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Regional Differences in Phosphorus
Budgets in Intensive Soybean
Agriculture

SHELBY H. RISKIN, STEPHEN PORDER, MEAGAN E. SCHIPANSKI, ELENA M. BENNETT, AND CHRISTOPHER NEILL

Fertilizer-intensive agriculture has been integral to increasing food production over the past half century but has been accompanied by environ-
mental costs. We use case studies of phosphorus fertilizer use in the world’s most productive soybean-growing regions, lowa (United States), Mato
Grosso (Brazil), and Buenos Aires (Argentina), to examine influences of management and soil type on agriculture’s most prevalent phosphorus-
related environmental consequences: eutrophication and consumption of Earth’s finite phosphorus reserves. With increasing phosphorus inputs,
achieving high yields on tropical soils with high phosphorus-binding capacity is becoming more common. This system has low eutrophication
risks but increases demands on phosphorus supplies. In contrast, production in traditional breadbaskets, on soils with lower phosphorus-binding
capacities, is being sustained with decreasing phosphorus inputs. However, in these regions, historical overuse of phosphorus may mean continued
eutrophication risk even as pressures on phosphorus reserves diminish. We focus here on soybean production but illustrate how achieving sustain-

able agriculture involves an intricate optimization of local, regional, and global considerations.

Keywords: phosphorus, fertilizer, soybean, agriculture, environment

Intensive inputs of fertilizer to large-scale, single-crop
agriculture have enabled food production to increase to
more than double in the past 40 years (Tilman et al. 2001,
FAO 2009) and have played a central role in allowing global
crop production to keep pace with the world’s increasing
demands for food, fiber, biofuels, and feed. However, high-
input agriculture comes with environmental costs, including
the eutrophication of surface waters, increased emissions of
greenhouse gas, and reductions in air quality. For example,
throughout intensively farmed regions of North America
(Turner and Rabalais 2003, Jacobson et al. 2011), Europe
(Billen et al. 2007), and eastern China (Daoji and Daler
2004), water quality declines associated with eutrophication
are common. However, the environmental costs of inten-
sively managed agriculture are not monolithic and vary in
different biophysical settings, even where the same crops are
grown and the same yields are achieved. In order to assess
the relative costs and benefits of intensive agriculture, soci-
ety must weigh both local and global environmental conse-
quences and assess their relative importance.

To illustrate this point, we present a case study of phos-
phorus application and losses in intensive soybean agriculture
across three states in the world’s most important soybean
growing regions: lowa (in the United States), Mato Grosso
(in Brazil) and the Province of Buenos Aires (in Argentina).
Soybeans are the world’s most important source of protein
feed and are the second largest source of vegetable oil (USDA

2010a). Over the last 40 years, global oil-crop production, of
which soybeans make up about 60%, has quadrupled (USDA
2011). The United States, Brazil, and Argentina together pro-
duce 80% of the global soybean crop (http://quickstats.nass.
usda.gov). The three states we focus on here make substantial
contributions to national soybean harvests and have very
similar crop yields (table 1), despite these crops occurring
on different soil types, with different levels of total soil phos-
phorus and soil phosphorus—binding capacity and despite
different historical and current management practices. We
focus here not on the differences in yield (which are small)
but on how the biophysical setting and management history
may influence two of the most pressing environmental con-
cerns associated with phosphorus fertilization: eutrophication
(Turner and Rabalais 2003, Rockstrom et al. 2009, Carpenter
and Bennett 2011) and the consumption of the Earth’s phos-
phorus supplies (Childers et al. 2011, Villalba et al. 2008).
The use of phosphorus in fertilizer presents a unique and
global environmental concern, because phosphorus is mined
from finite reserves (unlike nitrogen, which can be fixed
from the atmosphere), is without a substitute (unlike fossil
fuels), and is used almost exclusively for agriculture (Smil
2000). Phosphorus additions were critical for increasing
soybean yields, as they were for other crops, in the latter half
of the twentieth century (Tilman et al. 2001), and soybean
production accounts for 7% of annual global phosphorus
fertilizer consumption (Heffer 2009). Increased phosphorus
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Table 1. Comparison of soybean production systems in Iowa (United States), Mato Grosso (Brazil), and the Province of
Buenos Aires (Argentina) for the 2009-2010 growing season.

