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Abstract Deforestation changes the hydrological,

geomorphological, and biochemical states of streams

by decreasing evapotranspiration on the land surface

and increasing runoff, river discharge, erosion and

sediment fluxes from the land surface. Deforestation

has removed about 55% of the native vegetation and

significantly altered the hydrological and morpholog-

ical characteristics of an 82,632 km2 watershed of the

Araguaia River in east-central Brazil. Observed

discharge increased by 25% from the 1970s to the

1990s and computer simulations suggest that about

2/3 of the increase is from deforestation, the remain-

ing 1/3 from climate variability. Changes of this scale

are likely occurring throughout the 2,000,000 km2

savannah region of central Brazil.
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Introduction

Tropical South America encompasses the world’s

largest continuous tropical forest and savannah

ecosystem, and generates about 25% of the global

river discharge (Latrubesse 2008). In Brazil regional

development pressures and increased global demand

for cattle feed (e.g. soy), beef, and other agricultural

commodities (e.g. sugar cane) have driven high rates

of deforestation, over the last 4 decades (Achard et al.

2002; Fearnside 2005; Kaimowitz et al. 2004).

Although deforestation of the Amazon rainforest

has been the primary focus of environmentalists and

the press during recent decades, most of the tropical

deforestation has taken place, and continues to take

place in the savannah environments of central Brazil

(locally know as Cerrado, Fig. 1) (Klink and Mach-

ado 2005). Of the original 2,000,000 km2 of Cerrado

that existed in Brazil more than 50% has been

converted and fragmented by deforestation and

expansion of the agriculture frontier (Sano et al.
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2008). The Cerrado is considered a hot spot for

biodiversity (Myers et al. 2000) and is the headwater

region of the major rivers of eastern South America,

but the policies of conservation and the attentions of

society, science, and media have been insignificant in

comparison.

Deforestation changes the hydrological, geomor-

phological, and biochemical states of streams (Bonan

et al. 2004). Anthropogenic changes in vegetation

generally result in increased discharge because

annual crops and perennial pastures have reduced

root density and depth, plant leaf area index (LAI),

and growing season length, hence, lower evapotrans-

piration compared to the more diverse natural veg-

etation systems that they have replaced (Canadell

et al. 1996; Costa et al. 2003; Eagleson 1978;

Gardner 1983; Li et al. 2007; Raymond et al.

2008). Deforestation also often results in increased

erosion from the land surface and deposition in

channels and on floodplains because of the increased

area of bare soil, changes in infiltration and surface

runoff, and poor management practices (Bruijnzeel

1990; Dunne and Leopold 1978; Knox 1972).

Costa et al. (2003) analyzed discharge and climate

data in a 175,000 km2 sub-basin of the Tocantins

watershed in eastern Amazônia and concluded that

most of the observed 25% increase in discharge in

that watershed was attributable to deforestation. Coe

et al. (2009) used ecosystem models on that same

watershed to show that climate variability alone

could not explain the observed increased discharge in

the Tocantins. Their results suggest that about 2/3 of

the observed 25% increase in discharge in the last

50 years was a function of deforestation that occurred

during that period.

Latrubesse et al. (2009) showed that large changes

in sediment load and river morphology have occurred

throughout a 120,000 km2 basin of the Araguaia

River coincident with the large land cover changes.

Fieldwork and imagery analyses indicated a signif-

icant increase in sandy bed-load sediment transport,

232 million tons of stored sediment in the main

channel, an increase in the number of sandy bars, and

a 30% decrease in the number of small islands, most

of which has occurred since the mid-1970s. Their

results indicated that the river is in the process of

Fig. 1 Main figure: The 82,632 km2 Araguaia River

watershed upstream of Aruanã showing classification of

remnant Cerrado and altered lands. About 54% of the basin

vegetation was altered as of 2002. Inset: Eastern South

America showing the 2,000,000 km2 Cerrado region. The

Araguaia River basin is outlined and the region of study, the

Aruanã watershed is shaded as in the main figure
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fundamentally altering its morphology to fill side

channels and open a central corridor to more

effectively transport the increased sediment flux.

They concluded that the Araguaia is a rare example

of rapid geomorphologic response of a large alluvial

river to land cover and land use change.

Here we present an analysis of discharge data,

climate data, and numerical model output of an about

82,600 km2 basin of the Araguaia River. This

watershed is part of the watershed studied by

Latrubesse et al. (2009) and is adjacent to the

Tocantins River studied by Costa et al. (2003) and

Coe et al. (2009). In this study we quantify how

deforestation, which began in the late 1960s, has

significantly altered the hydrological characteristics

of the otherwise unmodified Araguaia River.

Methodology

Region of study

The Araguaia River (Fig. 1) is a 385,000 km2

watershed in eastern Amazonia with mean annual

discharge of about 6,500 m3/s (comparable to the

Danube). The 82,632 km2 Araguaia sub-watershed

upstream of the Araunã stream gauge, where our

study is based (Fig. 1), is in the center of agricultural

production, particularly cattle, for the state of Goiás.

