

predict for Amazonia (Laurance and Useche 2009). Further, on the ancient soils

of central and eastern Amazonia, low plant productivity translates into low popu-

lation densities of many animals up the food chain, so reserves must be
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proportionately larger to harbour viable populations (Radtke et al. 2008;

Deichmann et al. 2011, 2013).

Nature reserves in Amazonia should also be numerous and stratified across

major river basins and climatic and edaphic gradients, in order to preserve locally

endemic species (Bierregaard et al. 2001; Laurance 2007). Further, the core areas of

reserves should ideally be free of roads, which can promote human encroachment

and hunting, internally fragment wildlife populations, and facilitate invasions of

exotic species and fire (Laurance et al. 2009b).

17.9.2 Protect and Reconnect Fragments

Few landscapes are as intact as those in the Amazon. Around the world, biodiversity

hotspots, which sustain the majority of species at risk of extinction, have, by

definition, lost over 70% of their natural vegetation, and what remains is typically

in small fragments (Myers et al. 2000). The BDFFP makes recommendations here,

too. Reconnecting isolated fragments by forest restoration will be an effective way

of creating areas large enough to slow the rate of local species extinctions (Lima

and Gascon 1999; Pimm and Jenkins 2005).

In such heavily fragmented landscapes, protecting remaining forest remnants is

highly desirable, as they are likely to be key sources of plant propagules and animal

seed dispersers and pollinators (Mesquita et al. 2001; Chazdon et al. 2008). They

may also act as stepping stones for animal movements (Laurance and Bierregaard

1997; Dick et al. 2003). In regions where forest loss is severe, forest fragments

could also sustain the last surviving populations of locally endemic species, thereby

underscoring their potential value for nature conservation (Arroyo-Rodrı́guez

et al. 2009).

17.9.3 Fragmented Landscapes Can Recover

A further lesson is that fragmented landscapes, if protected from fires and other

major disturbances, can begin to recover in just a decade or two. Forest edges tend

to ‘seal’ themselves, reducing the intensity of deleterious edge effects (Camargo

and Kapos 1995; Didham and Lawton 1999; Mesquita et al. 1999). Secondary

forests can develop quickly in the surrounding matrix (Mesquita et al. 2001),

especially if soils and seedbanks are not depleted by overgrazing or repeated

burning (Ribeiro et al. 2009; Norden et al. 2011). Secondary forests facilitate

movements of many animal species (Gascon et al. 1999), allowing them to

recolonize fragments from which they had formerly disappeared (Becker

et al. 1991; Quintero and Roslin 2005; Stouffer et al. 2008; Bobrowiec and Gribel

2010; Boyle and Smith 2010a; Rocha et al. 2013). Species clinging to survival in

fragments can also be rescued from local extinction via the genetic and
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demographic contributions of immigrants (Zartman and Nascimento 2006; Stouffer

et al. 2008).

17.10 The Future of the BDFFP

The BDFFP is one of the most enduring and influential ecological research projects

in existence today (Gardner et al. 2009; Peres et al. 2010). From the prism of

understanding habitat fragmentation, there are vital justifications for continuing

it. The project, moreover, is engaged in far more than fragmentation research: it

plays a leading role in training Amazonian scientists and decision-makers and

sustains long-term research on global-change phenomena, forest regeneration and

basic ecological studies.

In its 37-year history, the BDFFP has faced myriad challenges. These include,

among others, the continuing fluctuations in currencies, challenges in obtaining

research visas for foreign students and scientists, inadequate core funding from its

US and Brazilian sponsors and the vagaries of finding soft money for long-term

research and to sustain a minimal number of workers to support infrastructure and

logistics. Yet today the BDFFP faces a far more direct threat: encroachment from

colonists and hunters. Since the late 1990s, the paving of the 1100-km-long

Manaus–Venezuela (BR-174) highway has greatly accelerated forest colonization

and logging north of the city. SUFRAMA, a Brazilian federal agency that controls

an expanse of land north of Manaus that includes the BDFFP, has begun settling

families in farming plots around the immediate periphery of the study area. At least

six colonization projects involving 180 families are planned for the area (Laurance

and Luiz~ao 2007). These settlements could be the beginning of a dramatic influx

into the area, especially if the proposed BR-319 highway between Manaus and

Rondônia, a major deforestation hotspot in southern Amazonia, is completed as

planned (Fearnside and Graça 2006).

To date, BDFFP staff and supporters have managed to stave off most of the

colonization projects—which also threaten to bisect the Central Amazonian Con-

servation Corridor, a budding network of protected and indigenous lands that is one

of the most important conservation areas in the entire Amazon basin (Laurance and

Luiz~ao 2007). Yet it is an uphill battle against a government bureaucracy that

appears myopically determined to push ahead with colonization at any cost—

despite the fact that colonists can barely eke out a living on the region’s infamously

poor soils (Fearnside and Leal Filho 2001). That such a globally important research

project and conservation area could be lost seems unthinkable. That it could be lost

for such a limited gain seems tragic.

Amazon forest is under stress from a variety of global changes that are expected

to increase in the coming decades. Beyond the considerable contributions of the

BDFFP to date in providing information relevant to understanding these changes,

the project is uniquely well placed to track the impacts of these changes as they

occur. The BDFFP must continue its role in contributing to the scientific basis for
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more serious global efforts to contain the current human destruction of the envi-

ronment at both the global and regional level.

Box 17.1: The Biological Dynamics of Forest Fragments Project

Since its inception in 1979, the Biological Dynamics of Forest Fragments

Project (BDFFP) has been assessing the impacts of fragmentation on the

Amazon rainforest and biota (Lovejoy et al. 1986; Bierregaard et al. 1992;

Pimm 1998; Laurance et al. 2002, 2011). Today, it is the world’s largest and
longest-running experimental study of habitat fragmentation, as well as one

of the most highly cited ecological investigations ever conducted (Gardner

et al. 2009; Peres et al. 2010; Pitman et al. 2011). The BDFFP has also been a

global leader in research, training and capacity development, with over

640 publications (http://pdbff.inpa.gov.br), more than 180 student theses,

over 700 graduate students and conservation professionals participating in

sponsored courses and over 1000 student interns to date.

The BDFFP is located 80 km north ofManaus, Brazil, and spans ~1000 km2.

The topography is relatively flat (80–160-m elevation) but dissected by numer-

ous stream gullies. The heavily weathered, nutrient-poor soils of the study area

are typical of large expanses of the Amazon basin. Rainfall ranges from

1900 mm to 3500 mm annually with a moderately strong dry season from

June to October. The forest canopy is 30–37 m tall, with emergent trees to

55 m. Species richness of trees (�10-cm DBH) often exceeds 280 species ha�1

(deOliveira andMori 1999; Laurance et al. 2010b)with a comparably high level

of diversity also evident in many other plant and animal taxa.

The study area includes three large cattle ranges (~5000 ha each)

containing 11 forest fragments (five of 1 ha, four of 10 ha and two of

100 ha) and expanses of nearby continuous forest that serve as experimental

controls. In the early 1980s, the fragments were isolated from nearby intact

forest by distances of 80–650 m by clearing and burning the surrounding

forest. A key feature was that pre-fragmentation censuses were conducted for

many animal and plant groups (e.g. trees, understory birds, small mammals,

primates, frogs, many invertebrate taxa), thereby allowing long-term changes

in these groups to be assessed far more confidently than in most other

fragmentation studies.

