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SUMMARY

Deforestation reduced forest cover in Brazil's Xingu River Basin (XB; area: 510,000 km?) from 90% of the
basin in the 1970s to 75% in the 2000s. Such large-scale land cover changes can substantially alter region-
al water budgets, but their influence can be difficult to isolate from that of natural climate variability. In
this study, we estimate changes to the XB water balance from the 1970s to the 2000s due to climate var-
iations and deforestation, using a combination of long-term observations of rainfall and discharge; satel-
lite-based estimates of evapotranspiration (MODIS) and surface water storage (GRACE); and numerical
modeling estimates (IBIS) of water budget components (evapotranspiration, soil moisture, and dis-
charge). Model simulations over this period suggest that climate variations alone accounted for a
—82 mm decrease (mean per unit area) in annual discharge (—14%, from 8190 m>s~! to 7806 m3s~1!),
due to a —2% decrease in precipitation and +3% increase in evapotranspiration. Deforestation alone
caused a +34 mm increase in annual discharge (+6%), as a result of a —3% decrease in evapotranspiration
and +1% increase in soil moisture across the XB. Climate variability and land cover change thus had oppo-
site effects on the XB water balance, with climate effects masking deforestation-induced changes to the
water budget. Protected areas, which cover 55% of the basin, have helped to mitigate the effects of past
deforestation on water recycling in the Xingu. However, our results suggest that continued deforestation

outside protected areas could trigger changes of sufficient magnitude to offset climate variability.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Large-scale deforestation in the states of Mato Grosso and Para
in the eastern Brazilian Amazon first began in the 1970s, facilitated
by federal government colonization programs that supported mas-
sive infrastructure development, and continued in the 2000s due to
growing markets for export-oriented agricultural commodities
(Barona et al., 2010; DeFries et al., 2013). Deforestation in the
region began with clearing of forests for pasturelands, encouraged
by generous fiscal incentives for large-scale cattle ranching
(Nepstad et al., 2006). Pasture remains the predominant land use
following deforestation today, although commodity crops such as
soybeans and maize are expanding rapidly - driven by the growing
influence of global markets on the Amazonian economy and
facilitated by relatively low land prices and improved transporta-
tion infrastructure (Macedo et al, 2012; Neill et al, 2013;
Nepstad et al., 2006). The states in the Amazon’s deforestation
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frontier (i.e. Mato Grosso, Para, and Rondonia) accounted for 85%
of all Amazon deforestation from 1996 to 2005 (Nepstad et al.,
2009). From 2006 to 2010 annual deforestation declined dra-
matically, particularly in Mato Grosso where it decreased to 30%
of its historical (1996-2005) average (Macedo et al., 2012).
Despite reductions in deforestation rates, the eastern Amazon
region - a transition zone between rainforest and savanna environ-
ments - remains particularly vulnerable to climate changes associ-
ated with feedbacks from ongoing land use change (Coe et al,,
2013). The expansion and intensification of agriculture over tropi-
cal forests fundamentally shifts how incoming precipitation and
radiation are partitioned among sensible and latent heat fluxes
and runoff (Bonan, 2008; Coe et al., 2013; Foley et al., 2005; Neill
et al., 2013; Silvério, submitted). Relative to the forests they
replace, crops and pasture grasses have reduced root density and
depth, and lower leaf area index (LAI), resulting in decreased water
demand and lower evapotranspiration (Coe et al., 2009, 2013;
Costa et al., 2003; D’Almeida et al., 2007; De Moraes et al., 2006;
Lathuilliére et al., 2012; Nepstad et al., 1994; Pongratz et al.,
2006; Scanlon et al.,, 2007; Silvério, submitted). At local and
regional scales (i.e. watersheds of 10s to 100,000 s of km?), such
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reductions in evapotranspiration lead to increased soil moisture
and discharge (Coe et al., 2011, 2009; Hayhoe et al., 2011; Neill
et al., 2006). At continental scales (i.e. Amazon Basin) these land
cover changes may feedback on regional climate by reducing rain-
fall and decreasing discharge (D’Almeida et al., 2007; Davidson
et al., 2012; Stickler et al., 2013).