Average annual precipitation for the period 1971–

2000 is about 1730 mm/yr, 90% of which occurs in a

7-month period from October to April. Cerrado

vegetation, which is composed of mixed grass and

dry-season deciduous low-stature trees and shrubs,

accounted for almost all of the watershed area before

deforestation. Tree cover in this Cerrado environment

can be as much as 70% and as little as 10–20%,

depending on the local environment. Tall-stature

gallery forests have historically been present only in

isolated lowland areas on floodplains.

Large-scale land cover change in this watershed

began in the late 1960s with conversion of Cerrado to

native pasture by removing most or all of the native

trees and shrubs to maximize grassland area. Land

use increased and intensified in the 1970s, 80s, and

90s. Native pasture continued to replace Cerrado,

while older native pasture was in turn progressively

replaced by cultivated pasture, by felling trees,

burning, and cultivation of non-native high yield

grass species (predominantly Brachiaria). Mecha-

nized agriculture, predominantly soy, was also intro-

duced on a smaller scale. By 2002, this conversion

resulted in about 40% of the Aruanã watershed being

in native and cultivated pasture, 15% in agriculture,

and 45% in Cerrado and remnant forest (Sano et al.

2008, 2009).

In general, trees and shrubs in the Cerrado have

greater above-ground woody plant density and bio-

mass, deeper root systems, higher LAI, and support

greater photosynthetic activity than the native and

cultivated grass species, particularly in the long dry

season (Garcia-Montiel et al. 2008; Meinzer et al.

1999b; Oliveira et al. 2005; Scholz et al. 2008).

Deeper-rooted tree species may also redistribute

water from deeper, wetter soil layers to shallower

dryer layers during the dry season (Meinzer et al.

2004; Moreira et al. 2003; Scholz et al. 2002, 2008).

Despite the fact that there can be important differ-

ences in the energy and water balances within any

vegetation type (Ferreira et al. in prep; Santos et al.

2004), a general pattern of increased evapotranspira-

tion, decreased sensible heat flux and decreased

surface temperature occurs across a gradient from

low (grasses) to high (dense tall trees) above-ground

biomass (Ferreira et al. in prep; Giambelluca et al.

2009; Meinzer et al. 1999a, b; Santos et al. 2004).

Therefore, anthropogenic changes in vegetation can

potentially have significant impacts on the energy and

water balance of the Cerrado region.The Araguaia

watershed upstream of Aruanã is an excellent loca-

tion to test for a direct influence of land cover change

because continuous discharge measurements have

been recorded since 1970 at the Aruanã gauge station

(Fig. 1). These measurements began before defores-

tation was extensive, and no major direct alterations

of the channel such as dam or levee construction have

occurred.

Discharge and climate data analysis

To understand the impact of land cover change on the

observed discharge and climate of the Araguaia we

chose a data analysis approach based on that of Costa

et al. (Costa et al. 2003). Two decadal means of

discharge from the same gauge, separated from one

another by one decade were examined.

We compare the discharge and precipitation

of the 1970s (1970–1979) with that of the 1990s
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(1990–1999). Sufficient data was not available to

examine the period after the 1990s. The 1970s

corresponded to the time of low land cover change,

the 1990s high land cover change. The 1980s

(1980–1989) decade was not used in this study in

order to maximize the land cover difference between

the decades being compared and the probability of

detecting change in the discharge and climate.

Discharge measurements were taken from the

Aruanã gauge station (Fig. 1, 51� 40 56.7500W, 14�
550 17.2900S, made available by the Agência Nacional

de Águas http://www.ana.gov.br). Monthly mean

values were created from the daily reported values.

March, April and May of 1970 were missing there-

fore there are 117 months in the 1970s series and

120 months in the 1990s series. A classical z-test was

used for comparison of the differences of the

237 months of discharge in the 1970s and 1990s time

series. A z-test was appropriate in cases such as this,

where the sample size is relatively large. From these

monthly series decadal mean values for each month

(i.e. 12 values January–December for each decade)

and one annual mean value for each decade were also

created. A Student’s t-test, which was appropriate for

small sample size, was used for comparison of the

differences of the 12 monthly means of discharge and

precipitation in the 1970s and 1990s time series.

Monthly mean precipitation data from the CRU-

ts2.0 dataset (Mitchell et al. 2004) were used in this

study for comparison with the observed and simu-

lated discharge data. The CRU-ts2.0 is a �� 9 ��
globally gridded monthly climate dataset for the

period 1901–2000. It was derived by spatial interpo-

lation of meteorological station data (Mitchell et al.

2004). The monthly �� values were spatially aver-

aged over the 82,632 km2 Aruanã watershed to create

one mean value for each month for the entire basin.

As with the discharge data, decadal values for each

month and annual mean values were created for the

1970s and 1990s.

There is considerable variation among gridded

precipitation datasets for the Amazon basin (Costa and

Foley 1997). Techniques for precipitation measure-

ment at a given location are well known and associated

errors in the monthly means are low, generally 5% or

less (Fetter 2001). However, derivation of a spatially

extensive precipitation dataset requires interpolation

in space between relatively sparsely distributed gauges

or augmentation of data from other sources such as

satellite products or numerical model output, all of

which can introduce significant error. Therefore, the

quality of the CRU-ts2.0 dataset is assessed against

observed discharge and other precipitation datasets to

assure that it would be adequate for this project.

