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Paulo M. Brando1,3, Christopher Neill4 and Wayne S. Walker1

1Woods Hole Research Center, Falmouth, MA 02540, USA
2Department of Ecology, Evolution and Environmental Biology, Columbia University, New York,
NY 10027, USA
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Large-scale cattle and crop production are the primary drivers of deforesta-

tion in the Amazon today. Such land-use changes can degrade stream

ecosystems by reducing connectivity, changing light and nutrient inputs,

and altering the quantity and quality of streamwater. This study integrates

field data from 12 catchments with satellite-derived information for the

176 000 km2 upper Xingu watershed (Mato Grosso, Brazil). We quantify

recent land-use transitions and evaluate the influence of land management

on streamwater temperature, an important determinant of habitat quality

in small streams. By 2010, over 40 per cent of catchments outside protected

areas were dominated (greater than 60% of area) by agriculture, with an esti-

mated 10 000 impoundments in the upper Xingu. Streams in pasture and soya

bean watersheds were significantly warmer than those in forested watersheds,

with average daily maxima over 48C higher in pasture and 38C higher in soya

bean. The upstream density of impoundments and riparian forest cover

accounted for 43 per cent of the variation in temperature. Scaling up, our

model suggests that management practices associated with recent agricultu-

ral expansion may have already increased headwater stream temperatures

across the Xingu. Although increased temperatures could negatively impact

stream biota, conserving or restoring riparian buffers could reduce predicted

warming by as much as fivefold.
1. Introduction
The recent expansion of cattle ranching and soya bean agriculture has funda-

mentally changed the landscape of the southern Amazon by replacing native

forests and savannahs with pasture grasses and croplands. These land-use/

cover changes (LUCs) can have a number of consequences for freshwater eco-

systems, including degrading riparian areas [1], altering hydrological cycles

[2,3] and decreasing hydrologic connectivity (defined as the ‘water-mediated

transfer of matter, energy or organisms within or between elements of the

hydrologic cycle’ [4,5])—with the potential to impact fisheries, hydroelectric

energy generation and food production. Some of these impacts are inevitable

trade-offs associated with agricultural development in the tropics, whereas

others could be substantially mitigated through improved land management.

Numerous studies have demonstrated the negative consequences of agriculture

for stream ecosystems and explored the role of riparian buffers in mitigat-

ing these impacts [6–9], although relatively few have been focused in the

tropics. Most field studies in the Amazon have been limited to the scale of

small watersheds and fail to consider the cumulative, landscape-scale effects

of agricultural expansion.

This study integrates field-based data and satellite-derived information to

quantify the influence of recent agricultural expansion (2001–2010) on head-

water streams in the Xingu basin, a rapidly changing agricultural landscape

in Mato Grosso, Brazil (figure 1). We focus on stream temperature because it
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Figure 1. A map of the study area. The land cover classification was based on
the MODIS EVI time series for 2010 [10]. White crosses indicate the long-term
sampling locations to the east of the Xingu Indigenous Park. Lower left
(inset): the upper Xingu basin is located in the southeastern Amazon
basin within the state of Mato Grosso, Brazil.
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Figure 2. River heat exchange processes. Heat exchange at the air/water
interface occurs as a result of: (i) solar (net shortwave) radiation (Hs);
(ii) net long-wave radiation (Hr); (iii) latent heat flux due to evaporation (He);
and (iv) sensible heat flux (Hc) owing to conduction and convection as a
result of river – atmosphere temperature differences. Heat flux at the
streambed/water interface is primarily a function of groundwater contributions
(Hg) and subsurface exchange. Adapted from Caissie [13].
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is an important determinant of habitat quality [11,12]

and, in small streams, is directly influenced by management

decisions at the farm level. Specifically, increased stream temp-

eratures have been linked to land management practices,

including watershed deforestation [13], failure to conserve

riparian forest buffers [7] and thermal pollution from river

impoundments [14]. The integrated analysis presented here

allows us to identify specific mechanisms by which agricultural

LUC alters stream temperatures locally, as well as quantify

the spatial distribution and prevalence of these management

practices regionally.

(a) Stream thermal regimes
In small headwater streams (figure 2), roughly 82 per cent of

heat exchange occurs at the air/water surface [15]. Diel

variations are generally small in forested headwater streams,

where riparian vegetation provides shade and shelter that

maintains relatively cool and stable temperatures through-

out the day [15]. These streams are particularly vulnerable

to agricultural LUCs, which can reduce streamside veg-

etation, exposing streams to increased solar radiation [13].