Area of planted Percentage of Percentage of  Percentage

Dominant soil soybeans (in millions location planted Yield (in tons the national of the world
Location orders of hectares) with soybeans per hectare) harvest harvest
lowa?® Mollisol, Alfisol 4.0 27 3.4 15 5.2
Mato Grosso®* Oxisol, Ultisol 5.8 6.5 3.1 30 6.9
Buenos Aires” Mollisol, Alfisol 5.7 18 3.0 32 6.5

“USDA 2011. °http://quickstats.nass.usda.gov.

FIBGE 2011. ‘www.siia.gov.ar/index.php/series-por-tema/agricultura.

application has led to widespread eutro-
phication of surface waters (Turner and
Rabalais 2003, Rockstrom et al. 2009,
Carpenter and Bennett 2011) and to
recent concerns over both the deple-
tion of finite global phosphorus reserves
and the geopolitical implications of the
concentration of those reserves in only a
handful of countries (Villalba et al. 2008,
Childers et al. 2011). At the same time,
underuse of phosphorus can reduce soil
fertility, potentially affecting future crop

Table 2. Total phosphorus concentrations (to <30 centimeter depth) and
phosphorus sorption capacity for the dominant soil orders in Iowa (United
States), Mato Grosso (Brazil), and Buenos Aires (Argentina).

Phosphorus concentration Phosphorus-sorption capacity

Sorption capacity

Soil Total (in parts  Standard (in milligrams per  Standard

order per million) error n kilogram of soil) error n
Mollisol 640 23 113 270 26 25
Alfisol 610 120 46 230 47 15
Ultisol 450 62 33 400 110 10
Oxisol 300 39 31 1020 240 11

yields and food production.

We expected that regional differences
in soil phosphorus availability would

Note: The data were collected from the literature (see the supplemental material for details,
available online at http://dx.doi.org/10.1525/bi0.2013.63.1.10).

influence phosphorus fertilization strate-
gies and the environmental implications
of phosphorus surpluses or deficits (i.e., the balance between
phosphorus inputs and phosphorus exported in crops). Soil
phosphorus availability is a function of not only the total con-
centration of phosphorus in soil but also the fraction of total
phosphorus readily available to plants. The total phosphorus
content in soil prior to agricultural management is related
to several factors, but on average, older soil or soil in humid
tropical climates tends to have both less total phosphorus and
a lower fraction of phosphorus in plant-available form com-
pared with younger soil in more temperate climates (Sanchez
1976, Walker and Syers 1976, Zhang et al. 2005). Iron and
aluminum oxides in strongly weathered soil types (generally,
Ultisols and Oxisols) have a high capacity for binding fertilizer
phosphorus in forms that are not immediately available for
uptake by plants, so these soil types require more phosphorus
fertilizer inputs to achieve yields similar to those in soil types
with a lower phosphorus-binding capacity (Sanchez 1976).
We used national- and state-level data on soil types,
fertilizer use, and crop yields to compare the environmen-
tal constraints on and the potential environmental conse-
quences of intensive agriculture in Iowa, Mato Grosso, and
the Province of Buenos Aires. Because each of these states
commonly rotates crops, we included the crops in rotation
with soybeans in our comparison. We looked at inputs and
outputs for soybeans and the most commonly rotated crops,
including corn in Iowa and Mato Grosso (Padgitt 1994,
Galford et al. 2010) and corn and wheat in Buenos Aires
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(see the supplemental material, available online at http://
dx.doi.org/10.1525/bi0.2013.63.1.10; Garcia 2001). Although
all three regions produce comparable soybean yields (table 1),
differences in soil phosphorus stocks and soil phosphorus-
binding capacity, as well as in land-use histories have led
to divergent strategies for current phosphorus fertilizer use
among the regions (table 2, figure 1).

Mato Grosso
Soil with high phosphorus-binding capacity underlies 35%
of the area in intensive agriculture in Mato Grosso (Ahamed
et al. 2006). To maintain high yields from these soil types,
phosphorus additions to soybean crops in Mato Grosso are
large, averaging 35 kilograms (kg) of phosphorus per hectare
(ha) per year (see the supplemental material). However, the
high phosphorus-binding capacity of soil reduces the risk
of leaching of this surplus phosphorus (Hansen et al. 2002).
Expansion of soybean production in Mato Grosso is a
relatively recent phenomenon. Although deforestation and
land clearing for agriculture in Mato Grosso was histori-
cally driven by slash-and-burn practices for cattle ranching
(Morton et al. 2006, Nepstad et al. 2006), the 1980s saw the
introduction of soybean varieties that thrive in the humid
Amazonian climate (Nepstad et al. 2006). Cropland is most
commonly single-cropped soybeans or double-cropped soy-
beans and corn (Galford et al. 2010). Including phosphorus
inputs to both corn and soybeans, the high phosphorus inputs
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Figure 1. Similar yields but different inputs produced
disparate phosphorus (P) balances (in kilograms of P

per hectare per year) for Mato Grosso, in Brazil; Iowa, in
the United States; and the Province of Buenos Aires, in
Argentina, between 1993 and 2009. P balances calculated
for land in soybean production and include all major
rotated crops for each region.