Discharge data are a good source for comparison

because measurement errors are also low and a

measurement at one location explicitly integrates

results from the entire area of the watershed.

Two other commonly used precipitation datasets,

the CPC Merged Analysis of Precipitation, (CMAP,

Xie and Arkin 1997), and NCEP/NCAR Reanalysis

(NCEP, Kalnay et al. 1996; Kistler 2001), are

compared to help further assess the quality of the

CRU-ts2.0 precipitation data. The CRU-ts2.0 data is

based only on rain gauge data; CMAP is a 2.5�
horizontal resolution merged satellite and rain gauge

dataset, while NCEP is a 2.5� horizontal resolution

model reanalysis product. For each dataset a spatially

averaged value of monthly and annual mean precip-

itation are created for the Aruanã watershed for the

period 1979–1998. This particular time period is the

longest period for which all datasets overlapped.

For the 20-year period the mean annual precipi-

tation rate of the CRU-ts2.0 dataset is 1748 mm/yr

(Table 1). This value is between the estimates of the

Table 1 Comparison of precipitation data sets

lag CRU-ts2.0 CMAP NCEP

Annual mean (mm/yr) 1748 1464 1916

Monthly correlation 0 0.61588 0.65044 0.55004

-1 0.83509 0.81004 0.67728

-2 0.74812 0.69013 0.64314

Annual correlation -1 0.61337 0.16297 -0.17889

Monthly mean precipitation summed over the Aruanã

watershed in mm/yr from the CRU05, CMAP, and NCEP

data products. Monthly correlation is the Pearson product

moment coefficient of correlation (r) of the 240 monthly mean

values of precipitation to the observed discharge for the period

1979–1998. Annual correlation is the coefficient of correlation

(r) of the 19 annual mean water-years for the period

1980–1998. Numbers in the second column of the correlation

rows represent the number of months of lag between the

precipitation and discharge correlation. Therefore, a lag of -1

means discharge in January is correlated to precipitation of

December. For the annual correlation the 1-month lag is

represented in the calculation of the water year; the water year

is defined as September to August for the precipitation and

October to September for the discharge and is named for the

year in which the average ends
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other two products (Table 1). The CMAP precipita-

tion rate is 1464 mm/yr, 16% less than the CRU-ts2.0

and the NCEP precipitation rate is 1916 mm/yr,

about 10% greater than the CRU-ts2.0.

The Pearson product moment coefficient of corre-

lation (r) was applied to the 240 months of each data

set to measure the linear agreement of the mean

seasonal cycle of the precipitation and discharge. 0, 1,

and 2-month time lags were applied to the compar-

ison. For example, the discharge of February 1980

was compared to the precipitation of January 1980

when a 1-month lag is applied and December

1979 when a 2-month lag is applied. In all cases

the coefficient of correlation was greatest when a

1-month time lag was used (Table 1, Fig. 2), which

indicates that on average there is a 1-month lag in the

response time of the hydrologic system at the gauge

to the upstream precipitation input. CRU-ts2.0 had

the highest level of agreement of the monthly

precipitation to the discharge (r = 0.83509), fol-

lowed by CMAP (0.81004), and the NCEP reanalysis

product (0.67728), suggesting that CRU-ts2.0 among

the three best represented the seasonal hydrologic

cycle.

Annual mean precipitation and discharge were

calculated for each water-year in the 20-year series.

The water-year was defined as beginning in Septem-

ber and ending in August for the precipitation data

(e.g. water-year 1980 is the mean of September 1979

to August 1980) and October to September for the

discharge. Nineteen full water years (1980–1998)

were created from the 20 years of data. 1978 data

were not available in the CMAP dataset to create a

1979 mean water-year, therefore to maintain consis-

tency it was not calculated for any of them. The

Pearson coefficient of correlation was used to mea-

sure the agreement of the inter-annual variability of

the 19 years of the observed mean precipitation and

discharge data. CRU05 had the highest coefficient of

correlation (r = 0.61337). The coefficient of correla-

tion between the CMAP and NCEP mean annual

precipitation and the observed discharge was 0.16297

and -0.17889, respectively (Table 1, Fig. 3), which

suggested little correlation of the interannual vari-

ability of these precipitation data sets to the observed

discharge. The analysis suggested that of the avail-

able datasets CRU05 best represented the climate of

the region and was appropriate for use in the IBIS

land surface model.

Numerical modeling of discharge

A series of simulations over the Araguaia basin were

made with the IBIS/THMB ecosystem models to

evaluate the potential scale of the individual contri-

butions of land cover change and climate variation to

the observed discharge change.