Changes in the water balance operate across multiple spatial
and temporal scales and the effect of land cover and land use
changes can be difficult to isolate from background climate vari-
ability (Costa et al., 2003). Studies documenting changes in dis-
charge and water yield (precipitation minus evapotranspiration
per unit area) as a function of land cover change are abundant
for small watersheds (<10km?) (Bosch and Hewlett, 1982;
Hodnett et al., 1995; Williams and Melack, 1997), but few studies
have evaluated these effects in meso- or large-scale river basins in
the Amazon (but see Coe et al., 2011, 2009; Costa et al., 2003). To
address this gap, we quantify the independent effects of historical
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land cover change and climate on the water balance of the Xingu
Basin (XB, Fig. 1), the fourth largest subwatershed of the Amazon.

The XB originates in the Brazilian Cerrado (woodlands-savan-
nas), flowing northward through the transitional forests of the
Mato Grosso plateau and the dense rainforests of Para before
reaching the Amazon River (Fig. 1). Of the 510,000 km? basin area,
approximately 200,000 km? is protected as indigenous lands and
80,000 km? as nature reserves (Schwartzman et al., 2013). Mean
decadal forest cover in the XB decreased from 90% in the 1970s
to 75% in the 2000s. Of the 100,000 km? deforested in the XB by
2010, 91% occurred outside protected areas - much of it concen-
trated in the upper Xingu Basin in the state of Mato Grosso, which
experienced among the highest deforestation rates in Brazil from
1995 to 2005 (Macedo et al., 2013; Schwartzman et al., 2013).

To estimate the impacts of land cover change and climate vari-
ability on the water budget of the XB, we used a diverse set of obser-
vational and modeling tools, including long-term observations of
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Fig. 1. Study area showing Xingu River Basin with land cover as of 2000. Inset figure shows the Xingu Basin in the context of forest and savannah biomes.
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rainfall and discharge; satellite-based estimates of evapotranspira-
tion (MODIS; Moderate Resolution Imaging Spectroradiometer) and
surface water storage (GRACE; Gravity Recovery and Climate
Experiment); and numerical modeling (IBIS; Integrated Blosphere
Simulator) of key components of the water balance (i.e. evapotran-
spiration, soil moisture, and discharge). Here we use a water budget
approach to evaluate the major fluxes (evapotranspiration and total
runoff) and storage changes (soil water storage) in the Xingu Basin
since the 1970s as an individual and combined function of defor-
estation and climate variability.

2. Methodology
2.1. Numerical modeling of hydrological budget

Using the dynamic vegetation model IBIS, we ran a series of
simulations to estimate the XB water budget and quantify the rela-
tive contributions of historical land cover change and climate var-
iation to each component of the water budget. IBIS integrates
various terrestrial ecosystem processes (i.e. energy, water, and
momentum exchange among soil, vegetation, and atmosphere),
canopy physiology, vegetation phenology, and long-term ecosys-
tem dynamics within a single, physically consistent model (Foley
et al., 1996; Kucharik et al., 2000). Land surface processes are rep-
resented by two vegetation layers (woody and herbaceous) and six
soil layers (extending from the surface to a depth of 8 m), which
simulate moisture dynamics based on the Richards equation. The
model has a root-water-uptake module that considers water stress
compensation, based on an asymptotic root distribution function,
and a surface soil water infiltration rate, based on the Green-Ampt
formulation (Li et al., 2006). Surface runoff is simulated as the dif-
ference between rainfall landing on the surface and soil infiltration,
whereas sub-surface runoff is water in excess of that used by
plants during photosynthesis. We ran IBIS at 0.5° x 0.5° horizontal
resolution with a 1-h time step from 1940 to 2011, using the Cli-
mate Research Unit (CRU TS, v.3.21) climate data. To simulate
the water balance without deforestation, we used a potential
vegetation map from Ramankutty and Foley (1998), which repre-
sents the vegetation that would be present without human
intervention.

This study follows an experimental design previously used by
Coe et al. (2009) and Stickler et al. (2013) to estimate the impacts
of land cover change on streamflow in Amazonian watersheds. To
isolate the influence of historical land use change on each compo-
nent of the XB water balance, we ran two sets of IBIS simulations
using identical climate inputs: (1) a scenario with potential vegeta-
tion (RUN-POT), as depicted by Ramankutty and Foley (1998), and
(2) a scenario where all vegetation is replaced by C4 grasses (RUN-
GRASS), representing complete deforestation of the XB. We then
used annual MODIS land cover data (MCD12Q1) for the 2001-
2010 period to linearly mix evapotranspiration, soil moisture,
and runoff (surface and subsurface), simulated by IBIS at a monthly
time step. For instance, we calculated total runoff from 2001 to
2010 as the sum of runoff values from RUN-POT and RUN-GRASS
over the undisturbed and disturbed fractions of a given grid cell
as follows.