used to achieve high yields on Mato Grosso farms have added
approximately 31 kg of phosphorus per ha per year more than
they have removed over the past 15 years (figure 1; also see the
supplemental material). These phosphorus balances became
more positive with time, increasing between 1993 and 2009.
Both yields and fertilizer inputs increased (see the supple-
mental material). Despite this surplus, vertical phosphorus
leaching through the soil profile in these soils with high
phosphorus-binding capacity is unlikely (Hansen et al. 2002).
In addition to soil with high phosphorus-binding capacity,
the landscape is flat in much of the region; soil infiltration
is rapid; and overland flow is minimal, even during intense
storms, which reduces the risk of particulate phosphorus
loss through water erosion (Hayhoe et al. 2011). Given this
combination of characteristics, it is likely that that local risk
of eutrophication in this landscape is lower than might be
expected given the large phosphorus surpluses.

lowa

Soybean cultivation has a long history in Iowa, with the
first production records dating from 1924 (USDA 2011). In
stark contrast to Mato Grosso, lowa has no soils with high
phosphorus-binding capacity and is dominated by Mollisols
and Alfisols—generally fertile soil types with higher levels
of total and available phosphorus than the highly weathered
Oxisols and Ultisols (table 2). In Iowa, farmers applied an
average of 25 kg of phosphorus per ha per year to soybean
fields between 1982 and 2010 (USDA 2010b; also see the
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supplemental material). Much land area planted in soybean,
however, is not fertilized annually (Padgitt 1994, Dabekow
and Huang 2006). Instead, rotated crops (most commonly
corn) receive phosphorus fertilizer, and soybeans are planted
the following growing season with no additional inputs
(Padgitt 1994, Dabekow and Huang 2006). Manure inputs
are also important in Iowa (Ribaudo and Gollehon 2006).
Fields near livestock facilities often receive disproportionately
high phosphorus inputs compared with other fields (Whalen
and Chang 2001). Including the percentage of fields receiving
fertilizer, inputs to corn crops, and manure inputs, the area
in soybean cultivation received, on average, approximately
3 kg of phosphorus per ha per year more than was removed
between 1993 and 2009 (see the supplemental material).

In our balances, we do not consider spatial variability,
and there are undoubtedly areas with larger phosphorus
surpluses and others with phosphorus deficits. For example,
we would expect fields receiving disproportionately high
annual manure inputs to have accumulated larger phospho-
rus surpluses than would have fields in rotation with corn
that were treated only with inorganic phosphorus fertilizers
(Whalen and Chang 2001). In addition, the phosphorus bal-
ance in lowa for the area in soybean production decreased with
time between 1982 and 2009 (see the supplemental material).
In a recent analysis for the Mississippi Basin, however, neither
net phosphorus nor manure inputs were shown to correlate
with levels of phosphorus watershed export (Jacobson et al.
2011). Instead, at the county level, both the percentage of land
in crops and fertilizer phosphorus inputs were correlated with
phosphorus export, even those with negative phosphorus
balances (i.e., phosphorus deficits; Jacobson et al. 2011). This
may be because agricultural practices such as tilling increase
phosphorus losses to surface waters, and it may also be a
function of land-use history (Jacobson et al. 2011). Decades
of high phosphorus fertilizer inputs to soil types that are not
efficient at binding phosphorus, combined with particulate
and dissolved phosphorus fluxes in overland flow and tile
drainage (Hansen et al. 2002), make these soils particularly
susceptible to phosphorus losses.