Numerical models

IBIS is a physically-based dynamic vegetation and

land surface model that simulates the energy, water,

and carbon balance of the soil–vegetation–atmo-

sphere system as a linked set of equations (Kucharik

et al. 2000). Structurally, the model has two vegeta-

tion canopies, an upper canopy of trees and a lower

canopy of grasses, shrubs, and crops with a total of 12

plant functional types. The model is driven by input

data of above-canopy temperature, humidity, wind

speed, precipitation, and incoming short and long-

wave radiation. IBIS calculates the temperature of the

soil surface and canopy and the temperature and

humidity of the air within the canopy as a function of

the radiative balance of the vegetation and land

surface and the diffusive and turbulent fluxes of latent

and sensible heat fluxes from the land and vegetation

surfaces. The timestep is 60 min to allow for

calculation of the diurnal cycle of radiation.

Fig. 2 Lagged Pearson product moment coefficient of corre-

lation (r) between the 228 monthly mean precipitation and

discharge values for the period 1980–1998. Values are spatially

averaged over the 82,632 km2 Aruanã watershed for the CRU-

ts2.0, NCEP, and CMAP datasets. All data show best linear

relationship of precipitation to discharge when the month of

peak precipitation lags the discharge peak by 1-month (-1)
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The soil column has six layers with a total depth of

8 m. Volumetric water content is simulated for each

layer as a function of infiltration from the soil surface,

vertical water movement, plant water use, and

drainage from the bottom of the soil column. The

soil water infiltration rate is calculated dynamically

using a Green-Ampt formulation (Green and Ampt

1911) of the soil wetting front and its non-linear

impact on maximum infiltration rates. The soil

moisture simulation is based on Richards’ flow

equation and its change in time and space is a

function root-water uptake and of soil physical

properties, such as hydraulic conductivity, soil water

retention curve, and drainage of water from the soil

column. Plant transpiration, which is the external

driver of root water uptake, is governed by stomatal

physiology. In IBIS, as in many models, transpiration

is coupled to photosynthesis through the Ball-Berry

formulation (Ball et al. 1986). Within the soil column

the root-water uptake rate is controlled by soil

physical properties (e.g. texture), the root distribu-

tion, and soil moisture profile (Kucharik et al. 2000;

Li et al. 2005).

Surface runoff is simulated at each timestep as the

water in excess of the precipitation landing on the

surface and the soil infiltration. Sub-surface runoff is

the water that drains from the bottom of the soil

column and is therefore a dynamic function of the

hydraulic conductivity and the plant water use.

Horizontal runoff transport between grid cells is

subsequently simulated by the THMB hydrological

routing model and is described below.

THMB is a distributed grid hydrologic transport

model that simultaneously calculates river discharge,

lake area, and floodplain inundation (Coe et al. 2007).

THMB uses prescribed river paths and river and

floodplain morphology linked to a set of linear

reservoir equations to calculate in-channel river vol-

ume, stage and discharge, and the out-of-channel

floodplain volume, stage, and inundated area at a 1-h

timestep and 5-min horizontal resolution (about

8 km 9 8 km at the equator). At each timestep the

change in the stream water volume in any grid cell in

THMB is the sum of the surface runoff and sub-surface

drainage from the fraction of the cell that is dry land,

the precipitation and evaporation over the fraction of

the cell that is covered with water, and the fluxes of

water from the upstream grid cells minus the flux to the

downstream cell. The flux to the downstream cell

(discharge) is a function of the volume of water in the

river reservoir, and is calculated using a Chezy

formula (Dunne and Leopold 1978) that accounts for

the effects of the energy slope of the water surface and

frictional forces within the channel. Floodplain inun-

dation occurs when the water level in the river exceeds

the bankfull height. The flooded area is calculated as a

function of the flux of water from the stream channel to

the floodplain, the vertical water balance, the energy

slope of the water, and the geomorphic characteristics

of the river and floodplain. Mass in the river and

floodplain reservoirs is explicitly conserved.

Together these models have been extensively

calibrated, validated, and applied to the Amazon

Fig. 3 Scatter diagrams of annual mean precipitation averaged

for the Aruanã watershed versus observed discharge at the

Aruanã gauge for the period 1980–1998 for a CRU-ts2.0,

b CMAP, and c NCEP precipitation products. The sample size

is 19 for each series

Biogeochemistry

123



basin (Botta and Foley 2002; Botta et al. 2002; Coe

et al. 2002, 2007, 2009; Foley et al. 2002).

Numerical experiment design

Mean monthly surface and sub-surface runoff were

generated by IBIS for input to THMB for the period

January 1915 to December 2000 using the CRU-ts2

0.5 9 0.5� horizontal resolution observed mean

monthly climate variables of precipitation, tempera-

ture, humidity, wind speed, and cloudiness as climate

forcing (Mitchell et al. 2004). IBIS was run at

0.5�9 0.5� horizontal resolution with a time step of

1-h for basin. A stochastic weather generator within

IBIS was used to derive daily and hourly climate

values from the monthly climate data (Kucharik et al.

2000). The IBIS output from 1915–1960 was con-

sidered a spin-up period to assure that simulated soil

moisture was in equilibrium with the climate and was

not used.

The experimental design used in this study was

similar to the design used by (Coe et al. 2009). First,

two IBIS simulations were run with identical climate

forcing and different vegetation cover: (1) IBIS-POT

in which the vegetation was represented by the

potential vegetation, predominantly savannah, that

would be present without human intervention from

Ramankutty and Foley (1998); and (2) IBIS-GRASS

in which the entire basin was covered by C4 grass.