The resulting temperature increases may be exacerbated by

the fact that, compared with forests, pasture grasses and

soya beans have a lower leaf area and shallower rooting

depth, which leads to reduced evapotranspiration [16] and

net increases in surface temperatures [17]. In Brazil’s agricul-

tural frontier, these changes have been associated with

increased stream discharge [2,3] and air temperatures [18],

which in turn may influence diel and annual streamwater

temperature cycles.
Stream temperature patterns exert a strong influence on

the evolution, distribution and ecology of aquatic organisms

[19,20]. This is due, in large part, to the fact that most aquatic

organisms are strict ectotherms, with each species having

evolved to occupy a specific thermal niche [21]. Higher

water temperatures can directly impact basic life-history par-

ameters, including incubation and development time [22],

growth rates [23], metabolism [24] and survival. They may

also have indirect effects by facilitating the spread of invasive

species and disease [25], increasing the toxicity of environ-

mental contaminants [26], and constraining the abundance

and distribution of species [13,27].

(b) Riparian forest buffers
In temperate systems, studies indicate that temperature is

a critical determinant of suitable fish habitat and that the

influence of human activity on stream thermal regimes has

had a strong negative influence on the quality and distri-

bution of available habitat [28,29]. These relationships have

not been well explored in tropical streams, but there is

some evidence that they are governed by similar mechan-

isms. In Costa Rica, for example, riparian forest removal

and associated increases in stream temperature have been

shown to alter the taxonomic composition of benthic

macroinvertebrates, reduce diversity and eliminate the most

sensitive taxa [30]. Similarly, the removal of riparian buffers

in pasture areas increased temperature, reduced inputs of

organic matter and altered fish community composition com-

pared with streams with intact buffers [7]. A recent study in

the Xingu basin also suggests that the diversity of Odonata
decreased with increasing temperature [31].

(c) Small impoundments
The effects of elevated mean temperature may be exacerbated

by increases in diel temperature variability or fragmentation by

impoundments, physical barriers that alter the flow of water,

sediments and organisms within headwater streams. In the

Amazon’s agricultural frontier, small impoundments have

historically been associated with local hydroelectric power

production, the expansion of the road network and provision

of drinking water for cattle. Several studies indicate that

these small, surface release dams can have a large cumulative

impact on stream habitats by increasing water temperature
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[32]; changing current velocity, water volume and depth above

and below reservoirs [33]; and trapping fine sediments as a

result of the slackwater created behind reservoirs [34]. When

coupled with agricultural land uses, which often increase the

supply of sediments and pollutants, impoundments have

the potential to fundamentally alter the geomorphology and

habitat quality of streams.

Despite the importance of temperature in structuring

stream ecosystems and the increasing pace of anthropogenic

changes in many tropical regions, few studies exist on the

influence of LUC on the temperature regimes of tropical

streams. Most information on stream temperatures is scattered

in the literature, having been collected as routine background

information during site-specific ecological studies. Rarely is

temperature the focus of study and, as a result, temperature

measurements are usually not collected at sufficient temporal

or spatial resolution to provide insights into diel and annual

patterns, nor how human activity may alter these patterns.

This study is among the first to combine satellite-based obser-

vations of LUC and management with long-term field

observations of water temperature in small tropical streams.

We address four central questions:

(1) How have the spatial distributions of soya bean agricul-

ture and cattle ranching changed over the past decade

within small watersheds in the upper Xingu basin?

(2) How does watershed land-use history relate to the distri-

bution of farm impoundments in the Xingu landscape?

(3) How does streamwater temperature vary with land man-

agement variables (i.e. watershed forest cover, riparian

buffers and impoundments) at the catchment scale?

(4) How might current land-use practices (i.e. riparian forest

conservation and stream impoundment) be managed to

mitigate the regional impacts of agricultural expansion

on headwater stream temperature?

