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The expansion and intensification of soya bean agriculture in southeastern

Amazonia can alter watershed hydrology and biogeochemistry by changing

the land cover, water balance and nutrient inputs. Several new insights on

the responses of watershed hydrology and biogeochemistry to deforestation

in Mato Grosso have emerged from recent intensive field campaigns in this

region. Because of reduced evapotranspiration, total water export increases

threefold to fourfold in soya bean watersheds compared with forest. However,

the deep and highly permeable soils on the broad plateaus on which much of

the soya bean cultivation has expanded buffer small soya bean watersheds

against increased stormflows. Concentrations of nitrate and phosphate do

not differ between forest or soya bean watersheds because fixation of phos-

phorus fertilizer by iron and aluminium oxides and anion exchange of

nitrate in deep soils restrict nutrient movement. Despite resistance to biogeo-

chemical change, streams in soya bean watersheds have higher temperatures

caused by impoundments and reduction of bordering riparian forest. In

larger rivers, increased water flow, current velocities and sediment flux follow-

ing deforestation can reshape stream morphology, suggesting that cumulative

impacts of deforestation in small watersheds will occur at larger scales.
1. Introduction
The expansion of agricultural land and the intensification of agricultural pro-

duction are among the most profound of human alterations of the Earth’s

environment. Global production of cereal crops has doubled since 1960, and

agriculture now provides food for more than seven billion people, largely

because of increases in yield achieved through increased applications of

water, fertilizer, pesticides and new crop strains [1,2]. Globalization and

rising incomes worldwide have created soaring demands for energy, meat,

animal feeds and other agricultural products and have increased the demand

for more intensive farming on existing lands and for more total agricultural

area. The growing demand for food and the availability of new arable land

in the tropics have now pushed intensive cropland farming deep into the

rural lands of many tropical countries that are the Earth’s last frontier for

agricultural expansion [3].

The expansion and intensification of tropical agriculture threatens the ser-

vices provided by native ecosystems. Structuring agricultural production to
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Figure 1. The Brazilian state of Mato Grosso showing the extent of soya bean
agriculture in 2001 and 2010 and the location of Tanguro Ranch. Soya bean
areas were calculated using methodology in [34].
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meet human demands for food while maintaining ecosystem

functions and minimizing environmental impacts are one

of humanity’s great challenges [4]. Meeting this challenge

requires a better understanding of the environmental impacts

of cropland expansion and intensification in the tropics, the

vulnerability or resilience of the tropical landscapes where

croplands are expanding, and how environmental conse-

quences can be predicted from environmental variables such

as soils and climate.

The impacts of agriculture on hydrology and biogeo-

chemistry fall in three main areas: (i) alterations of water

budgets and streamflows, (ii) changes to nutrient movement

in soils and delivery to surface waters that degrade water

quality and (iii) changes to stream habitats and stream

biota. There is widespread evidence that the removal of

forest cover preceding cropland expansion shifts water bal-

ances by reducing evapotranspiration and increasing stream

runoff [5,6]. How clearing and post-clearing agricultural

land use influences streamflow dynamics is more variable

and depends on the infiltrability and hydraulic conductivity

of soils [7], and the extent to which agricultural practices

cause compaction of surface and subsurface soils [8]. In

regions with predominantly vertical water flow pathways,

groundwater-driven baseflows predominate in streams,

and stormflows contribute only a small percentage (less

than 5%) of total streamflow [9–11]. By contrast, regions

in which soil infiltrability and hydraulic conductivity are

lower and exceeded by intense rainfalls, overland flows

or subsurface lateral flows develop and produce a much

higher percentage (up to greater than 50%) of total stream-

flow in quick stormflows [5]. The effects of land clearing on

stream baseflows, particularly during the dry season, are

less clear and probably depend on the extent of distribution

of rainfall and its intensity and the extent to which quickflows

develop [6].