Because of poor soils and low productivity, the ranches surrounding the

BDFFP fragments were largely abandoned after government fiscal incentives

dried up from 1984 onwards. Secondary forests (initially dominated by

Vismia spp. in areas that were cleared and burned or by Cecropia spp. in

areas that were cleared without fire) proliferated in many formerly forested

areas (Mesquita et al. 2001). Some of the regenerating areas initially domi-

nated by Cecropia spp. later developed into quite mature (>20 m tall),

species-rich secondary forests. Vismia-dominated regrowth, which is

(continued)
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Box 17.1 (continued)

relatively species poor, is changing far more slowly (Norden et al. 2011;

Williamson et al. 2014). To help maintain isolation of the experimental

fragments, 100-m-wide strips of regrowth were cleared and burned around

each fragment on four to five occasions, most recently in 2013–2014. Addi-

tional human disturbances that harm many fragmented landscapes in the

Amazon, such as major fires and logging, are largely prevented at the

BDFFP. Hunting pressure has been very limited until recently, following a

government decision to increase colonization in the general area (Laurance

and Luiz~ao 2007). Laurance and Bierregaard (1997) and Bierregaard

et al. (2001) provide detailed descriptions of the study area and design.
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Amazon forest fragments. In: Soulé ME (ed) Conservation biology: the science of scarcity

and diversity. Sinauer, Sunderland, MA, pp 257–285

Malcolm JR (1994) Edge effects in central Amazonian forest fragments. Ecology 75:2438–2445

Malcolm JR (1997) Biomass and diversity of small mammals in Amazonian forest fragments. In:

Laurance WF, Bierregaard RO (eds) Tropical forest remnants: ecology, management, and

conservation of fragmented communities. University of Chicago Press, Chicago, IL, pp

207–221

Malcolm JR (1998) A model of conductive heat flow in forest edges and fragmented landscapes.

Clim Change 39:487–502

Massoca PES, Jakovac ACC, Vizcarra TB, Williamson GB, Mesquita RCG (2012) Dinâmica e
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Chapter 18

The Socioecological Implications of Land Use

and Landscape Change in the Brazilian

Amazon

Ima C.G. Vieira, Peter M. Toledo, and Roberto Araújo O.S. Jr.

18.1 Introduction

Since the 1960s and 1970s, Brazilian Amazon has undergone a process of intense

landscape transformation as a result of ongoing deforestation (Ometto et al. 2015;

Chap. 16), myriad changes in land use and the unsustainable exploitation of natural

resources. Between 1960 and 1990, several national government programmes were

implemented in an attempt to formalise land ownership and integrate Amazonia

into the Brazilian economy (Salati et al. 1983; Ferreira and Salati 2005).

Strongly influenced by a development-focused model, the Brazilian Amazon

during this period was characterised by the extensive and predatory exploitation of

natural resources. Subsidies and tax incentives facilitated the arrival of new agri-

cultural and extractive industries that gradually replaced a forest-based economy

which, at the time, was considered by the government to be both stagnant and

archaic (Moran 1981). These initiatives also included massive colonisation efforts

to resettle displaced and jobless families from other regions of Brazil into the

Amazon region (Brazilian Legal Amazon, BLA) (Leroy 1991). Together, these

processes led to an increased concentration of land in private estates and the

widespread conversion of ecosystems, resulting in loss of biodiversity, frequent

conflicts over land tenure and the displacement of local people to urban centres.

Often viewed as both obstacles to progress and lacking the entrepreneurship
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deemed necessary for Amazonia to enter the twenty-first century, indigenous and

traditional people became quickly marginalised from the dominant economic and

political systems (Almeida 2004; Loureiro and Pinto 2005; Araújo and Alves

2008).

The BLA is still grappling with the consequences of this development-centred

model, established over 50 years ago, with many of the same hallmarks being

visible in more recent government plans—e.g. Belo Monte dam complex and the

construction and paving of the BR 319 and BR 163 highways. These plans are still

responsible for high population growth, rapid urbanisation (with the increase of

poor neighbourhoods), destruction of the environment, increase in land grabbing

and loss of natural resources (Vieira et al. 2014).

In general terms, land use in BLA can be associated with six major economic

factors: mineral extraction, forestry activities, extensive cattle ranching, infrastruc-

ture (dams, roads, etc.), colonisation projects and more recently, the production of

agricultural commodities (see also Ometto et al. 2015; Chap. 16). The existence of

large migration flows in the absence of a clear system of land demarcation and

property rights led to an intense competition for land and natural resources. The

private appropriation (including through illicit means) of public lands, rich in

natural resources, has triggered conflicts for control of land and their natural

resources by different social groups.

Combining these elements, a new social fabric has emerged as a result of

contradictory objectives and competing interests of a heterogeneous range of actors

who currently inhabit the region (including public and private companies, migrant

farmers, miners, cattle ranchers, loggers, soy farmers, landless labourers). Reacting

to these trends and in response to the grass-roots pressure from social movements

and non-governmental organisations (NGO), a new development paradigm

emerged in Brazil during the late 1990s: socio-environmentalism.

The socio-environmental model translated into a territorial management process

through forest-based government settlement projects designed to accommodate

livelihoods and rights of local people, known from then on as ‘traditional
populations’. These changes heralded the creation of a number of new types of

legally recognised land use forms beyond indigenous lands, including extractive

reserves (RESEX), quilombos (which recognised the traditional rights of descen-

dants of former slave populations), sustainable development projects (‘Projeto de

Desenvolvimento Sustentável—PDS’) and forestry settlement projects (‘Projeto de
Assentamento Florestal—PAF’), all of which recognised customary land use prac-

tices involving forest use or assumed some level of collective forest use

(Table 18.1).

The problems associated with these two antagonistic models of development—

the large scale, development centred and the socio-environmental—each one

imposing different dynamics on the landscape, have long been debated in the

literature (e.g. Davis 1977; Schmink and Woods 1984; Araújo and Lena 2010;

Hecht 2011; Pacheco 2009). Some authors have signalled problems pertaining to

the development-centric model (Morton et al. 2006; Hogan 2010), as well as land

tenure and social conflicts (Becker 2001), whilst others associated both of these

issues with economic growth and efficiency of land use (Margulis 2004). Promoters
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of the socio-environmental model have argued that community-based management

of natural resources both improves the means of subsistence for traditional and

indigenous people and protects the forests (Almeida 2004) and that a mosaic of

more diverse production systems and land use will have more positive environ-

mental impacts than current large-scale pattern of land use for the Amazon (Peres

et al. 2010).

