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Abstract Forests, through the regulation of regional
water balances, provide a number of ecosystem
services, including water for agriculture, hydroelectric
power generation, navigation, industry, fisheries, and
human consumption. Large-scale deforestation trig-
gers complex non-linear interactions between the
atmosphere and biosphere, which may impair such
important ecosystem services. This is the case for the
Southwestern Amazon, where three important river
basins (Jurua, Purus, and Madeira) are undergoing
significant land-use changes. Here, we investigate the
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potential impacts of deforestation throughout the
Amazon on the seasonal and annual water balances
of these river basins using coupled climatic and
hydrologic models under several deforestation sce-
narios. Simulations without climate response to
deforestation show an increase in river discharge
proportional to the area deforested in each basin,
whereas those with climate response produce progres-
sive reductions in mean annual precipitation over all
three basins. In this case, deforestation decreases the
mean annual discharge of the Jurua and Purus rivers,
but increases that of the Madeira, because the defor-
estation-induced reduction in evapotranspiration is
large enough to increase runoff and thus offset the
reduction in precipitation. The effects of Amazon
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deforestation on river discharge are scale-dependent
and vary across and within river basins. Reduction in
precipitation due to deforestation is most severe at the
end of the dry season. As a result, deforestation
increases the dry-season length and the seasonal
amplitude of water flow. These effects may aggravate
the economic losses from large droughts and floods,
such as those experienced in recent years (2005, 2010
and 2009, 2012, respectively).

Keywords Landscape dynamics - Water
balance - Land change simulation - DINAMICA
EGO - THMB

Introduction

The regulation of the water balance and river flow by
forests provides ecosystem services that are econom-
ically valuable and critical for sustaining agriculture,
hydroelectric power, industry, fisheries, river naviga-
bility, urban dwellings (Guo et al. 2000; Postel and
Thompson 2005; Castello et al. 2013) and important
non-use values, such as ecotourism (Kirkby et al.
2011) and recreational opportunities (Millennium
Ecosystem Assessment 2005). Soil water and surface
waters—including runoff, discharge and water stored
in lakes—play an important role in supporting
ecosystems and biodiversity by providing nutrients
and habitats for many species. Rivers are important in
biogeochemical reactions and are responsible for
transporting large amounts of carbon and nitrogen
(Meybeck 1982; McClain et al. 2003). Forest clearing
for agricultural expansion and infrastructure develop-
ment directly or indirectly alter the water balance of
river basins, and as a result may impair forest
ecosystem services (Costa and Foley 2000; Malhi
et al. 2008; Coe et al. 2009).

This is the situation for Southwestern Amazon,
where Amazon countries are undertaking large infra-
structure projects (Killeen 2007). This region (Fig. 1),
where the departments of Madre de Dios in Peru, Acre
in Brazil, and Pando in Bolivia meet (thus known as
MAP) is one of the most biologically and culturally
diverse regions of the world (Mittermeier et al. 2003;
Brooks et al. 2006; Perz et al. 2008). The Southwestern
Amazon encompasses the headwaters of three impor-
tant river basins—the Jurud, Purus, and Madeira—that
contribute ~24 % of the discharge of the Amazon
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River and drain an area of ~ 2 million km?. Much of
the region is still covered by native savannas and
tropical forests of which 40 % are used for harvesting
timber (Giudice et al. 2012) or non-timber forest
products such as Brazil-nut (Nunes et al. 2012).
Protected areas in the region include indigenous
territories that are home to some of the world’s last
remaining uncontacted indigenous tribes (Survival
International Charitable Trust 2012), as well as
conservation areas that are becoming increasingly
important ecotourism destinations (Kirkby etal. 2011).
In addition, recent archeological findings of earth-
works and geoglyphs dating from over 1,000 years ago
(Mann 2008) underscore the historical importance of
this region.