R =F xR, + (1 —Ff) x Rg (1)

where Fy is the forested fraction from the MODIS land cover maps,
Ry is the total runoff from RUN-POT and R, is the total runoff from
RUN-GRASS. For an undisturbed pixel (Fy=1), the runoff comes
entirely from the RUN-POT simulation. This linear mixing of
simulated results approximates the linear averaging of land cover
types occurring within each IBIS grid cell. This new set of
hydrological outputs for the 2000s is referred to as the RUN-LUC

simulation. Another set of hydrological outputs for 2001-2010,
referred to as RUN-01, was also created by linearly mixing the IBIS
outputs and holding land cover constant to the MODIS 2001 period.
The difference between RUN-LUC and RUN-01 provides a measure
of the effects of land cover change during the MODIS observational
period.

In this study, we assess the total water balance of a watershed
as the balance between inputs, losses, and changes in storage as
follows.

oS
P:ET+§+R (2)

where P is precipitation, R is the total basin discharge, ET is
evapotranspiration, and S is the change in soil water storage. For
consistency among model simulations and satellite-derived mea-
surements, we used a one-month time step (Jt). In addition to the
monthly change in soil moisture, we analyzed simulated monthly
average soil moisture to examine the total amount of subsurface
water storage. Decadal-mean monthly averages of the hydrologic
components were created using 10 water-years (120 months),
where the water year was defined as the 12 month period beginning
in October and ending in September of the following year (e.g.
water-year 2000 encompasses October 1999 to September 2000).

2.2. Model validation

We validated each of the hydrologic components derived from
IBIS for the 2000s, using satellite-based estimates for ET and 5S/
ét and observed (1971-2010) streamflow data for the XB at Altami-
ra (Fig. 1, 3°15'S, 52°10'W), obtained from the Brazilian National
Water Agency (ANA, http://hidroweb.ana.gov.br/).

To validate the IBIS ET estimates for the XB, we compared them
to the MODIS (MOD16A2) monthly evapotranspiration (hereafter
MOD16ET) dataset (Mu et al., 2011). MOD16ET is a global ET pro-
duct, estimated based on the Penman-Monteith equation, using
daily meteorological data from NASA’s Global Modeling and
Assimilation Office (GMAO) reanalysis dataset and 8-day remote-
ly-sensed vegetation property dynamics from MODIS (land cover,
albedo, leaf area index, and Enhanced Vegetation Index) as inputs.
MOD16ET is available from 2000 to 2013 at 1km? horizontal
resolution for the entire global vegetated land surface at 8-day
and monthly time intervals. The ET algorithm considers both the
surface energy partitioning process and environmental constraints
on ET (Mu et al., 2007). Uncertainties in the MOD16ET data stem
from uncertainty in the input data, including biases in the GMAO
meteorology data, uncertainties in MODIS-derived inputs, limita-
tions of the algorithm in representing biophysical processes, and
uncertainty of biophysical and environmental parameters.

To independently validate the IBIS water storage simulations,
we used the GRACE satellite total water storage anomaly product.
Since its launch in mid-2002, GRACE has provided estimates of
total water storage anomalies (TWS), which is the total vertical-
ly-integrated water present above and beneath the surface of the
Earth, with a resolution of a few hundred kilometers (Rodell
et al.,, 2004; Swenson et al., 2003). The GRACE satellite observes
temporal variations of Earth’s gravitational potential using twin
satellites. Variations in TWS on land and in the ocean can be
inferred from changes in the gravitational field associated with
changes in mass. Several post-processing filtering approaches are
used to dampen the errors in TWS estimates, which arise from sig-
nal degradation that can modify the geophysical signal of interest
(Landerer and Swenson, 2012). Several studies have used GRACE
data to study interannual to decadal variability in TWS, and the
state of hydrological stress in the Amazon River basin (Chen
et al., 2009; Crowley et al., 2008; de Linage et al., 2013; Pokhrel
et al.,, 2013). GRACE TWS estimates also provide a set of indepen-
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dent data to constrain and evaluate TWS from global land surface
models. In this study, we use the RLO5 version of GRACE data, with
a spatial resolution of 1° x 1° for the 2004-2012 time period
(Landerer and Swenson, 2012) [available at http://grace.j-
pl.nasa.gov/data/gracemonthly/massgridsland/]. Monthly changes
were computed from GRACE TWS anomalies, which were com-
pared against average monthly simulated soil moisture anomalies
from IBIS for the same years.