To examine and help clarify such contrasting interpretations, we adopt the

analytical framework of Hecht (2011) to compare land uses characterised by

different landscape dynamics and with their links to different social groups—with

the objective of understanding different historical trajectories and changing policies

associated with two broad types of landscapes. In this approach ‘neo-nature land-

scapes’ refer to “agro-industrial modernist landscapes where land is basically a

substrate for silvo-industrial, agro-industrial or livestock production, involving

total landscape transformation into what are essentially monocultures” (Hecht

2011). By contrast, ‘socio-nature landscapes’ are the inhabited forested or mosaic

landscapes that commonly comprise a large number of different land use types or

Table 18.1 Economic activities and environmental services provided by community lands and

settlements in the Amazon region

Institutional

management

Land use

categories

Social

groups

Services

provided Economic activities

Chico Mendes

Institute for Bio-

diversity Protec-

tion, (ICMBIo),

Ministry of

Environment

Extractivist

Reserves

(RESEX)

Traditional

population

Biodiversity con-

servation, water-

shed preserva-

tion, carbon sink

Extractive activities/

subsistence activities

(shifting cultivation

and small livestock)

Sustainable

Development

Reserves

(RDS)

Traditional

population

Biodiversity con-

servation, water-

shed preserva-

tion, carbon sink

Extractive activities/

subsistence activities

(shifting cultivation

and small livestock)

National Institute

of Agrarian

Reform,

(INCRA),

Ministry of

Agrarian

Development

Settlement

Projects

(PAF)

Colonists

(migrants)

Territorial and

economic

occupation

Family farm agricul-

ture market oriented

Agro-

Extractivist

Project (PAE)

Colonists

(migrants)/

traditional

populations

Biodiversity con-

servation, water-

shed preserva-

tion, carbon sink

Extractive activities/

subsistence activities

(shifting cultivation

and small livestock)

Sustainable

Development

Projects

(PDS)

Colonists

(migrants)

Biodiversity con-

servation, water-

shed preserva-

tion, carbon sink

Community forestry

management/subsis-

tence activities

Federal Bureau of

Indigenous

Populations,

(FUNAI),

Ministry of

Justice

Indigenous

Territories

(TI)

Indigenous

populations

Biodiversity con-

servation, water-

shed preserva-

tion, carbon sink

Hunting, gathering,

shifting cultivation,

social reproduction
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production systems that are distinct from both the dominant modernisation devel-

opment models and conventional conservation systems, including protected areas.

Although the local and traditional peoples that inhabit socio-nature landscapes

had usually been ignored by official policies and threatened by an ongoing process

of land privatisation, the emergence of socio-environmentalism as a model of land

management has contributed substantially to the protection of Amazonian ecosys-

tems (Alegretti 2011). However, it is increasingly uncertain how this model can

resist the pressures of the international commodity markets and demands for energy

production and resource extraction to fuel growing urbanisation and economic

development.

Thus, the socioecological implications of these two very contrasting types of

landscape categories, with their distinct ownership and production characteristics,

need to be evaluated carefully when discussing regional public policy and devel-

opment. In this chapter, we discuss some of the main aspects of land use patterns in

the two systems, focusing on the key constraints and challenges presented by the

different land uses associated with them. We also discuss the challenges of foster-

ing more sustainable landscapes from the perspectives of both land management

and land use planning. The framework we use to analyse land use sustainability and

ecosystem service provision in the Amazon considers three main aspects: (i) the

socioeconomic context, associated with the actors that are representative of the two

types of landscape; (ii) the ecological aspects associated with landscape transfor-

mation and the dominant land use types; and (iii) the institutional context, in

particular with regard to the Brazilian Forest Law (C�odigo Florestal) and associ-

ated environmental policies (Fig. 18.1).

Fig. 18.1 Conceptual

model for analysing the

social, ecological and

institutional context of

‘socio-nature’ and ‘neo-
nature’ landscapes in
Brazilian Legal Amazon
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18.2 Land Use Patterns in Socio-Nature Landscapes: A

Historical and Ecological Perspective

Socio-environmentalism emerged in response to poorly planned infrastructure pro-

jects and continued deforestation, undermining the conservation of biodiversity and

the resilience of traditional and indigenous peoples. It started from the idea that the

maintenance of biodiversity and ecosystem services should involve the participa-

tion and knowledge of populations in BLA (Alegretti 2011). Included in the ‘socio-
nature’ landscapes are indigenous people, who maintain access to some common

resources and depend on a combination of forest-based and a subsistence-oriented

economy, although some are linked to markets and develop commercial activities,

as well as traditional extractivist populations, subsistence smallholders,

quilombolas and caboclos (riverine mestizo, descendants of colonisers and local

indigenous people) who are associated with traditional practices of natural

resource use.

These populations were coined as ‘traditional people’ by the legal framework of

the country, and new land governance systems introduced the need for ecosystem

conservation as a key criterion for land distribution (Santilli 2005) whilst also

recognising the importance of different forms of collective ownership as a means

to ensure access to land by local groups. Many indigenous groups and traditional

populations have responded to changes in the social dynamics in BLA and have

organised their communities to claim collective ownership of large areas of land.

The success of many of these groups is due, in large part, to the resilience of their

social organisations together with the assistance many have received from national

and international NGOs since the 1980s.

The models of the new, collectively owned land designations such as RESEX

and PDS were formally adopted by the National System of Conservation Units

(SNUC), under the category of ‘sustainable use areas’. The difficulties experienced
by people in socio-nature landscapes posed a significant challenge for public

policies that are aimed at reconciling economic development, wealth distribution

and conservation.

The new matrix of conservation units and reserves that have shaped the conser-

vation map of Amazonia dominated since 2000 by different forms of protected

areas. Today c. 40% of BLA is subject to some form of protection, 60% of this in

conservation units managed by local and traditional populations. In addition to

some 111 million ha of indigenous land, there are some 70 extractive reserves and

19 sustainable development reserves, comprising a further 15 million ha

(Table 18.2). In addition to these areas, there are several other categories of

protected areas adding a further 65 million ha. In such protected areas, restrictions

on natural resource use are intended to protect species under threat locally or

prohibit practices threatening ecosystem integrity. Forest management for timber

is allowed only if sustainable practices are implemented under an approved man-

agement plan. Forest clearing for agricultural uses in RESEX is limited to only

10% of the total area. Also included in these requirements is the need for such land
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management units to elaborate long-term environmental management plans, yet

their implementation and enforcement continue to lack the necessary political will,

and most areas are still lacking such a plan.

Traditional communities often advocate a sustainable development and forest

conservation agenda. The role played by areas earmarked for sustainable conser-

vation use in reducing deforestation along their boundaries is readily evidenced by

satellite images showing differences in land use between indigenous reserves and

adjacent areas, with boundaries clearly demarcated by the edge of the forest in

indigenous reserves (Schwartzman et al. 2000; Ruiz-Pérez et al. 2004; Soares-Filho

et al. 2010). The success achieved by indigenous reserves highlights the importance

of land tenure issues to biological conservation in Amazonia. Although the proac-

tive efforts of indigenous people to protect their lands have been central to

preventing deforestation, of equal importance is the fact that squatters are unable

to acquire titles to land settled inside indigenous reserves. Invasion and occupation

of new land by farmers and ranchers is strongly influenced by the probability that

their actions will eventually allow them to gain ownership and that their invest-

ments in infrastructure and forest clearance are not lost.

Sustainable use areas and extractive reserves also contain large stocks of carbon

and are important refugia for biodiversity. Since 2002, the average deforestation in

BLA has been 7–11 times lower inside indigenous lands and protected areas than in

surrounding areas. Sustainable use areas that were established between 2003 and

2007 could prevent 272,000 km2 of deforestation by 2050. This level of avoided

deforestation is equivalent to the avoidance of some 3.3� 1.1 Gt carbon, which is

equivalent to one-third of the world’s annual CO2 emissions (Soares-Filho

et al. 2009). These sustainable use areas therefore have a high potential for

maintaining ecosystem services (Table 18.1) and also in providing opportunities

for social and economic stability by connection to different forest product markets.

For instance, in 2010 the rubber sap extraction in 11 extractive reserves generated

an income of R$ 16.5 million a year. Furthermore, Brazil nut (Bertholletia excelsa
H. & B.) has a production potential in BLA for an annual income of R$ 39.2 million

considering only 17 extractive reserves (UNEP 2011).