The resulting surface and sub-surface runoff repre-

sented idealized conditions in which no human

disturbance had occurred (IBIS-POT) or large human

land cover change had occurred (IBIS-GRASS).

Secondly, the IBIS-POT and IBIS-GRASS surface

and sub-surface runoff data were linearly interpolated

from the 0.5� resolution of IBIS to the 5-min

resolution of THMB. Then the files were linearly

mixed to create two new 5-min resolution datasets of

surface and sub-surface runoff for the period

1970–2000 consistent with the heterogeneous land

cover conditions in the 1970s and in the 1990s.

To create these 1970s and 1990s runoff scenarios,

5-min resolution maps of the fractional area of

agriculture (disturbed) and native vegetation (undis-

turbed) in the 1970s and 1990s were used. The total

surface or sub-surface runoff in each mixed 5-min

grid cell was determined as the sum of IBIS-POT and

IBIS-GRASS values over the undisturbed and dis-

turbed fractions of that particular grid cell for the

1970s and 1990s maps (e.g. Fig. 1). For example, if

in a particular 5-min grid cell there was no distur-

bance in the 1970s, than the surface and sub-surface

runoff for the mixed file came entirely from the IBIS-

POT simulation. In cases where the land cover was

part disturbed and part undisturbed, the runoff input

for a 5-min grid cell was a mix of both IBIS-POT and

IBIS-GRASS based on the fraction of each land cover

type present in the cell. Linear averaging of simulated

results to create individual scenarios was appropriate

because it closely approximated the linear averaging

of the land cover types that occurred within each grid

cell of IBIS.

The 1990s vegetation distribution used for gener-

ating the runoff files was taken from a 5-min

resolution fractional agricultural area dataset for the

mid-1990s created by (Cardille and Foley 2003).

The Cardille and Foley dataset is a representation of

the density of native vegetation, cropland, native

pasture, and planted pasture at 5-min resolution. It

was created by merging municipio-level agricultural

census data with the 1-km resolution AVHRR-based

University of Maryland land-cover classification

product. A spatially explicit estimate of land use

distribution was created for the 1970s in this study by

dividing the Cardille and Foley estimate of agricul-

tural fraction in each grid cell in the basin by two.

This estimate reduced the total disturbed area to

about 28%, which was consistent with estimates

derived from census data for the region (Costa et al.

2003; Franco 2003; Klink and Machado 2005;

Latrubesse et al. 2009). This simple method was

chosen because it maintained consistency between

the 1990s and 1970s data sets; the total disturbed area

in both maps were based on census data for their

respective period and the spatial distribution was

rooted in satellite observations for the 1990s.

Finally, two simulations were run with THMB

forced with the 1970s and 1990s surface and sub-

surface runoff scenarios, referred to as RUN70 and

RUN90, respectively. THMB was run at a 1-h timestep

for the period 1960–2000. The years 1960–1969 were

considered model spin-up and discarded. The remain-

ing months from 1970–2000 were a representation of

the river discharge throughout the Aruanã watershed

as a function of the climate of that period and land

cover distribution of the 1970s and 1990s. Any

differences between RUN70 and RUN90 for the same

time period were a result of the effect of land cover
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differences on the runoff alone, since the climate that

was used to create the runoff input files were identical

in the two simulations.

Results

Observational data

Decadal mean observed discharge, for the Aruanã

sub-basin, increased by 25% between the two

decades, from a mean of 988 m3/s in the decade

1970–1979 to 1231 m3/s for 1990–1999 (Table 2). A

z-test indicated that the difference in discharge

between the 237 months in the decadal means was

significant at the 0.0002 level. Decadal mean precip-

itation averaged over the same periods and region

increased by 2.5% (from 4437 m3/s to 4546 m3/s)

and the difference was not significant at the 0.05

level. The magnitude of the discharge change was

243 m3/s (or 93 mm/yr), which was more than twice

the 109 m3/s (or 40 mm/yr) precipitation change. As

a result, the decadal mean ratio of runoff to precip-

itation increased from 0.223 in the 1970s to 0.271 in

the 1990s. A Student’s t-test of the 20 years of data in

the decadal means indicated that the difference of

0.048 in the ratio of runoff to precipitation was

significant at the 0.0253 level (not shown).

The magnitude of the mean monthly discharge

change was greatest during the middle of the wet

season (January–March) but extended into August

near the end of the dry season (Fig. 4). The discharge

change was near zero for the beginning of the wet

season (Sept.–Dec.). Observations of small water-

sheds show that peak flow is often earlier in

deforested watersheds due to decreased soil water

infiltration and greater surface runoff (Bruijnzeel

1991). In this study, there was no observed change in

the timing of the peak discharge, which occurs in

March in both decades (Fig. 4). The lack of a change

in the time of peak flow suggested that no large

change in soil infiltration rates or the ratio of surface

to sub-surface runoff occurred between the decades.