2. Material and methods
(a) Study area and general approach
The headwaters of the Xingu occur on the Mato Grosso plateau

(approx. 600 m elevation), which has low topographic relief

and slopes gently from the southern headwaters towards the

Amazon river in the north. Upland areas in the southern part

of the study region are dominated by cerrado, a mixed savannah

and woodland ecosystem, with gallery forests occurring in the

wetter areas along stream corridors. The remainder of the

study area occurs within the Amazon biome and is dominated

by transitional forests, with an average height of 20 m and leaf

area index ranging from 4 to 5.5 [35]. The rainfall gradient is con-

sistent with this vegetation transition, with lower rainfall in the

south and higher rainfall in the north. Average annual precipi-

tation in the region ranges from 1500 to 2400 mm and is highly

seasonal, with a pronounced dry season from May to August,

a pronounced rainy season from November to February, and

intermediate levels of rainfall in the interim months [36].

We established long-term sampling points in 12 headwater

catchments within the forest biome to the east of the Xingu Indi-

genous Park (figure 1). Rather than characterize the spatial

variability of temperature within individual streams, our sampling

approach aimed to understand variations through time and across

streams under different management scenarios. Each sample point

drained a catchment area dominated by a single land cover, with

four catchments in forest, three in pasture and five in soya

beans. Catchment areas ranged in size from 5 to 23 km2. To the
extent possible, sites were selected to encompass a range of land

management scenarios with varying land use, riparian forest

cover and upstream impoundment densities (see the electronic

supplementary material, table S1). All soya bean watersheds in

this study were converted from pasture after 2000, a land-use

history that is typical of soya bean areas in the region [10].

(b) Remote sensing of land-use dynamics
To map recent (2001–2010) land-use transitions within the Xingu

basin, we used the enhanced vegetation index (EVI) data product

collected by the moderate resolution imaging spectroradiometer

(MODIS), as described in previous studies [10]. The repeat inter-

val of the MODIS sensor (approx. 2 days) offers advantages over

that of higher resolution alternatives (16þ days) because it allows

for greater cloud-free coverage during the rainy season, when

agricultural land uses (e.g. pasture and cropland) are spectrally

distinct. To distinguish between pasture and savannah, we

fused our MODIS-based classification [10] with an existing time

series of cerrado extent [37,38]. The final classification was used

to determine the proportion of soya beans, pasture, forest and cer-

rado within small watersheds in the upper Xingu basin. Our unit

of analysis was the smallest hydrological unit defined by Brazil’s

National Water Agency (ANA), which totals 2851 watersheds

(mean area of approx. 61 km2) in the upper Xingu basin [39].

To map the distribution of farm impoundments in the Xingu

region, we used a high-resolution (15 m) image mosaic, which

comprised 89 image tiles acquired primarily in 2007 by the

advanced space-borne thermal emission and reflection radiometer

(ASTER). Our object-oriented classification approach used the

TRIMBLE eCOGNITION software package to perform image segmenta-

tion and subsequent extraction of object-level attributes (see the

electronic supplementary material). Based on these attributes

and ground data collected in August 2010, we classified impound-

ment and non-impoundment segments, using the randomForest

classification tree algorithm in R [40]. Finally, we estimated the

density of impoundments in the landscape and assessed how

their distribution was influenced by land-use history (see the elec-

tronic supplementary material).

Catchment boundaries for our sample streams were deli-

neated, using vegetation-corrected shuttle radar topography

mission data, as described by Hayhoe et al. [3]. For the 12 study

catchments, we used a 2009 Landsat 5 image mosaic to create a

finer-scale (30 m) analysis of riparian forest and agricultural

cover in the watershed (see the electronic supplementary material).

The final classification consisted of four classes—agriculture,

forest, water and wetland—and was generated using the random-

Forest algorithm (see the electronic supplementary material). This

classification was used to summarize percentage agriculture in

each watershed, as well as the percentage forest cover in riparian

buffer areas defined by 30, 100 and 500 m upstream of each

sampling point. All buffers were defined as 30 m wide, in keeping

with requirements under the Brazilian Forest Code during the

sampling period [41]. Accuracy assessments for each of the

remote sensing analyses described earlier are provided in the elec-

tronic supplementary material, table S3.

(c) Field measurements of stream temperature
To measure stream temperature at each sample catchment, we

deployed HOBO Pendant temperature and light data loggers

(Onset; Bourne, MA, USA) to record water temperature and

light (lux) every 30 min. Each sample point was paired with

one of nine weather stations that logged precipitation events

and hourly air temperature. The present analysis focuses on 16

months of data (August 2009–December 2010) collected by the

data loggers at each site. In order to verify that the temperature

patterns observed in this study were representative of a typical

year, we also examined a longer time series, consisting of

http://rstb.royalsocietypublishing.org/
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hourly temperature data collected in a subset of the study area

from 2007 to 2010 [3].