Table 18.2 Categories of community lands in socio-nature landscapes in the Amazon region,

Brazil (as of 2009)

Categories of

community lands

Number of

administrative areas

Area

(million ha)

Population

(thousands) Source

Indigenous land 422 108.2 300 Alegretti

(2011)

Sustainable use

reserves

RESEX

RDS

248

70

19

25.6

13.9

11.0

–

223

34

Alegretti

(2011)

Total 670 333.8
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Understanding the monetary gains associated with the extraction of forest

products is a complex task, and the scale and longevity of any financial benefits

derived from these activities ultimately depend on the organisation of the value

chain, and an efficient management organisation is necessary to promote the change

in market structure so that the gains can migrate between the different levels of

entrepreneurship and commercial agents. More research is urgently needed on the

development of non-timber forest product value chains. However, to give an

illustrative example, in the concessions of Madre de Dios, Peru, the Brazil nut

industry, including collection, processing, transport and export of goods, employs

approximately 30,000 people and provides some two-thirds of the annual income

for these families (Baca 2006), with a gain of US$ 6 ha�1 year�1 for unshelled

products. However, as in the case of most natural products, profits can fluctuate

substantially on an annual basis due to variations in annual productivity of the trees,

market prices, input prices and transportation costs. The importance of the pro-

ducers also being responsible for the processing is that the profit margin from

selling processed nuts is c. 2.5 times that of unshelled nuts (Wadt et al. 2008).

Nunes et al. (2012) underlined the role of Brazil nuts as an economically viable

option capable of supporting both forest conservation and improvements in the

livelihoods of forest-dependent peoples.

The economic success of extractive activities may increase significantly if all

productive conservation units receive incentives to enhance their production capa-

bilities (UNEP 2011). An increase in the value of forest extractivism in such units

can help integrate local communities in the production process, increasing family

income and reducing illegal extraction of forests goods whilst also fostering

biodiversity conservation. Management policies of collectively owned traditional

lands were intended to consolidate a ‘rural extractivism’ that made use of family

labour in a type of production system capable of integrating agriculture and forest

management (Costa 2009), with low impacts in terms of landscape transformation.

This rural extractivism should be considered within a wider context of economic,

cultural and social relationships involving the diversification and use of local

techniques and knowledge, adapted to the peculiarities of Amazonian ecosystems

and to the appreciation of biodiversity and culture amongst traditional local people

(Rêgo 1999). The gross value of production of açaı́ palm (Euterpe oleracea Mart)

and Brazil nut, for example, two of the most economically significant forest

products in the Amazon region, considering the full supply chain (from local to

national markets), is counted in the order of billions of reais, and so has a huge

potential not only for maintaining jobs in small-scale agriculture but also for

creating new jobs in the structure of services and urban small trade nationwide

(Santana and Costa 2006; IDESP 2009). However, significant challenges remain to

achieve the implementation of existing reserves and indigenous lands in high-risk

deforestation areas of frontier expansion, such as in the southeast of Para state

(Fig. 18.2).

In general terms, protected areas are still the focus of disputes due to the

frequently conflicting interests of many social actors (Alves 2008). For example,

large-scale agriculture is present (soybean and rice) in some settlement projects
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established for small-scale farming. In addition, large-scale agricultural areas can

also be found in Sustainable Development Project (PDS) areas, which, by defini-

tion, are territorial units ‘of social and ecological interest, aimed at people who base

their livelihood on the extraction, family agriculture and other activities of low

environmental impact’. Research conducted by GEOMA (an Amazonian science

network for environmental modelling) showed that large-scale agriculture con-

tinues to develop beyond the soy expansion area east of Santarém town inside

PDS reserves. Despite a fall in the rate of deforestation, these trends contribute to

increases in land tenure concentration (GEOMA 2010).

Many economists still question whether extractive reserves are capable of

satisfying development goals (Bennett 2002; Goeschl and Igliori 2004). The suc-

cess of these reserves in delivering both conservation and development depends on

the ability of the traditional populations to secure increased income through the

diversification of forest products. Unfortunately, in many areas this has not yet

happened, and many of the forest dwellers have opted for increasing agricultural

production and wood extraction (Ruiz-Pérez et al. 2004) and often can be found

associated with large logging operations in unsustainable timber harvesting projects

of huge enterprises, which in turn increase forest degradation. Maintaining

populations in the forest requires implantation and regulation of sustainable uses

of standing tropical forest, including extractive use of non-timber forest products

Fig. 18.2 Map of deforestation in southeastern Para state showing human pressure in indigenous

lands, conservation units and areas of rural settlement programmes
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and certification efforts for forest management for timber (Fearnside 2008). The

lack of integrated policies specifically aimed at strengthening the economic poten-

tial and the needs of social systems inside sustainable use areas undermines their

role as a democratic alternative to the development-centred model. In order to

overcome these limitations, it is important to take into consideration a shared

planning system between the public sector and the rural communities, by mutual

agreements regarding the sustainable use of forest goods.

Ultimately, the policy of creating protected areas for sustainable use by tradi-

tional populations has partly succeeded mainly because it created an institutional

mechanism for resolving conflicts over land and forest use. Socially and culturally

it was important because it offered a means of life for present and future generations

and also respected traditional forms of natural resource use. Furthermore, there was

an appreciation of environmental priorities in efforts to prevent deforestation and

ensure the protection of additional areas for biodiversity conservation and environ-

mental services. However, in order for this socio-environmental model to become

more robust and successful and have regional impact on the conservation of

ecological services, there still remains an urgent need for a paradigm shift within

Brazilian society to value the forest and forest-based economic activities over

conventional development models.

The ongoing infrastructure constructions which are now under way, which

favour hydroelectric development through a network of river dams, and the rapid

expansion of agribusiness and mineral commodities need to be more systematically

assessed alongside sustainable practices that ensure value-standing forests includ-

ing through the development of forest products and biotechnology. The ultimate

success of the socio-nature landscapes as a model of sustainable development will

depend on a better balance of power between viable economic and commercial

activities under a global market paradigm and the insertion of forest-based products

associated to coherent financial incentives policies directed to local rural

communities.

18.3 Land Use Patterns in Neo-Nature Landscapes

and Their Implications for Sustainability

The development-centred model that underpins the ‘neo-nature’ landscape type is

central to the debate on deforestation, biodiversity loss, sustainability of land uses

and social inequalities. ‘Neo-nature’ landscapes are dominated by large-scale

farmers and ranchers, who have converted forest lands into agricultural fields and

who often have privileged access to financial resources and markets. This analysis

will focus mainly on these groups.

Cattle production in BLA increased by 140% over 12 years (1999–2011)—a

remarkable growth rate that is almost three times than that of the human population

in the region—causing extensive environmental damage (Table 18.3). In the
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meantime, the size of ranches has increased by 90%, as a result of both the low

price of land and the opening up of new pasture areas through illegal logging

(Valentim and de Andrade 2009). This makes cattle ranching as the main driver

responsible for most of the Amazonian deforestation (>67%) (Margulis 2004;

Escada et al. 2005) and some 60–80% of total GHG emissions (Wassenaar

et al. 2007). In addition to the direct ecological impact of converting forest to

pasture, the widespread process of land conversion has also contributed towards

reformulating the entire socioecological complex by negatively affecting other land

use systems such as shifting cultivation, further reducing natural landscapes and

ecological diversity (Vieira et al. 2012).