Finally, we performed a validation based on comparisons of the
following three monthly water balance calculations for the XB: (a)
the difference between monthly precipitation from CRU data and
monthly MOD16ET (P — ETyopis), (b) the difference between
monthly CRU precipitation and monthly IBIS evapotranspiration
(P — ETjgis), and (c) the monthly simulated runoff from RUN-POT
(Ripis), which is mathematically equivalent to the CRU precipitation
minus IBIS simulated ET and the change in monthly soil moisture
(P—ETg;s — 8S/dt). We then compared the modeled water balances
and simulated discharge against observed annual discharge at
Altamira from 2001 to 2010.

2.3. Partitioning the impacts of climate and land cover

We used an analytical approach similar to that of Costa et al.
(2003) and Coe et al. (2011) to estimate the relative influences of
land cover change and climate variability on XB hydrology. First
we compared decadal means of the observed and modeled hydro-
logic components for the 1970s and 2000s. Decadal means were
averaged across water-years for each water budget component
and used to develop monthly and annual mean values for each of
the two decades. Monthly values of precipitation from CRU data
were spatially averaged over the XB and summed across each
water-year to estimate annual mean precipitation. Similarly,
monthly mean values of observed discharge at Altamira were used
to compute annual and decadal average discharge. Because the
observed discharge time series begins in January 1971, the 1970s
decadal mean was calculated based on only 108 months (1972-
1980), compared to 120 months for the 2000s (2001-2010).

First, we compared the simulated decadal mean hydrological
budgets for the 1970s and 2000s with and without land cover
changes (Table 1). To estimate the water budget of the XB as a
function of climate variability alone, we used the RUN-POT simula-
tions to compute decadal mean values of simulated ET, 4S, R, and
average soil moisture for the 1970s and 2000s. Decadal mean val-
ues of the water budget components for the 2000s from the RUN-
LUC simulation incorporated the climate variations and land cover
distribution of the 2000s from MODIS. The difference between the
water budget components from the RUN-POT and RUN-LUC
simulations for the 2000s removes the climate signal and isolates
the effect of land cover changes over that period. Second, we exam-
ined changes in the water balance due to land cover changes from
2001 to 2010 at finer temporal resolution. The availability of annu-
al MODIS land cover maps for the 2000s allowed estimation of the
cumulative changes in water balance components due to land use
transitions during that period. Differences in the water budget
components for the RUN-LUC and RUN-01 simulations can be
attributed to land cover alone, since climate inputs were identical
for the two simulations.

3. Results
3.1. Hydrological balance from 2001 to 2010
3.1.1. Annual mean

The decadal mean water balance components of the RUN-LUC
simulation (Table 1), which explicitly includes deforestation, com-

Table 1

Long term mean of hydrological variables in the Xingu River Basin upstream of
Altamira. Percent forest is the fraction of basin in forest. Decadal mean annual
discharge (R) and percent change for the 1970s and 2000s for: (1) observed discharge
for Xingu at Altamira (OBS); (2) simulated in RUN-POT with the climate of the 1970s
and 2000s but with fixed potential vegetation; and (3) simulated in RUN-LUC with
2000s climate linearly mixed using MODIS land cover. Percent relative error (%RE) of
the simulated decadal mean discharge of RUN-POT and RUN-LUC compared to the
observed discharge. Pearson product moment correlation coefficient (r) between the
12 decadal mean monthly values of simulated discharge and 12 monthly observed
values. Decadal mean annual observed precipitation (P) in mm yr~! for each decade
and percent change. Evapotranspiration (ET) for each decade calculated as the
difference between precipitation and discharge for the observations (OBS), RUN-POT,
and RUN-LUC. Decadal mean of simulated change in soil storage (5S) and average soil
moisture for (S§) RUN-POT and RUN-LUC. All RUN-LUC differences are computed as the
difference between RUN-LUC in the 2000s and RUN-POT in the 1970s.