To directly measure the effect of impoundments on stream

temperature, we placed pairs of synchronized temperature log-

gers upstream and downstream of six typical impoundments,

each located on a different headwater stream under soya bean

cultivation (July 2010). The rate of temperature recovery was

evaluated by installing a series of 11 loggers downstream of

one of these impoundments. Preliminary area estimates derived

from ASTER (lower limit of detection of approx. 0.0002 km2)

indicated that the impoundment sampled was comparable in

area (approx. 0.03 km2) to others found in the region (mean:

approx. 0.02 km2, median: approx. 0.01 km2). One (baseline)

logger was placed immediately upstream of the impoundment;

two loggers were placed at the outlets of the impoundment and

averaged to yield the mean temperature 0 m below the impound-

ment; seven loggers were placed downstream of the impoundment

outlet, from 0 to 1050 m at 150 m intervals; and one logger was

placed approximately 2350 m downstream. The riparian forest

buffer downstream of the impoundment was intact (greater than

30 m) along the entire length of the temperature transect.

(d) Predictors of stream temperature
In addition to land use/cover, we considered several potential

predictor variables that have been shown to affect stream temp-

erature [13], including precipitation; percentage light transmitted

at the sample location (from hemispheric photographs); light at

the stream surface (lux); air temperature; number and density

of upstream impoundments; distance to the nearest impound-

ment; percentage forest cover in riparian buffers at 30, 100 and

500 m upstream from the sample location; and percentage

forest cover in the watershed. Because extreme temperatures

and diel variability are more likely to limit aquatic organisms

than mean temperature, we used the upper quantile (75% prob-

ability) daytime temperature as the dependent variable. Light

and rainfall data were log-transformed for analysis and all cov-

ariates were standardized to facilitate interpretability across

variables [42].

We conducted exploratory analyses to examine the impor-

tance of each predictor variable and choose the optimal

(temporal or spatial) lag for predicting stream temperature (see

the electronic supplementary material). After eliminating colli-

near variables, we developed linear mixed models to explore

the relative importance of different land management variables

in predicting observed stream temperature (see the electronic

supplementary material, table S2). The final model included

the following variables: percentage forest in the upstream ripar-

ian buffer (30 m wide � 500 m long); air temperature; (log) light

at the stream surface; (log) weekly rainfall, with a two-week lag;

density of impoundments upstream of the sampling location; a

term reflecting the interaction between riparian forest buffers

and air temperature; and a random effect term, which included

sampling month and location to account for seasonality and

repeated measures at each site [43].

(e) Landscape-scale temperature modelling
To provide insights into potential management strategies for

mitigating the impacts of agricultural expansion on headwater

stream temperature, we used the relationships established

by the catchment-level temperature model to scale up our analy-

sis to the entire Xingu landscape. First, we calculated the

impoundment density for each small watershed based on our

impoundment map and a government stream map [39], using

the ANA watershed boundaries as our unit of analysis. Next,

we used gridded climatological datasets to calculate the long-

term mean values for air temperature [44] and rainfall [45] in

each watershed. Based on these datasets, we estimated
headwater stream temperature for the following three scenarios:

100, 50 and 0 per cent conservation of riparian buffers in agricul-

tural areas. Watersheds within protected areas were assumed to

have 100 per cent riparian cover in all three scenarios. Although

land use was not included as a predictor in the temperature

model, we used our 2010 land-use map to constrain the analysis

to existing agricultural areas where riparian forests could be man-

aged (deforested or restored). The final results for each scenario

were expressed as the deviation from a hypothetical reference

scenario, which assumed 100 per cent riparian conservation and

no impoundments for all small watersheds.
3. Results
(a) Xingu basin land-use changes
Remote sensing analyses of the spatial distribution of pasture

and soya beans in the upper Xingu basin indicated that the

number of small watersheds dominated by agriculture

doubled over the past decade. Whereas in 2000 14 per cent

of watersheds outside protected areas had over half of their

area occupied by agriculture, by 2010 this number had

increased to 28 per cent. In 2001, the average watershed

had 25 per cent of its area occupied by agriculture, nearly

all of it in pasture. Cattle ranching continued to expand

throughout the upper Xingu and, by 2010, dominated

many of the watersheds south and east of the Xingu Indigen-

ous Park (figure 3a). By 2010, the average watershed had

40 per cent of its area occupied by agriculture, with over

15 per cent in soya beans and the remainder in pasture.