Intensive cropland agriculture is associated with increa-

sed delivery of nitrogen (N) and phosphorus (P) to surface

waters and the development of eutrophic conditions in

many regions around the world [12–16]. While these associ-

ations are well established in temperate landscapes, much

less is known about how intensive agriculture will influence

water quality in tropical regions. Waters in tropical regions

may be particularly sensitive to increases in N fertilizer appli-

cation, because many tropical soils cycle large amounts of

N and contain high concentrations of nitrate in soil solution

[17–19]. Thus, they have been predicted to leak large

amounts of N to surface waters with increasing rates of N

application [20]. Large losses of N have been reported from

semi-tropical intensive croplands [21]. Nitrogen-fixing soya

beans, which are expanding rapidly in tropical regions,

may contribute a substantial but currently poorly known

amount of new N to croplands [22]. In addition, double-

cropping of soya beans with corn, with higher N application

rates, is replacing single cropping of soya beans over large

areas, particularly in the Amazon [23].

Removal of riparian vegetation can degrade stream habitat

structure [24,25] and alter stream biota [26–28]. It can also raise

streamwater temperatures [26–28], an effect that is amplified

when conversion is accompanied by the construction of water

impoundments [29]. Riparian buffers designed to mitigate

effects of agriculture on streams are mandated in some tropical

countries, but many, such as those provided by the Brazilian

Forest Code, often come under political pressure [30,31].
Brazil’s Amazon region contains the Earth’s largest

remaining tropical forest, and it is the location of the largest

absolute extent of forest clearing each year [3]. For many dec-

ades, cattle pasture was the predominant fate of cleared forest

in Brazil’s Amazon region. In the early 2000s, the nature of

agriculture that replaced tropical forest along a wide swathe

of the Amazon’s southern boundary shifted from cattle pasture

to soya bean cropland [32]. During this time, Amazon soya

bean production became a global industry and Brazil is now

the world’s second-largest soya bean exporter after the USA

[33]. Much expansion of soya beans in the Amazon has

occurred in the state of Mato Grosso [32,34] and has been con-

centrated in areas of low relief covered by highly weathered,

acidic soils that are highly deficient in P [35]. Recently, soya

bean cultivation has intensified and double-cropping of soya

beans, mostly with corn, increased from 35 to 65 per cent

of Mato Grosso’s cropland between 2001 and 2010 [36]. Several

general analyses of both the scope of potential environmental

impacts [37] and opportunities for impact management [38]

in the Amazon soya bean region have been made. But

there have been few studies that examine ecosystem-scale

changes of this ongoing conversion and offer insights into its

environmental impacts or sustainability.

In this article, we synthesize results from field studies of

multiple headwater streams in watersheds with either forest

or soya bean land use to identify ways in which soya bean farm-

ing can affect local and regional watersheds. We also report

the ways in which soya bean farming in southern Amazonia

is likely to be resilient to changes from cropland expansion.

We examine these changes in three main areas: water budgets

and streamflows, nutrient movement and water quality and

stream habitats.
2. Study area
This study was conducted at Tanguro Ranch in eastern Mato

Grosso, Brazil (figure 1). Tanguro Ranch lies in a region of

high land conversion rates and is representative in terms
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Figure 3. (a) Percent baseflow and (b) annual water yield in three forest
watersheds and four soya bean watersheds at Tanguro Ranch. Bars are
meansþ s.e. Symbols are individual watersheds. Data from [42].
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Figure 2. Surface soil infiltrability in forest and soya beans. Horizontal bar is
the median of 25 measurements in three separate 1 ha forest and soya bean
plots. Shaded area is the 95% CI. Horizontal bar is the data range. The
dashed line is the 5-min maximum intensity based on 1 year of rainfall
data collected at Tanguro Ranch. Dot is a single outlier. Data from [41].
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of physical and climate environment of the areas on which