Large investments in infrastructure, supported by
multilateral financing mechanisms such as the Initiative
for the Integration of Regional Infrastructure in South
America—IIRSA (Killeen 2007), are increasingly
changing the landscapes of the Southwestern Amazon.
Together with the expansion of cattle ranching, agri-
culture, oil and gas concessions (Finer et al. 2008), and
gold mining (Swenson et al. 2011), these investments
may already be impairing the region’s forest ecosystems
and as a result the local economies that depend upon
them. In particular, the paving of the Interoceanica Sur
highway (Perz et al. 2008; Southworth et al. 2011) and
the construction of hydroelectric power plants (Jirau and
Santo Antonio in the Madeira basin, Brazil) and other
planned ones (e.g. Inambari in Madre de Dios, Peru) are
boosting regional economies (Finer and Jenkins 2012),
accelerating migration to the region, and thus spurring
deforestation that may alter the regional climate and
water balance. Hence these projects may fail to improve
welfare in the region and elsewhere as they have the
potential to cause large losses of ecosystem services due
to feedbacks between land-cover change, climate, and
hydrology.

Policymakers have largely overlooked the disruption
of ecosystem services—such as water balance and
climate regulation (Anderson-Teixeira et al. 2012)—
that may likely ensue from development plans like
IIRSA. Their unseen consequences may eventually
compromise the social and economic benefits expected
from those policies. In order to avoid such undesirable
results, there is a need to identify the role of forests in
maintaining ecosystem services. This can help improve
and support integrated environmental management in
changing landscapes. In this study, we address the
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Fig. 1 Study area. Numbers
indicate river discharge
monitoring stations used to
validate model simulations
(additional details on
Supplementary Material)

potential impacts of deforestation throughout the Ama-
zon on the seasonal and annual water balance of Jurua,
Purus, and Madeira river basins as a means of drawing
attention to the need for reconciling conservation with
sustainable development in the Southwestern Amazon.

Materials and methods
IBIS land surface model

The integrated biosphere simulator (IBIS) (Foley et al.
1996; Kucharik et al. 2000) is a dynamic global
ecosystem model that simulates biosphere—atmosphere
interactive processes, such as energy, water, and carbon
exchanges among soil, vegetation, and the atmosphere.
The physical equations have an hourly time step. Other
processes, such as carbon allocation and phenology,
operate on a daily to yearly basis. Solar radiative
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balance at the surface is calculated using the two-stream
approximation for each plant functional type (PFT),
considering direct and diffuse radiation in visible and
near-infrared wavelengths. Hydrological processes
simulated within the model include precipitation inter-
ception and retention by the canopy, surface puddle
formation, soil infiltration, water flux between soil
layers, deep percolation, root water uptake, canopy
transpiration, and evaporation from the soil surface and
canopy. IBIS spatially explicit simulates surface and
subsurface runoff as a function of soil, vegetation, and
climate characteristics, and calculates differences
between precipitation and atmospheric and plant water
demand. Horizontal transport of water between grid
cells is subsequently simulated by the Terrestrial
Hydrology Model with Biogeochemistry (THMB) river
transport model. The spatial resolution of this simula-
tion is 5 arc-min, corresponding to ~9 km near the
equator.
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THMB river transport model

The Terrestrial Hydrology Model with Biogeochem-
istry (THMB) (Coe et al. 2002, 2007) is a physically-
based, distributed, flow-routing model that predicts
river discharge and the spatial distribution of water
level and water area of large lakes and wetlands. Water
volume and flow are calculated based on a linear
reservoir approach (Vorosmarty et al. 1989; Miller
et al. 1994). The model uses prescribed river paths and
morphology data to simulate water velocity and water
levels (Coe et al. 2007). THMB uses surface and sub-
surface runoff grid data from IBIS as input. The slope
and river paths are derived from digital elevation
maps. In our simulations, temporal and spatial reso-
lutions are set, respectively, to a 1-h time step and to
5 arc-min (~9 km). In this study, we employ a
version of THMB developed using the Dinamica EGO
graphical interface (Lima Leticia et al. 2013).