Eutrophication associated with fertilized agriculture in Iowa
is a major environmental concern. Iowa, along with 41 other
states in the United States, has a phosphorus index as part of
their nutrient management practice standards to rank fields in
terms of phosphorus loss risk and make phosphorus recom-
mendations according to the level of risk to reduce phosphorus
losses to surface waters (USDA 2003). Field losses are small
compared with fertilizer inputs and harvested outputs (Turner
and Rabalais 2003), but even small losses can be large enough
to decrease water quality (Smil 2000, Hansen et al. 2002). In
2009, the Iowa Department of Natural Resources listed 50% of
assessed water bodies as impaired under the Clean Water Act
(IDNR 2011). Not all phosphorus in rivers comes from soy-
bean fields, but runoff from corn and soybeans contributes the
highest total phosphorus runoft (0.57 kg of phosphorus per
ha per year) compared with other land uses in the Mississippi
Basin (Turner and Rabalais 2003).
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Buenos Aires

Similar to Mato Grosso, the increase in planted soybeans has
been rapid and recent in Argentina. Production increased
more than fourfold between 1996 and 2007, and soybeans
now account for 51% of the national cropped area (Garcia
and Salvagiotti 2009). Similar to Iowa, Buenos Aires has no
soils with high phosphorus-binding capacity and is instead
dominated by Mollisols and Alfisols (table 2). In contrast
to that in both Iowa and Mato Grosso, agricultural inten-
sification in Buenos Aires has been accompanied by only
limited phosphorus inputs. We estimate that soybean farms
in Buenos Aires fertilize with only 6 kg of phosphorus per
ha per year (see the supplemental material; Fernando O.
Garcia, International Plant Nutrition Institute, Argentina,
personal communication, March 2011). However, fertilizer
inputs to crops rotated with soybean—namely, corn and
wheat (Garcia 2001)—have increased dramatically over the
past 15 years (see the supplemental material). The yields of
all three crops have likewise increased (see the supplemental
material). As a result, although the phosphorus budget in
Buenos Aires has been mostly negative for the last 15 years,
the balances are now approaching neutrality, with a mean
of only 0.6 kg of phosphorus being removed per ha per year
(figure 1; supplemental material).

Farmers in Buenos Aires do not currently incur yield pen-
alties for the historic phosphorus deficits, and this may in
fact reduce the risk of eutrophication. Although an example
of increased turbidity in shallow lakes in areas with intensive
agriculture shows a regional relationship between agriculture
and water quality (Quiroz et al. 2006), most data suggest that
decreased water quality in the region has been associated with
industrial or municipal sources (Di Marzio 2005, Pengue
2009) rather than with agriculture, and agriculture has
been shown to be extracting rather than creating a surplus
of nutrients, including phosphorus (Garcfa and Salvagiotti
2009, Pengue 2009, MacDonald et al. 2011). Available phos-
phorus levels in the soil have been consistently measured as
below critical agronomic thresholds (Garcia and Salvagiotti
2009), although with continued increases in fertilization, this
may change. Although rapidly increasing fertilizer inputs
may shift this trajectory in the future, the phosphorus-related
environmental impacts of this production system are cur-
rently small (see the supplemental material).

Conclusions

Our analysis highlights the links and trade-offs between
local-scale biophysical properties, management, and both
local (eutrophication) and global (depletion of phosphorus
reserves) consequences. We have known for millennia that
soils play an important role in determining agricultural
yields, and we are now paying attention to how soils matter
in the control of off-farm agricultural consequences. In these
three case studies, regional differences in farming practices
and soil phosphorus properties—both total soil phospho-
rus and phosphorus-binding capacity—alter the trade-offs
between local and global environmental costs.
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In Iowa, phosphorus losses from agricultural surpluses
and farming practices pose local and regional eutrophication
risks and, although practitioners have reduced phosphorus
surpluses, the legacy of fertilization continues to affect water
quality and may continue to do so in the foreseeable future.
As is evident in the Mississippi Basin (Jacobson et al. 2011),
neutral or even negative phosphorus balances may not be
enough to eliminate field phosphorus losses in some regions.
Once phosphorus balances approach zero, management that
minimizes erosion risk and increases the extent of the ripar-
ian zone may be the only way to reduce phosphorus losses.
The subsequent treatment of eutrophic surface waters is dif-
ficult, expensive, and time intensive (Carpenter et al. 1998,
Schindler 2006). The US Department of Agriculture Natural
Resources Conservation Service’s phosphorus indices inte-
grate regular soil phosphorus testing and management
practices with regional soil type and landscape features in
an effort to reduce phosphorus pollution at the field scale in
the United States (USDA 2003). However, eutrophication of
surface waters due to agricultural phosphorus management
has become a global problem. Our analysis illustrates the
importance of developing region-specific solutions, such as
the development of phosphorus indices adapted to local soil
types—particularly in rapidly developing countries.