soya beans are expanding. Roughly half of the farm’s

80 000 ha were cleared from forest for cattle pasture in the

early 1980s and converted to soya beans between 2003 and

2008. More than 50 small impoundments created to provide

water for cattle in the dry season remain as a legacy of

former pasture use. Tanguro Ranch lies in an area of low

relief on the Brazilian Shield on Precambrian gneisses of the

Xingu Complex [39]. The dominant soils of this large region

are very deep (greater than 10 m), acidic (pH of native

forest soil ¼ 3.9) Oxisols (Haplustox), with a sandy clay tex-

ture (mean 43% clay) [39,40]. Mean annual rainfall derived

from Tropical Rainfall Measuring Mission data is 1770 mm

for the period 2000–2011. There is a dry season from May

to September in which little rain falls. During the period of

study, fields were single-cropped with soya beans and were

left fallow with little green vegetation during the dry

season. Tanguro Ranch applies 50 kg P yr21 as rock phos-

phate [35] but no N to single-cropped soya beans. After

2010, an additional approximately 60 kg N yr21 as urea and

ammonium sulfate was applied to some fields where soya

beans were double-cropped with corn (T. Ranch, personal

communication).
3. Results and discussion
(a) Water balance and streamflows
The surface infiltrability and subsurface hydraulic conduc-

tivity of forest soils at Tanguro Ranch are high [41]. Soil

infiltrability and hydraulic conductivity decrease by more

than half in soya bean fields but remains sufficiently high

to make the generation of Horton overland flow (surface

flow derived from rainfall rate in excess of soil surface infil-

tration rate) extremely rare (figure 2). Lower hydraulic

conductivity in the deeper soil layers of soya bean fields com-

pared with forests increases the possibility of subsurface

stormflows, but these also occur rarely [41]. These properties

create a landscape that is resistant to rill erosion in cultivated

fields. Field management in the region reflects the absence of

erosion-generating overland flows under the current
distribution of rainfall intensities. For example, at Tanguro

Ranch earthen berms that were constructed at the initiation

of soya bean farming in the mid-2000s to prevent erosion

were removed in 2011, because they were found to be

unnecessary and impeded equipment movement. We

measured infiltration 4 years after pastures were converted

to soya bean fields. While fields are managed with no-till

practices that should reduce soil degradation, the long-term

effects of soya bean cultivation on soil infiltrability and

hydraulic conductivity are not known. There is still wide-

spread potential for soil erosion from roadsides and other

point sources, but these effects have not been quantified.

The flow regimes in streams in small watersheds reflect

both the soil characteristics and land cover changes. The

high infiltrability and permeability of the terrestrial land sur-

face results in total water export being dominated by

baseflow in forest and soya bean watersheds [42] (figure 3).

The proportion of baseflow (greater than 95%) is similar in

both environments and changes by less than a factor of two

between wet and dry season. The lower leaf area, rooting

depth and shorter growing season of soya bean compared

with forest decreases evapotranspiration and increases

streamflow. Evaluation of monthly mean evapotranspiration

data available from the MODIS MOD16 product [43] for

Tanguro Ranch shows a 30 per cent reduction in annual

mean evapotranspiration in soya bean compared with forest

(approx. 1 mm d21 decrease; M. T. Coe 2013, unpublished

data). The greatest difference in evapotranspiration occurs

in the dry season when the soya bean fields are fallow,

while peak values during the wet season are comparable in

forest and soya bean (M. T. Coe 2013, unpublished data).

As a result, there is greater soil moisture through the soil pro-

file in soya bean fields compared with forest (figure 4) and the
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total streamwater export is threefold to fourfold greater from

soya bean watersheds [42]. Because increased total runoff

of water arrives to small streams nearly exclusively by infiltra-

tion into the soil and subsequent lateral transport through

the groundwater, increased water delivery to the streams is

spread out over time and increased flows are not accompanied

by significant stream channel restructuring. Increased water

delivery to small streams appears to be accompanied by

increased riparian groundwater levels and increased wetting

of near-stream hillslopes (C. Neill 2012, personal observation),

though this has not been quantified.
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Figure 5. (a) Extractable nitrate and (b) extractable (Melich) P in forest (solid
circles) and soya bean (open circles) soil profiles at Tanguro Ranch. Nitrate data
are unpublished from A. M. Figueira. Phosphorus data are from [44].
(b) Nutrient movement and water quality
Soils of soya bean fields retain large amounts of added ferti-

lizer P in surface horizons. Plant-available P in surface soils of

soya bean fields exceeds that in the original forest, but there is

no evidence that this P moves below 20 cm depth after 1–6

years of soya bean cultivation (figure 5). The well-known

mechanism for this retention is the high iron and aluminium

oxides content of Oxisols that imparts a high capacity for

binding fertilizer P into forms that are not immediately avail-

able for uptake by plants [45]. This rapid P fixation causes

these Oxisols to require higher amounts of P fertilizer than

non-P-binding soils to attain equivalent soya bean yields [35].