CCM3 atmospheric model

The Community Climate Model version 3 (CCM3)
(Kiehl et al. 1998) is an atmospheric general circula-
tion model from the National Center for Atmospheric
Research (NCAR). In our simulations, we use CCM3
coupled to IBIS. We refer to this coupled model as
CCM3-IBIS (Delire et al. 2002). We set CCM3 at a
resolution of T42L.18 (the spectral representation of
the horizontal fields is truncated at the 42nd wave-
number using a triangular truncation; horizontal fields
are converted to a 2.81 x 2.81° grid; 18 levels in the
vertical), with a 20-min time step.

Data

Amazon atmospheric conditions for the period of
1950-1999 were from the CRU3.0 dataset (Mitchell
and Jones 2005) and consist of monthly air temper-
ature, precipitation, vapor pressure, and cloud cover
data. The digital elevation model (DEM) used in the
study to calculate water velocity has 5 arc-min
(~9 km) spatial resolution and is resampled from
HydroSHEDS database (Lehner et al. 2008), which is
primarily based on Shuttle Radar Topography Mission
data. The maps of river flow directions and flow
accumulation derived from the DEM are manually
corrected based on high-resolution river mapping from
the Brazilian Water Agency (Agéncia Nacional de
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Aguas, ANA). We also create basin masks from the
flow accumulation map and correct them based on the
ANA watershed maps (HidroWeb, http://hidroweb.
ana.gov.br/). Observed river discharge data come from
the same source. We use geomorphic relationships
between drainage area and river channel features
derived for the Amazon basin by Coe et al. (2007) and
a sinuosity parameter as in Costa et al. (2002) to
characterize river system morphology.

Land cover scenarios

We use four different deforestation scenarios in the
simulations (Fig. S1, Supplementary Material): (i) End
of Deforestation by 2020 (ED2020, Nepstad et al.
2009); (i) Business-as-Usual (BAU) deforestation
scenario by 2030 (BAU2030); (iii) BAU deforestation
by 2050 (BAU2050, Soares-Filho et al. 2006); and (iv) a
Control (CTL) scenario, in which the vegetation cover
remains as it would be without anthropogenic change
(Ramankutty and Foley 1998). ED2020 considers that
deforestation will end as a result of governance efforts,
including law enforcement, market exclusion of defo-
resters, and effective management of protected areas
(Nepstad et al. 2009; Soares-Filho et al. 2010).
BAU2030 and BAU2050 scenarios assume that defor-
estation rates at the beginning of 21st century will
continue into the future due to investments in infra-
structure under a context of low compliance with
environmental laws and lax enforcement of protected
areas (Soares-Filho et al. 2006).

Experimental design

In the Control simulation, we run a set of simulations
on IBIS without changes of land cover or natural
vegetation (CTL land cover scenario). Atmospheric
conditions are prescribed from CCM3 simulations for
the period 1950-1999 based on historical data. We
remove bias in monthly air temperature, precipitation,
water vapor pressure, and cloud cover simulated from
CCM3 by using the CRU3.0 dataset (Mitchell and
Jones 2005). Then we run two sets of simulations
using IBIS stand-alone and the coupled IBIS-CCM3 to
evaluate the direct (no climate feedback—referred to
as LCC_NoCF) and indirect (with climate feedback—
referred to as LCC_CF) impacts of land cover
changes. Land cover is kept static for each modeled
scenario. As in Costa et al. (2007), natural vegetation
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is replaced by tropical grasses (C4 species) in defor-
ested areas.