The long-term mean water budget can be

expressed as:

P� R ¼ ETþ DS

where P is mean precipitation, R is total runoff

(discharge), ET is the evapotranspiration, and DS is

the net change in groundwater storage. Generally, DS

is considered to be equal to 0 for long-term means

and ET can be calculated as:

Table 2 Climate statistics for the Aruanã watershed for the

1970s and 1990s

Aruanã 1970s 1990s %

change

Ag area 28% 56%

Discharge

m3/s

OBS 988 1231 25%

RUN70 804 877 9%

RUN90 1025 27%

%RE RUN70 -19 -29

RUN90 -17

r RUN70 0.9308 0.8742

RUN90 0.9229

P m3/s OBS 4437 4546 2.5%

ET m3/s OBS 3449 3315 -4%

RUN70 3633 3669 0%

RUN90 3521 -3%

R/P OBS 0.223 0.271 22%

RUN70 0.181 0.193 7%

RUN90 0.225 24%

z-test OBS-discharge 0.0002

OBS-

precipitation

0.3651

RUN70 0.1156

RUN90 0.0019

Ag area is the fraction of the 82,632 km2 basin in agriculture.

Decadal mean annual discharge (m3/s) and percent change for

the 1970s and 1990s for: (1) observed at Aruanã (OBS); (2)

simulated in RUN70 with the climate of the 1970s and 1990s

but with fixed 1970s vegetation; and (3) simulated in RUN90

with 1990s vegetation and climate. Percent relative error (%RE)

of the simulated decadal mean discharge of RUN70 and RUN90

compared to the observed discharge. Pearson product moment

correlation coefficient (r) between the 12 decadel mean monthly

values of simulated discharge and the 12 monthly observed

values. Decadal mean annual observed precipitation (P) in m3/s

for each decade and percent change. Evapotranspiration (ET) in

m3/s for each decade calculated as the difference between

precipitation and discharge for the observations (OBS), RUN70

and RUN90. The ratio of discharge to precipitation (R/P) for

observations (OBS), RUN70, and RUN90. Z-test of the

difference in the 240 months of data in the 1990s and 1970s

monthly means for observed discharge and precipitation and for

RUN70 and RUN90 simulated discharge. In the case of RUN90

the z-test is performed on the 120 months in the RUN90

simulated 1990s to the 120 months in the RUN70 simulated

1970s. Similarly, all RUN90 differences are calculated as the

difference between RUN90 in the 1990s and RUN70 in

the 1970s (i.e. RUN90 value in 1990s column is compared to

the RUN70 value in the 1970s column)
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P� R ¼ ET

Using this equation, and the values of P and R

(discharge) from Table 2, decadal mean ET must

have decreased from 3449 in the 1970s to 3315 m3/s

in the 1990s, which is equivalent to a 4% decrease

(Table 2).

Although the precipitation increase between the

1990s and 1970s was not statistically significant it

decreased the confidence that the observed increase

in the water yield and discharge were largely

independent of the precipitation change. In order to

address this, 5-year sub-sets of the 1970s and 1990s

data were compared to reduce the precipitation

difference between the decades. Water years 1972,

73, 74, 77, 78 were averaged and compared to water

years 1993, 94, 96, 97, and 98 (not shown). These

years were chosen because they represented the

middle-range of the available data, all years had an

annual mean precipitation rate between 1700 and

1850 mm/yr. For this 5-year mean comparison the

mean rainfall rate was 1% lower in the 1990s than in

the 1970s and the difference was not significant at the

0.05 level (not shown). The mean discharge rate for

these years was 16% higher in the 1990s than the

1970s. A z-test of the 120 months in the two 5-year

averages indicated that the discharge of the 1990s

differed from the 1970s at the 0.05 significance level.

This additional analysis suggested that there was a

significant difference in the surface water balance of

the 1970s and the 1990s that could not be explained

by precipitation changes alone.

Model results

In RUN70, the discharge for the Aruanã watershed

was simulated with the transient mean monthly

climate of the 1970–2000 period and land cover held

constant to the 1970s estimate (*28% deforested).

The results of RUN70 provided a measure of the

influence of climate variability alone on the discharge

difference between the 1990s and 1970s.

The RUN70 mean discharge for the 1970s decade

was 804 m3/s compared to the observed discharge of

988 m3/s (Table 2). The Pearson correlation coeffi-

cient (r) between simulated and observed discharge

for the 12 monthly mean values was 0.9308 (Table 2,

Fig. 5a). The percent relative error (RE) statistical

index of the RUN70 mean monthly discharge for the

1970s decade compared to the observed was -19%,

which indicated a systematic dry bias in the simulated

discharge. The simulated runoff ratio was 0.0181

compared to 0.223 for the observations. The modeled

dry bias may have been a result of several unknown

factors such as: a dry bias in the precipitation data,

biases in the calculation of the water and energy

balance of IBIS, and poor representation of the land

surface and vegetation characteristics such as, rooting

depth, root water extraction, soil properties etc.