The areas of most rapid soya bean expansion were the water-

sheds close to the BR-163 highway in the western Xingu

and the municipality of Querência, to the east of the park

(figure 3b).

(b) Influence of land use on impoundments
Based on our ASTER classification, we estimated that there

were approximately 10 000 impoundments in the upper

Xingu basin as of 2007 (see the electronic supplementary

material, table S4). With few exceptions, all of these occurred

in headwater streams outside protected areas, averaging one

impoundment per 7.4 km of stream. In 2007, the concentration

of impoundments in pasture areas (0.14 km2) was twice as high

as that in soya bean areas (0.06 km2), whereas the concentration

in cerrado (0.05 km2) and forest (0.02 km2) areas was lower

than that in either agricultural land use (see the electronic sup-

plementary material, figure S1). A chi-squared test confirmed

that the distribution of impoundments was not independent

of land use ( p ¼ 0.001). Pasture areas and cropland areas

with a pasture legacy were more likely to have impound-

ments than all other land-use categories (see the electronic

supplementary material, table S4 for details).

(c) Correlates of stream temperature
The integration of remote sensing and field-based measure-

ments provided new insights into the relationships between

landscape management and catchment-scale stream tempera-

ture. In general, water temperature in reference (forested)

watersheds was cooler and less variable than that in agricul-

tural watersheds (figure 4). During the 16 months of

sampling, the mean daily maximum temperature in forested

streams (25.8 + 0.038C, mean + s.e., n ¼ 486) was more than

http://rstb.royalsocietypublishing.org/
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48C cooler than pasture (30.1 + 0.18C, mean + s.e., n ¼ 486)

and 38C cooler than soya bean (29.0 + 0.058C, mean + s.e.,

n ¼ 486) streams (figure 4b). Streams in forested watersheds

were relatively buffered against extreme temperatures com-

pared with those in agricultural watersheds. This buffering

capacity is illustrated by the fact that stream temperatu-

res in pasture watersheds frequently exceeded 308C during

the hottest part of the day and reached a daily maximum

between 358C and 368C on several occasions, whereas forested

streams had an absolute maximum of 278C during the entire

time series. A comparison of long-term data in soya bean

and forest watersheds indicated that stream temperature was

highly seasonal and followed a sinusoidal pattern, with

higher temperatures during the peak of the rainy season

(austral summer) and lower temperatures during the dry
season. This pattern mirrored seasonal variations in air

temperature, and differences among forested and soya bean

watersheds were consistent across years (see the electronic

supplementary material, figure S2).

Although soya bean and pasture catchments were both

associated with warmer streamwater temperatures, they

exhibited different patterns in management-related covariates

(see the electronic supplementary material, table S1). We

developed linear mixed models (see the electronic sup-

plementary material, table S2) to understand the relative

importance of each predictor, while controlling for envi-

ronmental variables (rainfall, air temperature and light).

Upstream riparian forests and impoundment density were

the most important predictors (see the electronic supplemen-

tary material, figure S3), jointly accounting for 43 per cent of

http://rstb.royalsocietypublishing.org/
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the variation in stream temperature, followed by air tempera-

ture, which accounted for 13 per cent of the variation (see the

electronic supplementary material, figure S5). Riparian for-

ests showed a significant interaction with air temperature

( p , 0.001), with the former having a strong cooling effect

and the latter having a strong warming effect. The interaction

parameter indicated that (at average stream temperatures)

each additional unit of riparian forest resulted in a 17.5 per

cent reduction in the warming effect of air temperature, sup-

porting the notion that riparian forests serve an important

buffering function.