In the LCC_NoCEF set of simulations, IBIS stand-
alone is forced with historical atmospheric conditions
(as in the CTL simulation) and three deforestation
scenarios (ED2020, BAU2030, and BAU2050). No
climate feedbacks to land cover changes are consid-
ered. In the LCC_CF set of simulations, the coupled
IBIS-CCM3 models are forced with the three land
cover scenarios to simulate the atmospheric responses
to changing land-cover and associated climate feed-
backs—the effects of deforestation on CCM3 monthly
air temperature, vapor pressure, precipitation, and
cloud cover—as well as the direct land cover impacts.
Finally, THMB simulates river discharge. The defor-
estation scenarios used in the IBIS-CCM3 simulations
cover the entire Amazon biome, in recognition of the
fact that climate feedbacks may not only be related to
changes in Southwestern Amazon, but also to defor-
estation throughout the Amazon (Supplementary
Material, Fig. S1).

Results
No climate feedbacks

The LCC_NoCF simulations consider no climate
feedbacks from deforestation. The replacement of
native forest by grasses alters biophysical properties,
decreasing leaf area index (LAI) and plant rooting
depth (Bonan 2008), which in turn contribute to
reduced evapotranspiration (ET). We compare the
main hydrological changes in each basin against the
percentage of deforested area of each scenario
(Table 1). Relative differences are expressed in com-
parison to the CTL simulation. The LCC_NoCF
simulations show a decrease in ET rates proportional
to the deforested area in each basin. The simulated ET
is reduced by as much as 13 % over the three basins
under BAU2050.

In the absence of climate feedbacks, river discharge
increases significantly in the three basins as a result of
the ET decrease, becoming more pronounced when
deforestation exceeds 20 % (Table 1; Fig. 2a) of the
basin area. Annual river discharge increases by 21 %
in the Jurud, 23 % in the Purus, and 31 % in the
Madeira under BAU2050 (stations number 9, 10, and 8
in Fig. 1, respectively).

With climate feedbacks

Coupled CCM3-IBIS simulations considering climate
feedbacks from deforestation (LCC_CF) show that
interactions between altered land surface and atmo-
spheric circulation and convection over the Amazon
basin result in complex changes in the water balance of
the three basins, because these interactions affect both
ET and precipitation (P).

Annual mean results

From the least deforested (ED2020) to the most
deforested (BAU2050) scenario, the simulation results
show a progressive reduction in annual mean P
(Table 1). Under the ED2020 scenario, P decreases
by 4 % over the Purus and Jurud basins and by 7 %
over the Madeira basin. Under BAU2050, P decreases
by 15 % over the Jurud, 14 % over the Purus, and 9 %
over the Madeira.

In most scenarios, ET decreases progressively with
the increase in deforested area reaching a reduction of
13 % in the Jurua basin, 12 % in the Purus basin and
17 % in Madeira basin. However, in the Purus and
Jurud basins there is a slight increase in ET in the
ED2020 scenario relative to the CTL simulation,
despite a decrease in precipitation (Table 1). The ET
increase results from higher ET over forest areas, most
likely due to the small precipitation reduction over
those basins (—4 %, ED2020), which slightly
increases incident solar radiation (due to decreased
cloud cover). In this case, the P decrease is not large
enough to provoke extended water stress in the
preserved forest area.

The annual mean discharge of the Purus and Jurua
rivers is reduced in all deforestation scenarios in
comparison to CTL. Reductions vary from 13 %
(ED2020) to as much as 18 % (BAU2050) (Table 1;
Fig. 2b). The response of the Madeira River is
considerably different, with a modest simulated
decrease in discharge under the ED2020 scenario
(3 %) and a 12 % increase under BAU2050. This
increase is associated with a large decrease in
simulated ET rates in the Madeira basin, which is
greater than the simulated decrease in P. These
differences in mean discharge among basins are a
result of a complex interaction between vegetation
cover and climate. First, it is worthy of note that forests
are predominant in the Purus and Jurua, whereas in the
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Fig. 2 Changes in average river discharge relative to the CTL simulation for the three basins: a LCC_NoCF simulations. b LCC_CF
simulations. Discharge values obtained at points 9 (Jurua River), 10 (Purus River) and 8 (Madeira River) according to Fig. 1

Madeira basin a significant fraction of the area is
composed of savannas—see Supplementary Fig. S1.
Another noticeable difference is related to the climate
anomalies associated with the deforestation scenarios.
The CCM3 simulates relatively homogenous climate
anomalies over the Purus and Jurua basins, with a
general decrease of precipitation. On the other hand,
precipitation in the Madeira basin is reduced over the
central and northern portions, but increased over the
southern portion.