Xingu 1970s 2000s % Change
% Forest 90 75 —15%
Rmmyr! OBS 576 540 —6%
RUN-POT 606 524 —14%
RUN-LUC 558 -8%
%RE RUN-POT —5% 3%
RUN-LUC -3%
r RUN-POT 0.95 0.89
RUN-LUC 0.90
Pmm yr~! 0OBS 2096 2048 —2%
ET mm yr~! 0OBS 1520 1508 -1%
MODIS 1236
RUN-POT 1480 1524 3%
RUN-LUC 1490 1%
sSmmyr! RUN-POT -1 -2 -
RUN-LUC -3 -
Smmyr! RUN-POT 2403 2374 -1%
RUN-LUC 2389 -1%

pare well with satellite-derived and field-based estimates. The
mean simulated ET for the 10-year period is 1490 mm yr~!, which
is 73% of the observed decadal mean precipitation (P,
2048 mmyr~') used as an input to IBIS (Table 1). The decadal
mean change in water storage (JS) is close to zero, as expected
for a long-term climatic average. Simulated discharge is
558 mmyr~! (8190 m3s~!), which is within 5% of the observed
value of 540 mmyr~! (7806 m>s~!), thereby closing the water
budget (Eq. (2)) for the XB. A simple estimate of ET (ET = P—R—4S),
using observed values for each term and assuming negligible water
storage changes, yields a value of 1508 mm yr~' (Table 1), which is
within 3% of the IBIS simulated ET. The MODIS-derived estimate of
ET is 1236 mm yr!, about 20% less than the ET simulated by IBIS
and inferred from the simple water budget analysis. The MODIS-
derived product likely underestimates ET due to uncertainties
associated with the algorithm and input datasets.

3.1.2. Monthly mean

Observed precipitation is highly seasonal, peaking at over
300 mm month~! in February-March and diminishing to less than
50 mm month~! in June-August (Fig. 2a). Land surface processes,
associated primarily with vegetation, mediate the conversion of
precipitation into ET, 6S and R. As expected, ET in the XB is corre-
lated with P (r=0.77, n=12) but exhibits much lower seasonal
variability, given the predominance of evergreen vegetation, which
evapotranspires at high rates as long as there is soil moisture avail-
able. Mean simulated ET for the wet season (November-April) is
134 mm month™!, about 17% higher than the dry season ET
(May-October) of 115 mm month~'. The ET/P ratio is larger during
the months of May-September and exceeds 1 during the dry sea-
son. Simulated ET peaks in February-March at nearly
140 mm month~! and decreases to slightly less than 100 mm mon-
th~! at the end of the dry season (September).
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Fig. 2. (a) Average monthly mean components of the simulated water budget in the
Xingu River Basin for 2001-2010. Precipitation (P, Climate Research Unit - v.3.21),
evapotranspiration (ET), change in soil moisture storage (5S), and total runoff (R).
Observed P is used as input to drive the IBIS simulations. ET, 6S, and R are
subsequently simulated by IBIS (RUN-LUC). Vertical bars are the standard deviation
from the mean; and (b) average monthly mean components of the observed water
budget in the Xingu River Basin for 2004-2010 where P is precipitation (CRU), ET is
MODIS derived evapotranspiration (MOD16ET), 6S is change in terrestrial water
storage from GRACE, and R is observed discharge at the Altamira station on the
Xingu (Fig. 1). Vertical bars are the standard deviation from the mean.

Simulated changes in soil moisture storage are also strongly
correlated with precipitation (r=0.98, n=12). Soil moisture
recharges during the wet season, with almost 125 mm of recharge
in February (4S, Fig. 2a). Soil moisture is extracted at an average
rate of 90 mm month~! during the dry season (May-September),
providing the moisture to meet evaporative demands. Simulated
runoff remains low in the first half of the wet season (averaging
less than 40 mm month~! from October to February) but quickly
increases to a peak value of 130 mm month~! in April, when rain-
fall remains relatively high and soils are saturated (S is near zero).

The simulated results are well-correlated with observation-
based water balance estimates. Simulated ET has a strong positive
bias (compared to MODIS), but the simulated and observed TWS
and discharge are in excellent agreement. MODIS mean wet season
ET (November-April) for the study period is 116 mm month~’,
~16% less than IBIS mean wet season ET, while MODIS mean dry
season ET (May-October) is 96 mm month™!, ~20% less than the
IBIS simulated dry season ET (Fig. 2a and b). GRACE and IBIS sea-
sonal changes in water storage agree, with both estimating a mean
wet season recharge of 90 mm month~! and a dry season extrac-
tion of around 95 mm month~! (Fig. 2a and b). There is a strong
correlation in both the timing and magnitude of average monthly
TWS anomalies (averaged over the XB from GRACE) and
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Fig. 3. Time series of TWS anomalies from GRACE and soil moisture anomalies from
IBIS for Xingu River Basin.