Direct measurements of temperature upstream and

downstream of impoundments indicated that they had a pro-

nounced warming effect. Both mean and upper quantile

temperatures downstream of the impoundments were signifi-

cantly warmer than temperatures upstream (ANOVA, p ,

0.001; see the electronic supplementary material, figure S4a),

with a mean temperature increase of 1.7+ 0.398C (mean+ s.e.,

n¼ 6). Results from the transect below one of these impound-

ments indicated a linear pattern of recovery downstream,

as riparian shading and groundwater inputs brought the temp-

erature back towards equilibrium. The temperature had not

completely recovered to the baseline level 2.4 km downstream

of the impoundment (see the electronic supplementary material,

figure S4b).

(d) Managing stream temperature in
agricultural landscapes

To understand how land-use practices (i.e. stream impound-

ments and riparian buffers) might be managed to reduce the

impacts of agricultural production on small streams, we com-

bined the impoundment map with field measurements of

temperature recovery and estimated the proportion of the

stream network altered by impoundment-induced warming.

Based on the downstream temperature transect, we estimated

a cooling rate of 0.6 + 0.088C km21 (mean + s.e., n ¼ 9).

Given this cooling rate and the mean change in temperature

(DT ) below impoundments, the average recovery distance

would be 2.74 km downstream of the outlet. Assuming that

these measured relationships were representative of the aver-

age impoundment, we estimated that 37 per cent (27 380 km)

of the stream network outside protected areas was potentially
under the thermal influence of impoundments in 2007. Includ-

ing the average stream length occupied by the impoundments

themselves (approx. 0.6 km) would increase this estimate to

45 per cent.

Scaling up these results to the Xingu landscape, we exam-

ined the potential for management of riparian forest cover

to reduce land-use-related stream warming. To do this,

we assumed that existing impoundments and agricultural

lands were constant in the landscape and considered several

scenarios of riparian forest conservation. As riparian forest

conservation decreased from 100 to 0 per cent, the predicted

DT—expressed as the deviation from a hypothetical reference

scenario with no impoundments and 100 per cent riparian

forest conservation—increased and the relative importance

of existing impoundments as a driver of stream warming

decreased (figure 5). Note that these scenarios project

changes in mean upper quantile temperature and do not

address diel or seasonal variability. Under the conservation

scenario (100% riparian forest conservation), the mean DT
in watersheds outside protected areas was 0.38C + 0.028C
(95% CI) and 1 per cent of watersheds had a DT . 28C.

Under the scenario with 50 per cent riparian forest conserva-

tion, the mean DT was 0.98C + 0.038C (95% CI) and 8 per

cent of watersheds outside protected areas had a DT . 28C.

Under the scenario with no riparian forest conservation, the

mean DT was 1.58C + 0.048C (95% CI) and 62 per cent of

watersheds outside protected areas had a DT . 28C.
4. Discussion and conclusions
Global demand for agricultural products is expected to

increase by as much as 70 per cent by 2050 [46], and tropical

regions are the only remaining areas with land available to

meet these demands [47]. Although socially and economi-

cally important, the expansion of industrial agriculture in

the tropics involves a number of potential trade-offs [48],

including the fragmentation and degradation of freshwater

ecosystems and associated changes in stream temperature.

Meeting growing food demands while minimizing the

negative impacts of agricultural expansion will be one of

the greatest challenges of the coming decades. Achieving it

will require thoughtful landscape-scale management of

http://rstb.royalsocietypublishing.org/
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Figure 5. Predicted increases in mean daytime stream temperature (upper quantile) under different management scenarios. Temperature was calculated for each
watershed [39] in the upper Xingu basin, and is expressed as the deviation from a hypothetical reference scenario that assumed no impoundments and 100 per cent
riparian forest (RF) conservation. All three scenarios used the impoundment density (2007) and land use (2010) maps derived from this study. Riparian forest buffers
were modelled as (a) 100%, (b) 50% and (c) 0% conserved within agricultural areas.

rstb.royalsocietypublishing.org
PhilTransR

SocB
368:20120153

7

 on May 17, 2013rstb.royalsocietypublishing.orgDownloaded from 
agricultural lands and the development of region-specific miti-

gation strategies based on solid science. This study documents

the extent to which agricultural expansion may be contributing

to increased stream temperatures in southeastern Amazonia

and expands our understanding of how to manage these

impacts in this and other agricultural frontiers.