To analyze the effect of scale on hydrological
alteration, we also evaluate changes in discharge of the
Acre River (station number 1, Fig. 1), which is located
in the southern portion of the Purus basin and accounts
for ~3 % of the discharge of the Purus River. The
discharge of the Acre River increases by up to 73 %
under BAU2030 and 36 % under BAU2050. This
increase is due to the large reduction in ET from
extensive deforestation in this watershed that offsets
decreases in P.

Seasonal Deforestation-induced
decreases in precipitation are pronounced during the
transition between dry and wet seasons (September—
November) in all three basins, but they are also evident
during the dry season (June—August) in the Madeira and
Purus basins (Fig. 3). During the transition period,
precipitation decreases by more than 30 % under
BAU2050 in the Jurua and Purus basins. September is
the month with the greatest changes in precipitation
rates, which decrease from 4.3 mm/day in the CTL to
1.6 mm/day over Jurua basin, from 4.0 to 1.8 mm/day
over Purus basin, and from 2.6 to 1.5 mm/day over
Madeira basin (Supplementary Table S3). Although the
effects during the dry and transition seasons are more
intense, precipitation also decreases in the Jurua and
Purus basins during the wet season—mainly in Febru-
ary and March—by up to 1 mm/day under BAU2050.

mean  results.

The simulations show an overall reduction in the
difference between precipitation and evapotranspira-
tion (P-ET) in the Purus and Jurud basins and a slight
increase in the Madeira basin as deforestation pro-
gresses, especially under BAU2050. As a result of
these changes, the length of the water deficit period
(months when P-ET < 0) is extended in the Purus and
Jurua basins by half a month under ED2020 and up to
1 month under BAU2030 and BAU2050 (Fig. 4).
Almost no difference in the length of the water deficit
period is simulated for the Madeira Basin.

The increase in water-deficit period directly
impacts the seasonal discharge of the main rivers.
The Jurua River discharge decreases by 35 % during
September and October under BAU2050, whereas the
Purus River October discharge decreases by 30 %
under BAU2030 and 35 % under BAU2050. Addi-
tional details on validation and comparison of our
results with those from previous studies can be found
in the Online Supplementary Material.

Discussion

Weighting local and regional effects
of deforestation

Forests play a key role in regulating annual and seasonal
water balance. By comparing scenarios without the
influence of land cover changes on climate
(LCC_NoCF) with those with climate feedbacks
(LCC_CF), we show that local deforestation within
the basin (as in LCC_NoCF) has a correlation with river
discharge. On the other hand, large-scale deforestation
can indirectly impact regional climate (as in LCC_CF),
leading to complex feedbacks and variable responses in
river flow.

@ Springer
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Fig. 3 LCC_CF
simulations: mean seasonal
changes in precipitation
rates relative to the CTL
simulation for each basin.
Dry season (June, July,
August), early wet season
(September, October,
November), wet season core
(December, January,
February), and late wet
season (March, April, May)

P-ET (mm/day)

J F M A M

Change in P (%)
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-+ ED2020
—- BAU2030
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Fig. 4 LCC_CF simulations: the average difference (P-ET) for the period of simulation (excluding the first 2 years) for each scenario
and each basin. Negative values represent the water deficit period

Localized deforestation usually causes a direct
increase in surface runoff due to ET reduction (Sahin
and Hall 1996; Coe et al. 2009) and, depending on the
scale of this change, no measurable effect may be
observed in regional P. Our LCC_NoCF simulations
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illustrate this scenario, showing that deforestation can
cause a decrease in ET up to 13 % over the Jurua and
Purus basins and up to 14 % over the Madeira basin.
As a result, river discharge increases by 21, 23 and
31 % in the Jurua, Purus and Madeira rivers,
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respectively. Similar behavior has been observed in
other South American basins. For example, defores-
tation has been associated with observed increases in
discharge in the Tocantins River (Costa et al. 2003).
Likewise, a study conducted in the Cerrado biome
found that two-thirds of the observed increase in the
Araguaia River discharge between 1970s and 1990s
was due to deforestation (Coe et al. 2011).