In Buenos Aires, both the local- and the global-scale con-
sequences of soybean agriculture are small relative to those
in the other regions. Following a period of phosphorus
deficits, phosphorus stocks in soil are now being replenished
in Buenos Aires with phosphorus fertilizer additions to the
crops planted in rotation with soybeans. Instead of seeing
yield decreases from phosphorus deficits or eutrophication
from phosphorus surpluses, farmers appear to be approach-
ing neutral phosphorus balances. There is not current evi-
dence of eutrophication from agricultural phosphorus losses
in Buenos Aires (Di Marzio 2005, Pengue 2009), but if the
trend in fertilizer inputs continues to increase, degradation
of water quality may follow and may be difficult to reverse.
However, with regular sampling of labile soil phosphorus
and near-zero phosphorus balances, the risk of phosphorus-
induced eutrophication is likely to remain low.

In contrast to Buenos Aires and Iowa, where managing for
phosphorus at the local scale means minimizing phospho-
rus inputs—thereby reducing the rate of global phosphorus
depletion—soybean agriculture in Mato Grosso is impos-
sible without high levels of phosphorus inputs. Despite high
phosphorus inputs, the abundance of deep soil with high
phosphorus-binding capacity makes the eutrophication risk
associated with fertilizer phosphorus lower than in other soil
types. The Brazil Forest Code, which includes requirements
for riparian zone extent on agricultural land, was recently
revised, with the requirements for riparian zones decreasing
from between 30 and 500 meters (m) to between 5 and 100 m
(Tollefson 2012). Although this reduction in riparian extent
may not increase phosphorus losses from soils that are well
draining and that have high phosphorus-binding capacity, this
revision may have consequences for fields draining other soil
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types. Policies requiring intact riparian
zones, however—whether they are large
or small—are not wasted, particularly
in areas with low phosphorus-binding
soils or areas prone to overland flow.

Globally, expansion and intensifica-
tion of agriculture on highly weath-
ered tropical soil is likely in the coming
decades (FAO 2009), and the high lev-
els of phosphorus needed to maintain
yields in these areas may accelerate
concerns about the pressures on finite
phosphorus supplies. Twenty years
ago, the soil types that dominate in
Mato Grosso were considered some of
the poorest in the world, unable to sus-
tain long-term crop production; now,
soybean farms there are as productive
as those in Iowa because of intense
fertilizer use (figure 2). Rapid increases
in phosphorus consumption driven by
continued expansion of intensive agri-
culture on these soils with high phos-
phorus-binding capacity may reduce
the number of years of minable rock
phosphate remaining. Long before depletion becomes a con-
cern, however, the concentration of phosphorus reserves in
only a few countries and the potential for political events to
drive the price of fertilizer may have economic ramifications
for farmers in this region (Elser and Bennett 2011).

Taking a step further back, this analysis also serves as
an example of the complicated trade-offs associated with
expanding and intensifying—while reducing the impact
of—global agriculture. More than 38% of Earth’s terrestrial
surface is in agricultural production—by far the largest
global land use (Foley et al. 2011). Much of the land not in
production is desert, tundra, or tropical forest. In the same
way that we are running out of space, we are pushing up
against other planetary boundaries, including agricultural
alteration of the phosphorus and nitrogen cycles to an extent
that may lead to nonlinear shifts in the global environment
(Rockstrom et al. 2009). Were we, as a global society, trying
to optimize only decreasing phosphorus pollution from
agriculture, we might recommend that agricultural expan-
sion focus on tropical areas such as Mato Grosso, where
nutrient pollution is unlikely despite large fertilizer inputs.
Tropical deforestation for agriculture, however, is a large
source of greenhouse gas emissions and is a serious threat to
biodiversity and other ecosystem services (Foley et al. 2011).
The trade-offs are myriad, and there is no single solution.

Society faces a dilemma: We must satisty the demands for
animal feed, food, and biofuels of the nine billion people
that will soon inhabit this planet while simultaneously
minimizing environmental degradation and conserving
finite natural resources (FAO 2009, Foley et al. 2011). We
emphasize through this example that the conversation about
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Figure 2. A recently harvested, intensively farmed soybean field being grazed by
rheas (Rhea americana) in Mato Grosso. Photograph: Shelby H. Riskin.

minimizing the impact of agriculture must consider the
links between local and global environmental problems and
solutions.
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