IBIS-simulated anomalies in soil moisture storage (r=0.97,
n=281) (Fig. 3). Soil moisture storage accounts for ~82% of IBIS
simulated TWS change in the XB during the 2000s. This large soil
moisture storage capacity and the movement of water through
the soil column are reflected by a lag in the seasonal river flow,
with lower discharge during the first half of the wet season
(December-February) followed by increasing discharge in the sub-
sequent months and dry season (Fig. 4). The simulated mean
monthly discharge for the 2000s which included the MODIS land
use and land cover information (RUN-LUC) also shows good agree-
ment with observed mean monthly discharge measured at Altami-
ra (r=0.90, n=12; Table 1). Observed and simulated runoff is low
in the early wet season, peaking in April (114 and 130 mm mon-
th™!, respectively) and tapering off slowly until September. From
2001 to 2010, the percent relative error of the simulated discharge
was less than —5%, with IBIS underestimating discharge from
December to January (compared to observed data) and overesti-
mating it from March to May and into the dry season (Table 1).

3.1.3. Interannual variability

The interannual variability of the simulated and observed water
balance components are correlated with precipitation, with some
notable differences. For example, the interannual variability of
the MOD16ET-derived water budget (P — ETyopis) correlates well
with the observed discharge, but its magnitude is considerably
greater (Fig. 4). The XB water balances derived from MOD16ET
and IBIS-derived ET (P — ETyopis and P — ETjg;s respectively) show
very similar patterns (r = 0.9, n = 10), closely following annual pre-
cipitation but differing in magnitude (Fig. 4). Simulated ET had
lower interannual variability than MOD16ET (Fig. 2a and b). Add-
ing the monthly change in soil moisture storage (6S) to P — ETyp;s
yields simulated discharge (Rg;s), which also agrees well with
observed discharge in terms of magnitude and interannual vari-
ability. Thus, although the net soil water storage is negligible over
the long-term, short-term changes in soil moisture storage are
responsible for considerable seasonal and annual variations in
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Fig. 4. Comparison of IBIS simulated discharge (Rp;s) and calculated water balances
(P - ET) to observed discharge (Ropserved) for Xingu River Basin.
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discharge. Simulated discharge for the XB is very well-correlated
with rainfall (r = 0.87, n=10) over the study period.

3.2. Influence of land cover changes and climate on the XB hydrological
budget

The strong agreement of simulated water budget components
with those observed for the 2000s provides a baseline to analyze
how and to what extent climate and historical deforestation are
driving the variability in the water balance of the XB. In the follow-
ing sections, we analyze the water balance changes that occurred
in the XB from 1971 to 2010 and attribute them to climate vari-
ability, land cover changes, or both.

3.2.1. Changes in the water budget from the 1970s to the 2000s

An analysis of the individual components of change from the
1970s to the 2000s indicates that climate variability and land cover
change have had opposite influences, with climate effects masking
the changes due to historical deforestation (see Table 1). Precipita-
tion decreased by 2% between the 1970s and 2000s (Table 1; not
statistically significant, N.S.). Simulated ET and discharge regis-
tered small changes between the two decades (Table 1;
+10mmyr ! and —48 mm yr !, respectively; N.S.). These small
net changes in ET and discharge were the result of relatively large
offsetting changes in annual rainfall (—2%, —48 mm yr—!) and for-
est cover, which decreased from 90% to 75% of the Xingu Basin
(around 100,000 km? deforested). The +10 mm yr~! (+1%) increase
in ET between decades was the net result of a +44 mm yr—!
increase from climate variations (RUN-POT) and a —34 mm yr—
decrease from land cover changes. Similarly, a <1% net decrease
(-14mmyr~!) in soil moisture was due to a —29 mmyr!
decrease from climate variations and a +15 mm yr~! increase from
land cover change. The —48 mmyr~' net decrease (—8%) in
simulated discharge from the 1970s to the 2000s compares well
with the observed —34 mmyr~! decrease in discharge (—6%).
Model simulations indicate that this net decrease in simulated dis-
charge also resulted from competing factors, with climate varia-
tions causing a decrease of —82 mmyr ' (—14%) and land cover
changes causing an increase of +34 mm yr~' (+6%).