On a large scale, climate feedbacks from extensive
deforestation may affect atmospheric dynamics, leading
to a reduction in P. The LCC_CF simulations demon-
strate that large-scale deforestation reduces annual
precipitation by up to 15, 14 and 10 % over Jurud,
Purus and Madeira basins, respectively. If the reduction
in P is large enough, it will offset the decrease in ET,
hence reducing surface runoff (Coe et al. 2009) and
decreasing river discharge. This is demonstrated from
changes in the Jurua and Purus rivers in the LCC_CF
simulations, whose simulated discharge decreases by up
to 17 and 18 %, respectively (BAU2050). In some
cases, however, the decrease in ET is still larger than
changes in P, leading to increased surface runoff and
river flow. This is the case of the Madeira River, whose
discharge increases by up to 12 % under BAU2050,
even with a 10 % decrease in annual P. The balance
between P and ET can also vary locally, leading to
different responses among watersheds within the basin,
as demonstrated by increased simulated discharge of the
Acre River in the southern portion of Purus basin. The
sensitive balance between P and ET under Amazon
deforestation scenarios has been the object of various
studies. Previous studies have proposed that high rates
of ET by the Amazon forest are partially responsible for
maintaining local rainfall (Shukla et al. 1990; Eltahir
1996; D’Almeida et al. 2007; Malhi et al. 2008). In
addition, Spracklen et al. (2012) showed empirically
that water vapor content over forested areas is positively
correlated with rainfall downwind.

Impacts of deforestation on precipitation rates can
vary seasonally, as pointed out by our LCC_CF
simulations, in which the dry season and the transition
between wet and dry seasons present greater reduc-
tions in P over the three basins. As a consequence,
large-scale deforestation extends the simulated water
deficit period (P-ET < 0) in the Jurua and Purus basins
(LCC_CF, BAU2050) by one month approximately.
These results are consistent with previous studies
(Shukla et al. 1990; Nobre et al. 1991; Sampaio et al.
2007; Costa and Pires 2009). Observations in

Rondonia state (Madeira basin) suggest that this
process is already causing an 11-day delay in the
onset of the rainy season in deforested regions
compared to forested regions (Butt et al. 2011).