Fig. 4 Decadal mean monthly observed discharge in m3/s at

Aruanã for the 1970s and 1990s

Fig. 5 Decadal mean monthly discharge in m3/s at the Aruanã

station for the observations, RUN70 simulation, and RUN90

simulation at Aruanã. a 1970s decadal mean and b 1990s

decadal mean. RUN70 has the transient climate of the period

1970–2000 with land cover fixed to the 1970s mean

distribution of about 28% deforested. RUN90 has the transient

climate of the period with the land cover fixed to the 1990s

mean distribution of about 56% deforested. Differences

between RUN70 and RUN90 in the 1990s (b) are attributable

solely to the land cover differences
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However, the bias did not necessarily preclude an

analysis of the relative change between decades since

the climate and the model were identical in all

simulations and the relative error should have been

similar in all simulations.

The 1990s simulated decadal mean discharge from

RUN70 showed much poorer agreement with the

observations than the 1970s decadal mean. The %RE

increased to -29% in the 1990s and the coefficient of

correlation decreased to 0.8742 (Table 2, Fig. 5a, b).

In RUN70 the simulated mean discharge of the 1990s

(Table 2, 877 m3/s) was only 9% greater than the

simulated 1970s discharge (804 m3/s). The difference

between the 1990s and 1970s discharge simulated in

RUN70 was not significant at the 0.05 level and was

much less than the 25% increase in the observed

discharge for this period (Table 2, Figs. 4, 5). The

simulated RUN70 runoff ratio increased only slightly

between the 1970s and 1990s and the difference was

not significant at the 0.05 level (not shown). Further-

more, the inferred mean ET for the Aruanã watershed

(precipitation minus discharge) increased between the

two decades by 1% (from 3633 to 3669 m3/s) as

opposed to the 4% decrease in the observed ET

(Table 2). Land cover was held constant in RUN70

therefore the modest increase in simulated discharge

and ET between the two decades in RUN70 was due

exclusively to the variability of the climate data that

was used as input to IBIS. The RUN70 results showed

that using climate variability alone, a simulated

discharge increase comparable to the 25% increase

in the observed discharge could not be achieved.

In RUN90 land cover changes and climate vari-

ability were included in the 1990s simulation and the

agreement of the simulated 1990s discharge with the

observed discharge was improved. The coefficient of

correlation between the 24 monthly mean simulated

and observed values for the 1990s was 0.9229 and the

%RE of the simulated discharge was -17%, com-

pared to -29% for the RUN70 simulated 1990s

discharge. This agreement with the observations was

comparable to the agreement between simulated and

observed discharge in RUN70 with 1970s climate and

land cover described in the previous paragraph

(Table 2). Therefore, the RUN90 results showed that

the simulated discharge was in good agreement with

the observations of the 1990s only when land cover

and climate variability were included in the

simulation.

Comparison of the simulated 1990s and 1970s

results when both climate and land cover were

consistent with the respective decades (i.e. comparison

of RUN90 in 1990s to RUN70 in the 1970s) showed

that the observed discharge difference between the

decades is well reproduced by the models when both

land cover changes and climate variability were

included (Table 2). The 1990s RUN90 discharge was

27% greater than the 1970s RUN70 discharge

(Table 2, 1025 m3/s in 1990s minus 804 m3/s in the

1970s) and the difference was significant at the 0.0019

level. The increase in simulated discharge was com-

parable to the 25% increase in the observed discharge

for this period and larger than the 9% increase

simulated for the 1990s without land cover change

(Table 2, Fig. 5). The inferred ET decrease was 3%,

which was comparable to the 4% decrease in the

observed data and the runoff ratio increased by 0.044

(significant at the 0.0063 level), similar to the 0.048

change in the observed runoff ratio. Therefore, the

simulated change in the surface water balance between

the decades agreed with the observed change only

when both climate variability and land cover change

were included in the simulation.

An analysis of the individual components of the

simulated discharge showed that of the 221 m3/s

(27%) increase from 1970s to the 1990s, about 33%

of the increase was from climate variation (the 9%

increase between the 1970s and 1990s decades in

RUN70) and about 67% was a result of land cover

change (18% additional change in RUN90, Table 2).

Discussion and conclusions

Agricultural expansion, which began in the 1960s,

resulted in deforestation of about 25% of the

82,632 km2 study region of the Araguaia River

upstream of the Aruanã gauge station by the middle

1970s and 55% by the middle 1990s. Over the same

period, significant changes in the surface water balance

were observed. The decadal mean discharge rate

increased by 25% in the 1990s compared to the

1970s, while the precipitation rate was only 2.5%

greater in the 1990s. The magnitude of the discharge

change was more than twice the magnitude of the

precipitation change and as a result, the decadal mean

runoff ratio increased from about 22% of the precip-

itation in the 1970s to about 27% in the 1990s.
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A comparison of a sub-set of the data showed that

the change in the runoff ratio and discharge during

this period were largely independent of a precipita-

tion change. When only 5 years from each decade

were used for comparison the rainfall rate was 1%

less in the 1990s than in the 1970s, but the discharge

rate was nearly 16% greater. Therefore, the observa-

tions indicated that a significant change in the surface

water budget occurred between the 1970s and 1990s

that was most likely not associated with precipitation

variation.