1

3.2.2. Changes in water budget due to land cover changes in the 2000s

There was a modest change in the simulated XB water balance
due to the decrease in forest cover from 80% of the basin in 2001 to
73% of the basin in 2010. Simulated evapotranspiration decreased
by about ~1%, average soil moisture increased by ~0.1%, and
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Fig. 5. Percent change in the simulated annual water balance components from
2001 to 2010 relative to the idealized potential vegetation simulation for Xingu
Basin. The percent forest cover derived from MODIS land cover classification
(green), ET (gray), soil moisture (white) and runoff (black). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

discharge increased by +2% due to the prescribed land cover
changes (Fig. 5). The annual decrease in percent forest cover from
2001 to 2010 was positively correlated to cumulative percent
change in ET (r = 0.99, n = 10), and inversely correlated to cumula-
tive percent change in soil moisture and discharge (r=—-0.98,
n=10 in both instances). The shift from high deforestation rates
prior to 2006 to the much lower rates after 2006 are reflected in
the cumulative change in the water balance. Most of the cumula-
tive change (~80%) in the ET and discharge for the decade occurs
in the period 2001-2006, with little change occurring after 2007
(Fig. 5).

4. Discussion and conclusions

Overall, the IBIS-simulated water balance components show
good seasonal and interannual agreement with satellite and field-
based observations. Simulated ET seasonality for the 2001-2010
period is in good agreement with MOD16ET and ET inferred from
observations (ET = P-R-6S). The magnitude of simulated ET is with-
in 5% of the observation-based ET estimates, which are about 20%
greater than the MOD16 ET. Our results indicate that the MOD16
ET does not close the water balance (P-ET = R), which corroborates
the findings of other studies in the US (Velpuri et al., 2013) and
southern Brazil (Ruhoff et al., 2013). These studies suggest that
the MOD16 algorithm may underestimate ET systematically, per-
haps due to uncertainties inherent in the land cover classification
map and other input datasets. IBIS simulated monthly changes in
soil moisture storage (4S/dt) are comparable in magnitude and tim-
ing with the monthly GRACE TWS change (5TWS/dt). The remark-
ably good agreement between these two datasets suggests that a
deep soil column (8-m in this study) is a necessary component
for accurately modeling soil moisture dynamics in the Amazon.
Finally, long-term observed discharge shows a net decrease of
about —6% from the 1970s to the 2000s for the XB, which was
reproduced well by IBIS when both climate and land cover change
were included in the simulations.

Combining observed data, satellite products, and numerical
modeling yielded insights into the Xingu water balance that would
be difficult to achieve with any single method. For example, the
deep soils of the XB and its highly seasonal and variable rainfall
result in large seasonal fluctuations (~500 mm) and interannual
variability (~100 mm) of water storage (Figs. 3 and 4). About
500 mm of excess rainfall is stored in the deep soil column during
the wet season, which is then available to be extracted by ever-
green forests in the dry season to meet high evaporative demand.
This large soil water storage capacity plays a key role in forest
maintenance during the long dry season of the southeastern
Amazon.

Soil moisture storage may also drive some of the interannual
variability observed in the discharge of the XB. For example, water
years 2006, 2008, and 2009 had similar annual rainfall (about
2060 mm), but observed discharge in 2008 was about 500 mm,
compared to 650 mm for 2006 and 660 mm for 2009 (Fig. 4). The
runoff ratio (R/P) also dropped to 25% in 2008 from 30% in 2006
and 2009. This difference is likely because 2008 followed a very
strong regional drought in 2007 (Brando et al., 2014). At the end
of the 2007 dry season the observed TWS anomaly dropped to
the second lowest level in the observational record. The total water
storage change from the dry season low to the peak in 2008 was
more than 100 mm greater than in 2006 and 2009 (Fig. 3), indicat-
ing that a relatively larger portion of the rainfall in 2008 went to
replenishing soil moisture and less to discharge. In other parts of
the Amazon (e.g. the NW Amazon), where the soils are almost con-
tinuously saturated, soil water storage anomalies are not a large
contributor to TWS and discharge variation (Pokhrel et al., 2013).
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Although soil moisture storage anomalies average to near zero over
the long-term (decadal timescales), they can be large on shorter
(interannual) timescales. Our results highlight the fact that these
anomalies cannot be neglected when interpreting observations or
simulating changes to the water balance in the XB and other
regions with similar climatic and edaphic characteristics.