Implications for ecosystem services

Changes in land cover can lead to non-linear climate
and surface interactions that consequently affect river
regimes. A large number of ecological consequences
could ensue from either increases or decreases in river
discharge. These consequences depend on the spatial
scales of land cover changes. Considering the local
effects of deforestation on surface processes
(LCC_NoCF), increased surface runoff and more
frequent soil exposure due to forest clearing lead to
an increase in sediment and nutrient transport from
terrestrial surfaces to the river system (Walling and
Fang 2003; Latrubesse et al. 2009). This in turn could
alter river morphology, light penetration, dissolved
oxygen concentration, and siltation rates as well as
shorten the lifetimes of reservoirs and hydroelectric
power plants. Due to the importance of rivers for
habitats and nutrient transport, changes in water
quality and riverbed morphology may alter aquatic
ecosystem and fish community structures (Poff and
Allan 1995; Gordon et al. 2008; Castello et al. 2013).
Deforested watersheds are also expected to be more
prone to peak flows and floods because of reduced
infiltration and interception by vegetation, and reduced
channel volume due to increased sediment loads.
Studies show that deforestation could be linked to an
increase in flood frequency and severity and may result
in significant economic losses (Bradshaw et al. 2007).
The 2012 flood in the Western Amazon illustrates this
potential economic consequence. The flood resulted in a
direct loss of US$ 60 million for the city of Rio Branco
(Acre, Brazil) alone (Acre Civil Defense data).
Another potential effect of large-scale deforesta-
tion, as shown in the results of our simulations with
climate feedback, is an increase in the length of the
water deficit period. This lengthening, combined with
other deforestation-induced changes in the water and
energy balance, may exacerbate drought events
(Voldoire and Royer 2004; da Silva et al. 2008). This
may impact the navigability of rivers, supply of
drinking water, and generation of hydroelectric power
(e.g. Brown 2006; Marengo et al. 2008). The interac-
tion between deforestation and climate is of particular
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importance for the energy industry, as Amazon
countries plan to build large hydroelectric dams
throughout the basin. These infrastructure projects
may incur economic losses due to indirect impacts on
rainfall patterns if deforestation follows business-as-
usual projections (Stickler et al. 2013). In addition,
ranching and agriculture established in deforested
areas may have diminished yields (and thus reduced
economic rents) in response to reduced precipitation
due to forest losses (Oliveira et al. 2013). Extended dry
periods also impact the Amazon forest by increasing
the occurrence of wildfires (Aragdo et al. 2007;
Nepstad et al. 2007; Silvestrini et al. 2011) and tree
mortality (Laurance and Williamson 2001; Nepstad
et al. 2007; Coe et al. 2013)—thus contributing to
increased emissions of greenhouse gases (GHGs)
(Phillips et al. 2009; Lewis et al. 2011). The combi-
nation of extended dry periods associated with
increased drought frequency and forest fragmentation
may boost the frequency and severity of forest fires in
the Amazon (Silvestrini et al. 2011; Soares-Filho et al.
2012a), potentially accelerating the transition of the
Amazon rainforest towards a savanna-like vegetation
along its southern edges (Costa and Pires 2009;
Malhado et al. 2010). This positive feedback triggered
by fire may also alter the water balance and will
inevitably lead to biodiversity losses (Foley et al.
2007), with implications for communities and regional
economies, hence undermining strategic governmen-
tal development plans.

Recent economic losses from droughts can provide
some insights on potential future impacts. In 2005, the
Southwestern Amazon was the epicenter of a severe
drought that reduced river levels to record lows and
blocked navigation in many parts (Marengo et al. 2008).
Fires burned about 300,000 ha of tropical rainforest and
caused economic losses of over US$ 50 million (Brown
et al. 2006). This drought was responsible for the
reduction of approximately 1.6 Pg of Amazon carbon
stocks (Phillips et al. 2009). In 2010, an even more
intense drought spread throughout the Southwestern
Amazon, central Bolivia and the Brazilian state of Mato
Grosso (Lewis et al. 2011). The forest vulnerability to
extreme events, such as floods and droughts, may be
aggravated due to feedbacks from anthropogenic
climate change. In turn, the combined climatic and
hydrological changes due to deforestation will further
exacerbate changes from global warming that may be
under way (Gloor et al. 2013).
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As the land-cover scenarios encompass the entire
Amazon landscape, it is not possible to predict how
much of the simulated changes in the water balance in
the Southwestern basins are due to climate feedbacks
from only local deforestation and how much is related to
deforestation elsewhere (Coe et al. 2009). In this
respect, our study also calls attention to the climatic
teleconnections (Avissar and Werth 2005) as a potential
‘remote service’ provided by forests, highlighting the
need for integrated regional conservation policies to
maintain broad ecosystem services (Anderson-Teixeira
et al. 2012; Coe et al. 2013).

Modeling

The use of integrated models of landscape and climate
processes is at the forefront of Landscape Ecology
(Wu 2013). These models help bridge the gap between
different scientific approaches and communities in
order to better explore and explain complex environ-
mental system dynamics. The assessment of ecosys-
tems service values or economic losses resulting from
the disruption of those services may help promote
comprehensive plans that harness conservation with
sustainable development.