The expansion of cattle pastures across much of BLA has also resulted in habitat

loss and fragmentation with increased edge effects and the isolation of remaining

forest patches (Peres et al. 2006; Laurance et al. 2011 and Chap. 17). For example,

6.4% of remaining forest habitats were found within a radius of 100 m of a forest

edge in a study that evaluated an area of 1.12 million km2 (>80% of BLA affected

by deforestation and selective logging) (Broadbent et al. 2008). The process of

fragmentation includes tree dieback (Laurance 2000), changes in mutualistic and

trophic interactions between species (Peres and Michalski 2006) and synergistic

actions with other factors, such as susceptibility to fire that leads to local species

extinctions (Alencar et al. 2004).

The conversion of forest to pasture also dramatically reduces the original

biodiversity (Gardner et al. 2009), even when considering the large heterogeneity

of pastures and pasture management, e.g. in terms of woody regrowth (Vieira

et al. 2008). In comparison with primary forests, pasture lands are characterised

by a small number of generalist and edge-tolerant or gap-specialist forest species or

exotics. An example is that of scarab beetles whose species richness (58) in intact

forest in southeast Amazonia was reduced to 13 in pastures, with 87% of individ-

uals belonging to a single species (Scheffler 2005). Another study in central

Amazonia reported that native earthworms were either rare or absent from pastures

and often replaced by exotic species (Decaens et al. 2004). In a secondary forest–

pasture mosaic area, 47 frugivorous birds were observed to move from forest to

pasture in search of food; 18 of them used a stretch of a maximum of 80 m with

bushes near the forest (Silva et al. 1996). Possibly the most negative indirect impact

of pastures (i.e. other than the actual clearance itself) on biodiversity is through fires

that are used for forest clearing or pasture maintenance and then escape into

surrounding areas of forest (Barlow et al. 2003; Chap. 13). Other impacts, such as

Table 18.3 Estimated environmental characteristics of two broad categories of landscapes in the

Amazon region

Types of landscapes C emission Reduction of forest cover

Socio-nature landscapes ~40% 1.5–31%

Neo-nature landscapes ~70% 60–70%

Source: Adapted from Costa (2009)
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pesticides or herbicides from cultures that leak into water courses, are poorly

understood.

The distribution of land use types and vegetation cover reflects the policies

devoted to large-scale cattle raising implemented in the region (INPE 2013). The

economic activities that replace forests are often of short duration, and the aban-

donment of pastures is likely to be related to a lack of profitability, as well as the

initial use of cattle farms for land speculation. This can result in recurring cycles of

use followed by abandonment and secondary succession (Perz and Skole 2003).

These secondary forests form a mosaic in heavily anthropic landscapes and have a

relatively high potential conservation value (Peres et al. 2010). In practice, the

recovery of biodiversity in secondary forests is a slow process, and relatively old

secondary forests have a limited build-up of species richness (Vieira et al. 1996),

which may be considered in such land use and long-term restoration plans.

Recently, Martin et al. (2013), in a global meta-analysis, indicated that carbon

pools and biodiversity show different recovery rates under passive secondary

succession and that colonisation by plant species characteristic of undisturbed

forest is slow. However, due to extensive land transformation and forest conversion

driven by livestock husbandry and the cultivation of commodity crops, the second-

ary vegetation should be assigned a new function in the landscape, and the role of

these areas in anthropogenic environments, including reforestation and forest

regrowth associated with more sustainable land use types, needs to be better

understood.

In neo-nature landscapes cattle raising and logging often have synergistic effects

on the remaining areas of forest, e.g. through forest fires, that affects portions of the

Amazon and threatens the ecological integrity in these disturbed areas inside the

biome (e.g. Asner et al. 2005). Emissions of carbon from forest degradation can

become as important as the rate of emissions from deforestation by clear cutting

(Berenguer et al. 2014) (Fig. 18.3).

A recent study based on model simulations predicted that by 2050, a decrease in

precipitation caused by deforestation in the Amazon will have reduced pasture

productivity by 30% in the governance scenario and by 34% in the business-as-

usual scenario (Oliveira et al. 2013). These estimates suggest also that large-scale

expansion of agriculture in Amazonia may result in a decrease of carbon storage

between 23% and 50% according to scenarios for 2020.

In addition to cattle-raising activities, 66% of the planted area in BLA in 2010

was devoted to soybean, corn, rice, cassava and perennial crops, being responsible

for 92% of the agricultural gross income (IBGE 2012). The development of

soybean production has been associated with investments in infrastructure, water-

ways, railways and highways to facilitate transport to export facilities. The expan-

sion of this crop has mainly occurred at the expense of pastures, yet some forest

areas have also been converted directly to soy production (Morton et al. 2006).

The intensity of expansion of the agriculture frontier in the Amazon has led to

the implementation of a series of initiatives aimed at strengthening governance and

minimising and mitigating environmental impacts. A federal programme to combat

deforestation (the PPCDAm) based on satellite monitoring in all of BLA has been
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successful in lowering significantly the rates of illegal deforestation by means of

command and control strategies (Assunç~ao et al. 2013; Godar et al. 2014),

establishing a new benchmark for integrated action to combat illegal deforestation

in the region. Through PPCDAm, the Amazon deforestation issue entered as a

priority of the federal government’s policy agenda, involving a large number of

ministries. The first and second federal Action Plan to Prevent and Control Defor-

estation in the Amazon (PPCDAM I and II), implemented between 2004 and 2011,

increased the national enforcement capacity for combating deforestation. However,

major challenges, such as land use regularisation and organisation of sustainable

production chains, remain the greatest challenges of this programme, in its third

phase. Since 2012 Brazil has also had a revised Forest Law that created a new

momentum in land use practices. According to this law 50–80% of the area of each

rural property in the Amazon region is required to be set aside to preserve natural

vegetation. This is called the legal reserve (LR) which must be managed sustainably

to maintain biological diversity and ecological integrity. Environmentally sensitive

areas, such as habitats located in riparian zones, on steep terrain and on hilltops, are

designated as permanent protection areas (APP) and are excluded from any type of

economic activity.

The estimated deficit of the total area that should be preserved as LR on private

farmland in BLA is 22 M ha (or 34% of the total LR area in Brazil) (Sparovek

et al. 2012; Fig. 18.4). This means that the majority of farms in BLA are currently

contravening the Forest Law. The Forest Law requires mandatory forest restoration

in cases where there is a deficit of LR or APP, but to ensure that the law will be

respected, it is necessary to establish a sociopolitical system that links biological

Fig. 18.3 Percentage of deforestation and degradation in the Amazon region, Brazil
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conservation and agricultural agendas to managing second-growth forests and

restoration process.

The challenges for land use sustainability in ‘neo-nature’ landscapes are high in

BLA, with transformations of the rural production base, dispute for new territories

and land tenure regulation processes. In recent years, BLA has also become the

target of the development of a rapidly expanding biofuel sector. Land owners

currently are preparing a proposal for including exotic species mixed with native

species (considered as low-impact replacement vegetation) and oil palm as a

potential ‘sustainable’ option for the restoration of degraded riparian areas. How-

ever, oil palm plantations have a highly negative environmental impact, as they host

very few native species of flora and fauna and require substantial agrochemical

input and therefore should under no circumstance be included as potential replace-

ment of (native) forest vegetation (Lees and Vieira 2013).