It is often impossible to evaluate the effect of land cover
changes on different components of the water balance based on
observations alone. In some cases the effects on the hydrological
balance are too small to be detected (i.e. if the deforested area is
relatively small), while in others climatic variability confounds
the effects of land cover changes. The numerical model simulations
in this study suggest that historical deforestation (1971-2010) and
climate variability in the XB have each caused small changes in the
water budget, but of opposite sign. Our results indicate that the
—15% forest cover loss from the 1970s to the 2000s led to a —3%
decrease in simulated ET, +1% increase in soil moisture, and +6%
increase in simulated discharge for the XB. However, that change
was masked by climatic variability that led to a —2% decrease in
precipitation and a —14% decrease in discharge. Considered
separately, land cover changes and climate variability have caused
important changes from the 1970s to the 2000s, but because they
are of opposite sign these are not evident in the few available long-
term observation records (e.g. discharge).

Our analyses of observed and simulated data indicate that the
XB has experienced only relatively small changes in the water cycle
to date, and that protected areas have played an important role in
limiting the direct impacts of deforestation. This study does not
address changes to the water balance that could occur as a result
of regional climate changes, either due to increasing atmospheric
greenhouse gases or as a result of feedbacks from large-scale defor-
estation within or outside of the XB (Stickler et al., 2013). Such
exogenously-driven climate changes appear to be small or unde-
tectable with the current level of deforestation (Coe et al., 2013;
Stickler et al., 2013) but could cause changes in the water balance
in the coming decades comparable in scale to those directly due to
land cover change, particularly in the southeastern Amazon (e.g.
Coe et al., 2009, 2013; Malhi et al., 2008; Sampaio et al., 2007;
Stickler et al., 2013).

Our results underscore the importance of public and private
protected areas in regulating the water cycle of the Xingu Basin.
Public protected areas, including a large mosaic of indigenous
reserves, cover 55% of the XB. Together with forest set-asides on
private properties required by the Brazilian Forest Code, protected
forests have limited deforestation to less than 20% of the original
forest cover in the XB, which explains the modest changes in the
water cycle observed in this study. Our simulation results suggest
that for every 1% decrease in forested area there is about a
2.1 mm yr~! decrease in ET (Fig. 6) and a comparable increase in
R. Under a constant climate, we expect that changes in the ET sig-
nal would exceed the background variability (twice the standard
deviation) in ET once deforestation surpasses ~35% of the XB area
(Fig. 6). Deforestation of either public or private protected areas in
the Xingu could result in changes far exceeding this threshold. For
example, if all protected forests on private lands were deforested
(~45% of the basin area), there would be a —5% change in the
simulated ET (Fig. 6) and a +13% increase in discharge. Complete
deforestation of the XB would cause a —13% decrease in ET and a
+32% increase in discharge. These results are consistent with
observations in less protected and more heavily deforested water-
sheds. For example, more than 50% of the neighboring Araguaia
River basin has been deforested, resulting in an ~18% increase in
discharge (Coe et al, 2011). By contrast, the creation and
maintenance of a mosaic of protected areas in the XB has played
a significant role in buffering the region against similar changes
to the water balance.
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Fig. 6. Changes in IBIS-simulated ET (y-axis, mm/year) as a function of deforested
area in the XB (x-axis, % forest cover). The 1971-2010 mean simulated ET (mm/
year) for the potential vegetation run (RUN-POT, 90% forest cover) is shown as
reference (solid black line), with the shaded area representing +2 standard
deviations (g) from the mean. The mean simulated ET for the 1970s (90% forest)
and 2000s (75% forest) decades are shown as solid black squares. The green line is a
linear fit to the 1970s and 2000s. The final black square is the mean ET rate that
would occur if all lands outside of protected areas were deforested (45% of basin
remaining in forest). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Although deforestation rates have decreased drastically in the
last ten years (Macedo et al., 2012), significant pressures remain.
Future climate projections predict a warmer climate, with
increased probabilities of drought and wildfires (Alencar et al.,
2011; Malhi et al., 2008; Nepstad et al., 2008), particularly in the
eastern Amazon. Coupled with increasing demands for agricultural
products (DeFries et al., 2013), future climate and land use changes
are likely to increase pressure on existing forests. Policies and
management strategies targeted at maintaining the physical
integrity of protected areas, strengthening forest conservation on
private properties, and preventing forest degradation will be criti-
cal to avoid large-scale disruptions of climate and ecosystem func-
tion in the region.
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