The methods presented here can be applied to other
biomes and landscapes—similar studies have been
performed in other regions, including West Africa (Li
et al. 2007) and the Mississippi basin (Donner et al.
2002)—although an interdisciplinary team may be
needed to run and interpret the climate, ecosystem, and
hydrological models. Flexible and user-friendly mod-
eling software, such as Dinamica EGO (Soares-Filho
et al. 2013), can help integrate environmental model-
ers by providing a platform for sharing models. This
type of modeling environment provides straightfor-
ward tools and a user-friendly graphical interface that
facilitate the assemblage of complex models. As a
result, users will be able to apply their own datasets
and adapt the models to different spatial scales. In
addition, the online coupling of complex climate and/
or dynamic vegetation models to landscape models
can be avoided by using climate input data through
downscaling techniques (Hewitson and Crane 1996)
or metamodels (Simpson et al. 2001).

It is necessary to emphasize that interpretation of
model results must take into account uncertainties
inherent to the model’s physical formulation and
parameterization, the experimental design and spatial
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resolution (D’Almeida et al. 2007), and the model’s
calibration (Hahmann and Dickinson 1997; Voldoire
and Royer 2004; Coe et al. 2009). For example, the
responses of land surface models (such as IBIS) to
deforestation are highly sensitive to the plant bio-
physical properties, such as plant rooting depth, and
soil properties, such as hydraulic conductivity (Li et al.
2007; Coe et al. 2009). To date, the parameters values
associated with these properties are only partially
solved (Imbuzeiro 2010). In the same vein, the
simulated climate responses to land-cover changes
are a function of a variety of physical and dynamic
model processes, particularly over the Amazon—
where the hydrological cycle is tightly coupled with
surface energy balance (Da Rocha et al. 2012). Some
of the critical processes that represent atmospheric
responses to land cover changes are not explicitly
solved (parameterized) by climate models (e.g. the
formulation for the planetary boundary layer and the
cumulus convection; Kiehl et al. 1998). Another
limiting factor of climate modeling using general
circulation models is related to the spatial resolution,
which in most cases is too coarse to adequately
represent regional climate features and processes (e.g.
meso-scale convective systems; Malhi et al. 2009).

Finally, in our simulations we replace all deforested
areas with tropical grass. This is a simplification based
on the knowledge that pasture lands are to a great
degree the dominant land use on cleared areas in the
Amazon (Bowman et al. 2012). Nevertheless, this
trend may change in the future as Brazil expands
croplands further into the Amazon (Soares-Filho et al.
2012b). Such differences in land use should in the
future be addressed by running scenarios with crops
explicitly represented (e.g. Kucharik 2003; Osborne
et al. 2007; Cuadra et al. 2012).

Conclusion

The water cycle has been described as the “bloodstream
of the biosphere” (Ripl 2003; Gordon et al. 2008), as it
transports energy and matter across the earth system.
Water integrates surface processes through a common
outlet, mediating “flows and transfers between spatial
components” (Risser 1995). Modeling water balance
and river flows, therefore, serves as a means to
investigate in an integrated fashion the cornerstone
concepts of landscape ecology: how landscape

processes and structure interact and change spatially
and temporally (Forman and Godron 1986). Our
analysis of the water balance and river discharge under
different Amazon deforestation scenarios highlights the
importance of forests for regulating climate, water
cycling and, consequently, river regimes, improving as
a result our “understanding of the effects of changing
landscape pattern on local and regional climate pro-
cesses” (Wu 2013). Future research should focus on the
development of methodologies of ecosystem services
valuation that include not only the direct benefits of
ecosystem protection, but also the indirect ones, such as
climate regulation (Anderson-Teixeira et al. 2012) and
ecosystem resilience under water-related regime shifts
(Gordon et al. 2008).
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