Fig. 18.4 Spatial distribution of the Legal Reserve deficit (about 22M ha in total). The map shows

the Legal Reserve deficit aggregated at the municipality level (%) (Adapted from Sparovek

et al. (2012))
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The connections between the expansion of soy, oil palm and beef production and

their impacts on the environment have resulted in protests against agro-industrial

companies (Smeraldi and May 2008) and created a favourable environment to

search for solutions and agreeing on more sustainable land use in the region. The

key elements of governance today are associated with a group of norms and laws to

legislate the zoning of land use types allowed in BLA that encompasses a three-fold

complementary action plan with (i) effective deforestation control, (ii) restriction of

access to credit for private properties that have illegally deforested and (iii)

elaboration of economic–ecological zoning plans.

To respond to criticisms of the unsustainability of the expansion of agribusiness

onto forested land in BLA, various agreements for more responsible land use and

production systems, such as the Soy Moratorium, the Cattle Agreement, the

Roundtable on Responsible Soy (RTRS) and the Roundtable on Sustainable Palm

Oil (RSPO), have emerged. These initiatives have resulted in a series of safeguards,

criteria and indicators that producers and companies should follow to ensure market

access and license to operate. Thus, the soy, palm oil, and meat production sectors

are in the process of constructing new infrastructure and production systems and

organising local production chains in a process of transition from the extensive

production systems towards increasing productivity by intensification. A produc-

tion focused mainly on the supply of discerning international markets demanding

environmentally responsible agricultural products—such as deforestation-free

soya—would then promote good-use practices, although evidence for this actually

having a measurable impact is still limited. The consolidation of these economic

and political factors to influence markets, laws and regulation will promote the

viability and attractiveness to farmers of using environmentally sound management

(Galford et al. 2013).

The argument of increasing productivity and the virtues of the market as a base

for sustainable development is trapped in contradictions as far as capital-intensive

production systems (responsible largely by gains in agricultural productivity) come

into direct competition with small-scale family production, both spatially (land

concentration) and economically, sometimes contributing to a rural exodus. In

addition, degradation of the environment has been most pronounced where land

has been transformed, often via public policy incentives, into speculative capital for

future appreciation or into raw material for globalised production chains, such as in

the case of livestock and soy, and now also in the case of African oil palm.

18.4 The Challenge of Creating and Maintaining

Sustainable Land Uses and Landscapes

The development of sustainable land use systems requires strategies that allow all

types of social actors to be involved and become committed to socioeconomic and

environmental sustainability (Araújo et al. 2010). However, the Brazilian public
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sector faces a contradiction here: the implementation of environmental regulatory

measures demands public institutions that are strong and solid and that have

political and social legitimacy, yet different state agencies suffer from conflicting

agendas with respect to the environment and land management—undermining the

confidence in the public sector.

Sustainable development is threatened by deep-seated differences in political

priorities for the region as well as by general disagreements relating to the role of

different elements in the national and global demand for commodities. Despite

Brazil having been successful in dramatically reducing rates of deforestation in

BLA during the past decade through the federal programme to combat deforestation

in Amazonia (PPCDAm), there are still serious conflicts in relation to the integra-

tion of much of the regional population into the political process, together with

unresolved and systemic land tenure issues. The emerging multilevel governance

mechanisms have not been sufficient to promote a broader transition to sustainable

land uses in the region (Piketty et al. 2015). Landscape planning approach induced

by different social and economic interests is still a challenge for more environmen-

tally sounded changes in land use in the Amazon region.

The dynamics of rural agricultural production in the region has led to new

demands on land, with consequences for conservation. To minimise environmental

impacts, a restructuring of the rural economy, in line with a more ecologically,

socially and economically sustainable development trajectory, is required. Yet the

characteristics of sustainable production systems still need to be defined with

respect to mitigation and compensation of ecological and social impacts in BLA

and in Brazil as a whole.

It has become clear that policies, actions and tools to promote changes towards

sustainable development and efforts to minimise and mitigate negative environ-

mental impacts at the level of individual farms need to consider the full value chain

from the producer to end consumer as well as changes in regulatory and public

policies. Land tenure continues to remain the most critical factor.

Under these perspectives the zero deforestation proposal for public policy in

BLA originally presented by Vieira et al. (2005) in conjunction with the idea of

sustainable use of landscapes has been incorporated into NGOs and state governors’
agendas. Under this idea, the authors highlighted four key points for territorial

planning: control and supervision of deforestation, maintenance of territorial integ-

rity of indigenous lands and protected areas, creation of demonstration sites of

ecological restoration in APPs and LRs and the formulation of a strong participa-

tory scientific agenda with emphasis on the design and maintenance of territorial

systems of conservation, technologies for sustainable production in areas of con-

solidated occupation and the valuation and distribution of the benefits of environ-

mental services, including a list of actions to combat to poverty. Whilst many of the

recommendations of Vieira et al. (2005) are evident in the PPCDAm, the primary

recommendation has yet to be adopted (zero deforestation). The high political cost

for such decision is reflected in the lack of political support for such a move. For

example, only the governor of the State of Pará has thus far signed the protocol for

zero deforestation proposed during Rio+20.
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The pathways to sustainable development in BLA must take into consideration

the complex history of the occupation of the region, the socioecological context of

the main productive actors and their relationship with deforestation and conserva-

tion (Fig. 18.5). In the context of a new institutional framework of deforestation

control and restriction to the access to credit, and also of adjustments to the Forest

Law and to the Economic-Ecological Zoning, the agents who control socio- and

neo-nature landscapes need to be adapted to this new set of rules that are in place to

govern the rural territory. There is ample role for a scientific agenda which will

stimulate efforts in increasing restoration areas for conservation and sustainable

practices, with agroforestry systems playing a potential major role in these newly

conserved areas that were originally used for production purposes. The creation of

the Rural Environmental Registry (CAR) system promotes the compilation of

geo-referenced information on the boundaries of rural properties and their LR and

APP including satellite maps showing the property’s extent and forest cover. Once a
property is registered, the official environmental agencies can monitor deforestation

compliance with the Forest Law. However, there remains a substantial challenge to

Fig. 18.5 The main

elements of sustainable

landscapes in Amazonia,

considering ‘socio-nature’
and ‘neo-nature’ landscapes
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regulate land use tenure in BLA, and whilst some progress is being made, there is an

enormous deficit in infrastructure, human and financial resources to accomplish this

regulation on thousands of rural properties, in addition to a necessary political will

in the long term.

18.5 Concluding Remarks

Traditional populations have been impelled to modify their lifestyle and cultural

values under a new set of concepts incorporating sustainability paradigms. This

process resulted in the construction of a specific sustainable development model in

the Amazon which has inserted these social groups as key actors in environmental

public policies. The persistent incapacity of institutions to represent the needs and

aspirations of local people has led to a counteract strategy evidenced by significant

increase in claims made by indigenous or quilombola identity (as recorded by self-

proclaimed indigenous peoples in the 2010 census), as an alternative for the

recognition of land rights of traditional Amazonian inhabitants. Also they have

demanded popular participation in governance processes, drawing on the develop-

ment of strong grass-roots movements and increasingly widespread valorisation of

their culture, as part of a bid for a more sustainable forest-based economy. This

socio-environmentalist agenda has gained significant political attention and credi-

bility. As a result of this trend, the creation of a mosaic of sustainable use-based

conservation units has effectively reduced deforestation and highlighted the impor-

tance of land conflicts in discussions over the environmental sustainability of the

region. Although remarkable social and conservation gains have been made in

socio-nature landscapes, deep-seated problems of management, organisational

uncertainties and paternalistic leadership persist (Shanley et al. 2011). Moreover,

it can be observed in recent years a trend aimed at promoting agribusiness and

export trading companies in Brazil, as well as the construction of infrastructures

that enable the activities of the latter in parts of BLA. Such governmental agenda

creates additional pressure on the current environmental public policies that have

been showing signs of deep exhaustion.