Despite recent reductions in deforestation in the southern

Amazon, soya beans and cattle ranching are expanding

and intensifying rapidly in the Xingu [10]. Within the past

decade, small watersheds outside protected areas have

seen a steady decline in forest cover and a proportional

increase in agricultural land uses (figure 3). In addition to

deforestation, cattle pastures are strongly associated with

the installation of impoundments to provide drinking water

for cattle. Previous research suggests that ranching is also

associated with degradation of riparian areas, due both to

direct effects of grazing and encroachment of pasture grasses

into the stream channel [1]. Our impoundment analysis

suggests that the fingerprint of this pasture legacy may be evi-

dent even after conversion to soya beans (see the electronic

supplementary material, table S4 and figure S1). Furthermore,

it appears that many impoundments are a by-product of the

growing network of roads in the region, which may explain

their presence in areas of natural vegetation, as well as those

converted directly to soya beans.

Although little is known about the thermal tolerances of

fish in this region, studies in other regions indicate that

stream temperature increases on the order of 18C—well

below those reported here—can directly affect fish physiology,

growth and behaviour [21,23,24]. At the catchment scale, our

results indicate that land management can play an important

role in mitigating these impacts by reducing land-use-related

increases in stream temperature. The amount of forest cover

in upstream riparian buffers is a key predictor of stream temp-

erature, suggesting that the conservation and restoration of

riparian buffers can help maintain stream habitats in agricul-

tural landscapes. In this regard, temperature can serve as a

simple and relatively inexpensive measure of the long-term

impact of these efforts on the ground. The presence of instream

impoundments also had a measurable impact on downstream
temperature and, given the density of impoundments in the

landscape, is likely to be an important factor in the overall

integrity of the stream network. Although our sample locations

captured a wide range in the variation of riparian forest cover,

they were largely dominated by a single land use. Future

research efforts could expand on this work by including a gra-

dient of land-use/cover configurations that would lend more

insights into the thresholds beyond which declines in stream

integrity become evident.

At the landscape scale, our results confirm the importance

of riparian buffers for mitigating the thermal impacts of land

use and thereby buffering streams against land-use-related

degradation. The Brazilian Forest Code requires the conserva-

tion of 30 m forest buffers around small streams (less than

10 m wide) and even wider buffers around springs and

impoundments. Historically, compliance with these require-

ments has been low due to a combination of unclear land

tenure, lack of capacity for monitoring and enforcement,

and poor dissemination of the requirements to landholders.

Recently, state and federal governments have made much

progress in clarifying land tenure, educating landowners and

improving enforcement through satellite-based monitoring

and environmental licensing [49]. Extension activities through

non-profit organizations and government programmes have

raised awareness and built capacity for restoration of riparian

areas in the region, although restoration is often challenging

owing to high labour costs, a scarcity of native seedlings and

low survival rates in areas with aggressive pasture grasses.

Recent changes in Brazilian environmental legislation (fina-

lized in late 2012) reduced the width requirements for

riparian buffer restoration on small properties (less than

1000 ha on average), but maintained requirements for conser-

vation of (existing) 30 m buffers on all properties. Our results

do not address the potential consequences of these changes,

both because of the limited (30 m) resolution of the satellite

datasets used and because of a lack of empirical research into

the ecological implications of different buffer widths.

Finally, this study highlights impoundments as a pervasive

and previously undocumented threat to the headwaters of the

Xingu. These water bodies are installed in an ad hoc manner in

http://rstb.royalsocietypublishing.org/
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the landscape, primarily as a result of conversion for pasture

and expansion of the road network. At least one impoundment

is present in nearly all first- and second-order streams in

agricultural watersheds in the Xingu basin and each is associ-

ated with measurable increases in stream temperature. Our

landscape-scale analysis suggests that these impoundments

may have a large cumulative impact on headwater streams

by altering the thermal regimes, hydrology and connectivity

of stream networks. This is of particular concern in the Xingu

basin, where these changes to the headwaters have the

potential to influence downstream water quality and fisheries

within the Xingu Indigenous Park. While the existing

impoundments cannot be easily removed, there has been con-

siderable effort to disseminate sound management practices

(e.g. fencing cattle out of riparian areas or installing artificial

watering holes far from the riparian zone), which could
reduce the need for additional impoundments. Mitigating

the impacts of future agricultural expansion and intensification

on stream quality would require expanding these efforts

and limiting the number of impoundments in emerging

agricultural landscapes.
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southeastern Amazônia. Gainesville, FL:
University of Florida.