The combination of very deep soils (often exceeding 10 m),

nearly exclusively vertical hydrological flowpaths and high P

binding creates a landscape in which the potential for leaching

of P from soya bean fields into groundwater and into streams is

relatively low.

Nitrogen is generally more mobile than P, and inorganic

N in the form of nitrate moves readily through soils and

groundwaters into the surface waters in many intensively

farmed regions [15]. Concentrations of soil extractable nitrate

are higher in the deep soils of forest than soya bean water-

sheds (figure 5). This suggests the presence of soil anion

exchange capacity that could retard downward nitrate leach-

ing [46] and act as a brake on N losses at the watershed scale

[47]. Nitrate concentrations at depth increase in soya bean

fields (figure 5), indicating that soils could have significant

capacity to retain N that is fixed by the soya bean crop.

Soya bean rates of N fixation have not been quantified

directly at Tanguro Ranch but have been estimated at up to

170 kg N ha21 under similar cropping systems [48].

There is no evidence to date that phosphate and nitrate move

from soils into groundwater under the current practices at

Tanguro Ranch. Concentrations of phosphate in groundwater

and streams are low and similar between forest and soya bean

watersheds (table 1). Concentrations of nitrate in groundwater

and streams are variable and slightly higher in soya bean water-

sheds (table 1), but none of the differences in nitrate, phosphate
or total suspended solids between land uses were significant.

However, similar concentrations combined with greater water

export lead to greater watershed nitrate and phosphate export

from soya bean compared with forest watersheds.

Several factors could influence the streamwater quality both

now and in the future. The large capacity of soils to adsorb P

would appear to buffer groundwater and streamwater from

changes to phosphate concentrations for many decades

[35,45] in the absence of erosion. However, the extent of erosion

is not known in the region, nor is it known if the stream hydro-

logic regimes and the potential for erosion will increase in the

future if cultivation over many years leads to increased soil

compaction. The magnitude of any buffering of ground- and

streamwater against increases in nitrate concentration by soil

anion exchange is also unknown. The long-term capacity of

soils to continue to adsorb N is also unknown. Double-cropping
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Table 1. Mean nitrate, phosphate and total suspended solids (TSS) in groundwater and streamwater in three forest and four soya bean watersheds at Tanguro
Ranch (+ s.e.) [48]. Mean concentrations in each land use were derived from mean concentrations from multiple measurements in each watershed.
Groundwater sample sizes were: forest (8, 6 and 4) and soya bean (6, 6, 3 and 12). Streamwater sample sizes were: forest (112, 65 and 14) and soya bean
(141, 86, 15 and 76). None of the differences between land uses were significant.

groundwater streamwater

forest (n 5 3) soya beans (n 5 4) forest (n 5 3) soya beans (n 5 4)

NO3
2 (mM) 5.6 + 3.9 14.0 + 6.5 8.6 + 5.5 12.9 + 8.0

PO4
2 (mM) 0.4 + 0.2 0.5 + 0.2 1.2 + 0.7 0.8 + 0.3

TSS (mg l21) — — 12.8 + 1.6 9.6 + 1.3

rstb.royalsocietypublishing.org
PhilTransR

SocB
368:20120425

5

with N fertilizer is very recent at Tanguro Ranch and the

approximately 60 kg N ha21 yr21 applied to double-cropped

soya beans and corn is low compared with more than

150 kg N ha21 yr21 applied to intensive row crops in many

other places in the world [49]. The effect on stream nitrate

concentrations of longer periods of N fertilizer use or higher fer-

tilization rates are unknown. Currently, forested riparian zones

play little role in buffering streamwater against increased nitrate

concentrations either in forest or in soya bean watersheds,

because groundwater arrives at streams already low in nitrate

concentration (table 1). This role could change in the future if

greater use of N fertilizer exceeds soil nitrate adsorption

capacity and groundwater nitrate concentrations increase, and

the extent to which forested buffers could intercept increased

groundwater nitrate is not known.