Strategic alliances between grass-roots organisations and national and interna-

tional NGOs have been mutually beneficial. NGOs have brought visibility, resource

and access to local communities, whilst grass-roots movements have legitimised

the goals of NGOs and values in territories that they would not be able to reach

themselves. Since the Rio 92 Summit several NGOs synthesised scientific infor-

mation into influential reports and white papers that have provided important

supporting material for public policies in support of the socio-environmental

model. More recently, under the perspective of climate change, several NGOs

have redirected their agendas from a biological conservation and local sustainable

practices focus towards a more holistic environmental approach, including ecosys-

tem services and food security. These paradigm shifts continue to have important
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influences on future alliances between NGOs and grass-roots movements in the

Amazon region.

Questions still remain regarding the future of extractive reserves and other

sustainable use areas, including their effective protection and management of

natural resources. The sustainable conservation units may serve as a reference

across the world, both for carbon sequestration, which avoids deforestation, and

for the establishment of a new sustainable economy supported by REDD+ (Aguiar

et al. 2016). In order to maintain larger-scale landscape conservation in the long

term, suitable incentives and investment towards environmental and social sustain-

ability are necessary (Schwartzman et al. 2010). Such challenging perspective

encompass the territories in which grass-roots movements have won protection,

including forest-based and rural livelihoods, as well as actions towards reducing

deforestation.

Considering a business-as-usual scenario of land use dynamics in BLA, the

continued expansion of the neo-nature landscape model will result in similar land

patterns to those observed in other Brazilian ‘biomes’ that are now dominated by

agribusiness. However, laws and regulations are being reformulated at different

governance levels, from state to municipality, motivated significantly by the revi-

sion of the Brazilian Forest Law. These also include certification mechanisms and

attempt to seek local consensus amongst land use actors. Such institutional arrange-

ments need to take into account ecosystem integrity at different scales in order to

work towards better territorial planning in a way that combines both production and

conservation objectives and imperatives.

Despite considerable efforts towards conservation and land tenure regulation,

the observed trends of infrastructure development for roads and other modes of

transportation linking the agribusiness regions to BLA, as well as port constructions

for export purposes, dams for hydropower and mining activities, reinforce the

prioritisation of the actual hegemonic economic patterns to expand agricultural

production areas in all frontiers of available land in the country. Such a trend is

inflicting additional pressures on natural landscapes in the Cerrado, Amazon forest

and Caatinga ‘biomes’. In the wider context, such activities align with the devel-

opment of the Latin American infrastructure network, such as constructions of

ports, as well as the Nicaraguan Canal crossing Central America, to permit large-

vessel transportation of crude minerals and agricultural commodities for Oriental

markets. A coherent development plan in Amazonia that takes into consideration

development and conservation issues in a balanced fashion is essential to help better

management of these increasingly threatened landscapes, improve the equitable

distribution of benefits to more marginalised peoples and ensure the maintenance of

natural ecological processes.
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sociedade em transformaç~ao, vol 1, 1st edn. Edusp, S~ao Paulo, pp 221–240
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Nair TKR, Doye N, Ocampo R, Rai N, Ricker M, Schreckenberg K, Shackleton S, Shanley P,

Sunderland T, Youn Y (2004) Markets drive the specialization strategies of forest peoples.

Ecol Soc 9(2):4, http://www.ecologyandsociety.org/vol9/iss2/art4

Salati E, Schubart H, Junk WJ, Oliveira AE (1983) Amazônia: desenvolvimento, integraç~ao e
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todos. ADA, UFPA, UFRA, Belém, 32p

Santilli J (2005) Socioambientalismo e novos direitos: proteç~ao jurı́dica �a diversidade biológica e
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Martins AC, Cardoso JM, Guimar~aes A, Mittermeir R (eds) Biomas brasileiros: retratos de um

paı́s plural, 1st edn. Editora Casa da Palavra, Rio de Janeiro, pp 129–164
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Perspectives for the Future



Chapter 19

Amazonia in Perspective as a Changing
Environment

Paulo Artaxo, Bruce R. Forsberg, and Laszlo Nagy

The Amazonian socio-ecological system is in a transition phase, having moved

since the 1960s from a relatively pristine set of ecosystems to a complex mosaic

where large parts are dominated by intensive land use (Malhi et al. 2014). Several

direct human drivers, such as deforestation, hydroelectric dams, roads, and climate

change are impacting ecosystem function at the landscape scale, and this is

manifested at the regional scale through changes in the functioning of the entire

Amazon ensemble, affecting climatic teleconnections throughout South America.

As in other tropical forest biomes (Sala et al. 2000; Hassan et al. 2005), the main and

increasingly growing impact on ecosystem integrity is continued large-scale defor-

estation and agricultural expansion (Davidson et al. 2012). In general, deforestation

goes hand in hand with road construction and urbanisation, which affect terrestrial

as well as aquatic ecosystems and air quality in large parts of Amazonia and

southern South America. Research in the region is now focused on the link between

global climate change and the functioning of the Amazon forest biome, especially

the observed changes in the hydrological cycle and increased temperatures.

Amazonia is critically important in terms of carbon balance in our planet.

The forest, representing about 40% of all tropical forests worldwide contains

90–120 Pg C in living biomass. Soils are also important carbon pools, storing

about 160 Pg C. If, as a result of land use or climate change, a small fraction of

this carbon were released into to the atmosphere, it could significantly enhance
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atmospheric CO2 concentrations. The recent AR5 IPCC report clearly shows that the

interaction between physical climate and the biosphere represents one of the largest

uncertainties in the assessment of the response of the climate system to greenhouse

gas emissions (IPCC 2013). Over the last 20 years, there has been a marked decrease

in carbon emissions from deforestation in Amazonia. This was due to the reduction

of 27,000 km2 of newly deforested areas in 2004 to 4,800 km2 in 2014. This large

reduction in deforested area decreased carbon emissions from Brazil by ca. 75%.

Recent studies in the global carbon cycle show that carbon sources and sinks in the

tropics are approximately balanced (Chaps. 5 and 6), with regrowth and increased

atmospheric CO2-driven photosynthetic carbon uptake by the forest compensating

the large deforestation source. It is unknown how stable this ‘equilibrium’ is. Several
studies show that the Amazon biome is on a precarious balance between being a

source and a sink of carbon. Its future depends on the extent and form of climate

change, including the severity and frequency of extreme events as well as on socio-

economical aspects of development in Amazonia. The region has warmed by about

0.6 �C, and warming is expected to continue see e.g. Marengo et al. (2016). It is also

possible to observe an increased frequency of drought episodes that enhances the

occurrence of periods of net carbon emissions from decomposition of dead organic

material (Phillips et al. 2016) and from enhanced fire occurrence during droughts and

following fuel accumulation (Chap. 13). Considering the hydrological cycle, the

observed 20% increase in the Amazon river’s discharge may reflect an increasing

water supply to the vegetation, which, together with increasing atmospheric CO2,

may lead to more intense net carbon uptake by the intact forest vegetation (Schimel

et al. 2015). But this issue can be more complex, since interactions of the carbon

cycle with the cycles of other key elements, such as nitrogen and phosphorus, will

also play important roles (Townsend et al. 2011). It is important also to remember

that Amazonia is an important source of methane (CH4) and nitrous oxide (N2O),

especially its wetlands and soils (Chap. 7).