A classical water balance calculation requires that

the precipitation and runoff change must be balanced

by an equal change in the sum of evapotransiration

and net groundwater storage. The change in the

observed precipitation and discharge implied that

decadal mean ET must have decreased by 4% in the

1990s compared to the 1970s, if it is assumed that no

net change in groundwater storage occurred. The ET

decrease could have been from climate variations,

such as some combination of differences in precip-

itation, net radiation, and temperature, from a reduc-

tion in the vegetation density and total evaporative

demand, or some combination of both. In a relatively

dry and strongly seasonal climate like the Aruanã

basin, ET tends to increase with increasing precipi-

tation since the region is water limited rather than

energy limited (Costa et al. 2003). Additionally,

observations at regional and small scales in the

tropics showed that deforestation and forest degra-

dation were generally accompanied with a decrease

in ET (Bruijnzeel 1990, 1991; Costa et al. 2003;

Giambelluca et al. 2009; Hayhoe et al. 2010).

Therefore, a plausible cause of at least part of the

inferred ET decrease was the observed shift from the

native mixed forest and grassland Cerrado to pasture

and cropland landscape.

Latrubesse et al. (2009) showed that large mor-

phological changes also occurred in the Araguaia

River since the 1970s and attributed those changes to

deforestation. They calculated that the bed load

sediment transport at Aruanã increased *31%, from

*6.75 Mt/yr in the 1970s to ~8.9 Mt/yr in the 1990s

and an average of *95 Mt of sandy and fine

sediments averaging 6.7 m thickness were stored

during this period, principally in the main channel

valley. The river metamorphosed in some extensions,

losing part of the anabranching pattern and developed

a more braided pattern with an increase in the number

of sandy middle channel bars in place of more stable

vegetated islands.

Taken together the observed discharge, morpho-

logic, and sediment flux changes are consistent with

hydromorphic changes that accompany deforestation

and conversion to agriculture: the mobilization of

sediments from the land surface, decreased evapo-

transpiration, increased water yield and surface

runoff, and increased river discharge (Bosch and

Hewlett 1982; Bruijnzeel 1990; Bruijnzeel 1991;

Knox 1972; Knox 2006).

Numerical model simulations can help clarify the

drivers of environmental change because they inte-

grate climate and land cover changes to calculate a

linked water and energy balance and because they can

be manipulated in a controlled manner. We presented

the results of simulations with the IBIS and THMB

land surface models of the water budget of the Aruanã

watershed in the 1970s and 1990s with and without

land cover change. The models reproduced a discharge

change of the same magnitude as the observed change,

only when both precipitation and land cover changes

were included in the simulations. The precipitation

change by itself resulted in a 9% increase in simulated

discharge in the 1990s compared to the 1970s.

Precipitation and deforestation together resulted in a

27% increase in the simulated discharge, which was

comparable to the observed 25% increase.

As with all modeling studies the results presented in

this study are strongly dependent on the model

representation of the physical environment and on

the experimental design and their uncertainty are not

easily quantified. IBIS has been calibrated and vali-

dated for the Amazon with historical and future climate

and its sensitivity to land cover differences has been

validated in previous studies (Coe et al. 2007, 2009; Li

et al. 2007). The sensitivity of simulated ET to land

cover change is a function of model specific parameters

such as plant root structure, soil properties, and above

ground biomass, which are not well known. Further-

more, the representation of deforestation and conver-

sion to agriculture in this study is simplistic; all

deforested areas are considered to be 100% C4 grass.

Secondary regrowth and mixed landscapes such as

natural pastures in which some trees remain on the

landscape are not simulated. Therefore, the results

must be considered an analysis of the scale of change

that may occur with disturbance rather than an exact

prediction of the change.
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Despite the limitations of numerical models several

important points were suggested by the model results.

The simulation without land cover change suggested

that about 1/3 of the observed discharge increase in the

1990s can be attributed to the observed increase in

precipitation. The simulation with land cover change

compared to that without land cover change in the

1990s suggested that the remaining 2/3 of the observed

discharge increase was most likely the result of some

other factor such as a net decrease in evapotranspira-

tion that occurred when native vegetation was replaced

with more shallow rooted, less water-demanding

pastures and crops.

The deforestation recorded in the census data in this

segment of the Araguaia River is comparable to what

has occurred throughout much of the 2,000,000 km2

Cerrado region and what is beginning to occur in the

tropical evergreen ecosystem of the southern Amazon

as regional and global food and energy demands drive

pasture and farmland expansion (Nepstad et al. 2008;

Sano et al. 2009). The observed and simulated results

in this and other recent studies (Coe et al. 2009; Costa

et al. 2003), suggest that similar, but mostly undoc-

umented, hydrological and morphological changes

may already be occurring in many other large river

systems in the Cerrado. The results also suggest that

continued local and federal efforts to expand protected

regions and strengthen compliance with existing laws,

which limit deforestation on private parcels and

protect riparian zones, could avoid or reverse detri-

mental changes in the hydrological and morphological

state of many of the major rivers of the Cerrado and

southern Amazon regions.
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