42. Schielzeth H. 2010 Simple means to improve the
interpretability of regression coefficients. Methods
Ecol. Evol. 1, 103 – 113. (doi:10.1111/j.2041-210X.
2010.00012.x)
43. Gelman A, Hill J. 2007 Data analysis using regression
and multilevel/hierarchical models. Cambridge, UK:
Cambridge University Press.

44. Fan Y, van den Dool H. 2008 A global monthly land
surface air temperature analysis for 1948 – present.
J. Geophys. Res. 113, D01103. (doi:10.1029/
2007jd008470)

45. Huffman GJ et al. 2007 The TRMM multi-satellite
precipitation analysis: quasi-global, multi-year,
combined-sensor precipitation estimates at fine scale.
J. Hydrometeor. 8, 38 – 55. (doi:10.1175/JHM560.1)

46. Bruinsma J. 2009 The resource outlook to 2050. By
how much do land, water use and crop yields need
to increase by 2050? Expert Meeting on How to Feed
the World in 2050; June 24. Rome, Italy: Food and
Agriculture Organization of the United Nations
Economic and Social Development Department.

47. DeFries R, Rosenzweig C. 2010 Toward a whole-
landscape approach for sustainable land use in the
tropics. Proc. Natl Acad. Sci. USA 107, 19627 –
19632. (doi:10.1073/pnas.1011163107)

48. Foley JA et al. 2011 Solutions for a cultivated planet.
Nature 478, 337 – 342. (10.1038/nature10452)

49. Azevedo AA. 2009 Legitimating unsustainability?
Analysis of the environmental licensing system for
rural properties - SLAPR (Mato Grosso). Brası́lia,
Brazil: University of Brası́lia.

http://dx.doi.org/10.1111/j.1752-1688.1985.tb05351.x
http://dx.doi.org/10.1111/j.1752-1688.1985.tb05351.x
http://dx.doi.org/10.1111/j.1365-2427.2008.02092.x
http://dx.doi.org/10.1111/j.1365-2427.2008.02092.x
http://dx.doi.org/10.1890/03-5306
http://dx.doi.org/10.1890/100125
http://dx.doi.org/10.1126/science.1151716
http://dx.doi.org/10.1002/joc.1276
http://dx.doi.org/10.1080/01431160600835861
http://dx.doi.org/10.1080/01431160600835861
http://www.ana.gov.br/bibliotecavirtual/solicitacaoBaseDados.asp
http://www.ana.gov.br/bibliotecavirtual/solicitacaoBaseDados.asp
http://www.ana.gov.br/bibliotecavirtual/solicitacaoBaseDados.asp
http://dx.doi.org/10.1023/A:1010933404324
http://dx.doi.org/10.1111/j.2041-210X.2010.00012.x
http://dx.doi.org/10.1111/j.2041-210X.2010.00012.x
http://dx.doi.org/10.1029/2007jd008470
http://dx.doi.org/10.1029/2007jd008470
http://dx.doi.org/10.1175/JHM560.1
http://dx.doi.org/10.1073/pnas.1011163107
http://dx.doi.org/10.1038/nature10452
http://rstb.royalsocietypublishing.org/

	Land-use-driven stream warming in southeastern Amazonia
	Introduction
	Stream thermal regimes
	Riparian forest buffers
	Small impoundments

	Material and methods
	Study area and general approach
	Remote sensing of land-use dynamics
	Field measurements of stream temperature
	Predictors of stream temperature
	Landscape-scale temperature modelling

	Results
	Xingu basin land-use changes
	Influence of land use on impoundments
	Correlates of stream temperature
	Managing stream temperature in agricultural landscapes

	Discussion and conclusions
	We thank E. Davidson, P. Lefebvre, M. Fagan and two anonymous reviewers for helpful comments on earlier drafts of this manuscript. This work was supported by a National Aeronautics and Space Administration (NASA) Earth and Space Science Fellowship (NNX08AX08H) and grants from the Gordon and Betty Moore Foundation, the National Science Foundation (DEB0949996, DEB0743703, DEB0949370), the Packard Foundation and Brazilian Council for Scientific and Technological Development (CNPq). The Amazon Environmental Research Institute (IPAM) provided indispensable support for field data collection. We also thank Grupo A. Maggi, Grupo Roncador, José Marcolini e Outros and Fazendas Gabriela S/A for graciously providing access to their properties
	References