Several recent studies have shown that the Amazonian hydrological cycle is

changing. This is important because the Amazon River is responsible for about

20% of the world’s freshwater discharge. Most of the water vapour enters the

Amazon basin from the tropical Atlantic Ocean with the trade wind circulation. The

forest has a very effective system of recycling of water through evapotranspiration,

which maintains a flux of precipitation that becomes increasingly more important as

air masses move into the central and western part of the Basin. Further west, at the

Andes, moisture transport changes direction towards the south, carrying water

vapour derived from the forest to Argentina and southern Brazil. The forests of

Amazonia thus contribute to the precipitation that sustains agricultural yields in

these regions, remote from the source. Changes in the flux of Amazonian water

vapour and the impacts of smoke aerosols from Amazonian fires on cloud processes

can thus affect rainfall patterns over large areas, extending to the southern tip of the

South American continent.

Although modelling has contributed to recent developments in Amazonian

research, no existing model represents all critical functional aspects of Amazonian

ecosystems. The ability of models to predict possible scenarios for the Amazon forest

biome in the coming decades is severely curtailed by limitations in the representation
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of key aspects of climate/vegetation interactions (e.g. Chap. 14), including the role of

material transport to the Andes and the teleconnections between the Amazon and the

tropical Atlantic and Pacific Oceans. In addition, the biophysical response of the

vegetation to changing water supply and increasing CO2 and temperature remains

poorly understood.

We are far from understanding the complex atmospheric chemistry over Amazo-

nia. The tropical atmosphere was referred to as the ‘washing machine of the atmo-

sphere’ by Paul Crutzen because of the ‘cleansing’ action of hydroxyl radical

(OH) produced over the forest. Human activities and the biosphere in its natural

state release large amounts of trace gases to the atmosphere, such as nitrogen oxides

(NOx), carbon monoxide (CO), and volatile organic compounds (VOC). Most such

gases are relatively insoluble in water and are thus not effectively washed out by

tropical rain. The self-purification of the atmosphere involves reactions that produce

ozone (O3) and hydroxyl (OH) radicals. Production of these atmospheric ‘detergents’
requires large amounts of UV radiation andwater vapour, both of which are present in

large quantities in Amazonia. The reactions that control O3, OH, CO, and VOCs in

Amazonia are still a matter of active research (e.g. Chap. 2). The functioning of this

self-cleansing mechanism is affected by human activities that change emissions from

the biosphere (through land use change) and add pollutants from biomass burning.

Amazonia has a very special atmosphere in terms of aerosol particles. During the

rainy season, which can vary from 12 months in western Amazonia to 8 months in

southern Amazonia, the Amazon has among the lowest aerosol concentrations of

any continental region in our planet. The vegetation emits large amounts of primary

biogenic aerosol particles. Oxidation of VOCs produces significant amounts of

Secondary Organic Aerosols (SOA) that affect radiation balance and cloud nucle-

ation. At the other extreme, during the dry season (rainfall< 100 mm month�1),

biomass burning emissions in the southern Amazon make aerosol concentrations

over large regions as high as in the most polluted urban areas worldwide. Episodic

inputs of Saharan dust, biomass smoke from Africa, and marine aerosols

transported over long distances with the trade winds during the wet season further

complicate the picture. A fraction of these aerosol particles acts as Cloud Conden-

sation Nuclei (CCN) that are critical ingredients for the formation of clouds and

raindrops. The very low CCN concentration in the wet season (CCN c. 200–300 #/

cc) makes droplets very large, resulting in very efficient precipitation processes,

mostly through low clouds. In the dry season, with very high CCN concentrations

(c. 10,000 #/cc), cloud droplets are smaller, and the development of clouds and

precipitation is much less efficient. These changes have profound effects on pre-

cipitation patterns over Amazonia. Nonetheless, many of the processes that regulate

precipitation formation in Amazonia are yet to be fully understood.

The new estimate by Melack (2016) of the total emission of CO2 and methane

from lowland Amazon streams, rivers, lakes, wetlands, and reservoirs, 1800 Tg C

year�1, is considerably higher than previously published values, but continues to be

in the same order of magnitude as the net carbon fluxes (sink or source, depending

on the authors), estimated for the terrestrial portions of the forest biome, indicating

that aquatic environments play an important role in the regional carbon balance of
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the Amazon basin. While the exact proportion of total aquatic carbon emissions

derived from terrestrial source is still unclear, the new synthesis of existing data

presented here indicates that most of the flux is derived from aquatic plants.

However, the relative mixture of carbon sources varies among habitats, with

terrestrial sources dominating in small streams and rivers and aquatic sources

dominating in large rivers and wetlands.

Determining the net effect of aquatic environments on the regional carbon

balance and net regional carbon emissions will require improved measurements

of aquatic plant production. Regional estimates of aquatic production and emission

are both needed to estimate the net carbon flux derived from these systems. Recent

estimates suggest that this net carbon flux is relatively small (Melack et al. 2009).

With regard to the Intended Nationally Determined Contribution (INDC), Brazil

is committed to undertake a further reduction in deforestation rate and to invest in

reforestation over large areas in Amazonia. Brazil is committed to reduce its

emissions by 42% in 2030 compared to 2005, an ambitious target. It implies a

reduction of the 5000 km2 deforested in 2014–2015 to a small fraction of it and

eliminating illegal deforestation. However, zero deforestation in Amazonia cannot

be a target, because the Brazilian Forest Law guarantees land owners’ right to
deforest 20% of their property.

Despite the major advances achieved under various Amazonian research

programmes represented in this book, there remains much work to be done to better

understand how the vast Amazonian landscape works today and how it will

function in the future under the growing impact of land use and climate change.

Increased use of innovative technologies and measures, including the use of

advanced sensors on satellites and instrumented aircraft, as well as new manipula-

tive experiments, simulating changes in climate, atmospheric CO2 concentrations,

and others factors linked to regional and global change, will be needed to meet this

challenge. The coming years must see a truly inter- and transdisciplinary collabo-

rative effort between researchers of various countries and disciplines, with a

prominent role for multi-scale investigation of atmosphere–biosphere interaction

in a form that marries the study of patterns and processes at landscape and

ecosystem scales in order to study causes and consequences of spatial heterogeneity

in the functioning of the Amazon biome. This new scientific frontier will change the

ethos, not only of academic research but most importantly of applied research,

contributing to the evidence-based environmental management in the Amazon

region and the conservation of its essential ecosystem services. To secure the

ecological sustainability of the region, it will be important to integrate science

and decision-making to facilitate the formulation and implementation of public

policies that will reduce, in the long-term, vulnerability of the socio-ecological

system, i.e. strike the best balance between human well-being in a functional

biophysical setting. In the short term, the potential consequences of current public

policies which promote regional economic development, such as the new Brazilian

Forest Law, require careful analysis in view of their implications for all of the issues

detailed above. All this requires a programme of integrated studies of socio-

ecological (biophysical and socio-economic) systems, along with the development
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of a decision-making/decision aid system that allows an objective evaluation of

development options and their environmental consequences (for example,

expressed in terms of changes in the values of ecosystem services), locally,

regionally, and globally.
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