The results described here are derived from Tanguro

Ranch, which represents a small portion of the southern

Amazon cropland frontier region. However, the red-yellow

latosols that occur at Tanguro Ranch are typical of a large

portion of this Mato Grosso and cover 262 000 km2 with rela-

tively similar topography [50]. While no similar information

exists from other locations in this region, to the extent that

soils and topography exert strong controls on watershed

hydrology and biogeochemistry, these results may be

applicable over wide areas.

(c) Stream habitat quality
In contrast to the current high degree of buffering against bio-

geochemical changes, stream temperature is modified by

soya bean cropland in the watershed. The temperature of

streamwater is 28C–68C higher in soya bean than forest

watersheds and varies more both diurnally and seasonally

than in forest watersheds (figure 6). This temperature effect
is caused both by the presence of small impoundments and

by loss of riparian forest cover. These changes are wide-

spread, and impoundment-induced warming alone is

estimated to affect 45 per cent of the stream network in the

upper Xingu watershed [29]. While temperature is only one

aspect of stream habitat, it is a particularly important one

because higher temperature affects the development time,

growth rates and energetic requirements of aquatic organisms

[51,52]. Recent research on ectotherms has found that species

living in stable warm climates have narrow thermal tolerances

and live in climates that are closer to their physiological

limits, thus tropical stream-dwelling animals may be dispropor-

tionally vulnerable to the metabolic effects of small increases in

temperature [53]. An additional impact is the higher energy

demands associated with higher current velocities caused by

higher discharge [54,55]. The direct metabolic effects of increas-

ing temperatures combined with higher energy expenditures

for swimming may exceed food availability and lead to declin-

ing productivity. Although not widely studied in tropical

streams, the loss or deterioration of streamside riparian forest

buffers and higher stream temperatures may also be associa-

ted with changes to macroinvertebrate communities and

degradation of channel habitats [25,56].

(d) Effects at larger scales
Observations in the southern Amazon region now link defor-

estation and agriculture land use to changes in the hydrology

of large river networks. During the last 40 years, deforesta-

tion has been accompanied by greater discharge in the

Tocantins [57] and Araguaia [58] rivers. In the Aruaguaia

River, greater discharge increased sediment flux in the

main river channel 31 per cent between the 1970s and 2000

[59]. This has caused accumulation of sediments in side
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channels, accretion of lateral sand bars and a 30 per cent

reduction in the number of small islands [59]. Compared

with the 1960s, the river now has a larger central corridor

to accommodate the increased bedload [58]. These responses

are consistent with hydrological and hydromorphic changes

induced by deforestation and conversion to agriculture in

other locations [60,61]. Almost nothing is known about sedi-

ment or solute concentrations in the wide range of smaller to

medium-sized rivers between the scale of small streams at

Tanguro Ranch and the Araguaia and Tocantins rivers.
 g
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4. Conclusions
Deep, permeable soils, coupled with a high capacity to fix P

and potential to retain N deep in the soil profile, buffer head-

water watersheds at Tanguro Ranch against changes to surface

runoff, stream stormflows and stream solute and sediment

concentrations. By contrast, headwater streams are vulnerable

to changes in temperature caused by loss of riparian forest
cover and the presence of small impoundments in most

headwater watersheds. Increased discharge from headwater

watersheds causes little erosion or sediment transport in

small streams but leads to extensive sediment transport and

sediment infilling in larger river basins. This suggests that

many of the most important impacts of expanding soya bean

cultivation caused by changes to water balance and sediment

transport will occur at larger scales in river networks.
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