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This paper provides an original account of global land,
water, and nitrogen use in support of industrialized
livestock production and trade, with emphasis on two of
the fastest-growing sectors, pork and poultry. Our anal-
ysis focuses on trade in feed and animal products, using
a new model that calculates the amount of ‘‘virtual’’
nitrogen, water, and land used in production but not
embedded in the product. We show how key meat-
importing countries, such as Japan, benefit from ‘‘virtual’’
trade in land, water, and nitrogen, and how key meat-
exporting countries, such as Brazil, provide these re-
sources without accounting for their true environmental
cost. Results show that Japan’s pig and chicken meat
imports embody the virtual equivalent of 50% of Japan’s
total arable land, and half of Japan’s virtual nitrogen total
is lost in the US. Trade links with China are responsible
for 15% of the virtual nitrogen left behind in Brazil due to
feed and meat exports, and 20% of Brazil’s area is used
to grow soybean exports. The complexity of trade in
meat, feed, water, and nitrogen is illustrated by the dual
roles of the US and The Netherlands as both importers
and exporters of meat. Mitigation of environmental
damage from industrialized livestock production and
trade depends on a combination of direct-pricing strate-
gies, regulatory approaches, and use of best manage-
ment practices. Our analysis indicates that increased
water- and nitrogen-use efficiency and land conservation
resulting from these measures could significantly reduce
resource costs.

INTRODUCTION

Livestock have long provided valuable food, fiber, fertilizer,
fuel, traction, and transport to humans and have had significant
impacts on the evolution of human societies (1). Traditionally,
livestock have been an integral part of agricultural systems,
distributed among many owners and raised close to their feed
source. Increases in meat demand, cheap feed costs, improved
transport, and changes in the technology and organization of
animal production are now creating new patterns of both
production and consumption (2, 3). In this paper, we show how
livestock industrialization and trade are affecting the appropri-
ation of resources and discharge of effluents in key meat-
producing and meat-consuming nations.

At the beginning of the nineteenth century, annual global
meat consumption was about 10 3 106 t (;10 kg per capita),
and most of the meat came from animals raised primarily in
small-holder operations using local resources of land, water,
and nutrients (4). By 1961 (the oldest global record) (5), global
meat consumption had increased to about 73 3 106 t (;23 kg
per capita) (6).

At the beginning of the twenty-first century, global meat
production was 2433 106 t (Table 1), and per-capita supplies of
meat had increased to ;40 kg yr�1 on average and to ;80 kg
yr�1 in developed countries. Half of the increase occurred over
the last 25 y (5), a trend likely to continue given a projected

doubling of meat demand in developing countries over the next
three decades (7, 8). Trade has been growing even faster than
production. Globally, the share of trade as a share of total meat
consumption increased from 9.2% in 1979–1981 to 12.8% in
1999–2001. A number of developing countries such as Mexico,
Korea, Philippines, Malaysia, and the Near East countries are
important net importers of livestock products, and they will
likely be even more dependent on imports in future.

Expansion in the livestock sector is worrisome in light of the
burden it places on natural resources globally. Livestock’s use
of land is perhaps the most obvious example. At the beginning
of the twenty-first century, ;7% of Earth’s ice-free land was
used to grow crops for direct human consumption, and 30% was
used to grow feed and forage for animals (including arable land
and pasture) (4). Given the traditional use of less-productive
land for livestock grazing, this 4 : 1 ratio of land devoted to
animal food relative to direct human food is not new. But the
contemporary rapid industrialization of livestock production,
coupled with the growing production of nonruminants (pigs
and chickens) relative to ruminants (cattle, sheep and goats,
which primarily graze), is increasing demand for arable land
and the water and nutrients associated with its use.

Table 1 shows estimated meat production, feed use, and
conversion rates of feed from different sources by ruminants
and nonruminants (9). Pigs and chickens now account for 70%
of total meat production (in carcass weight), where industrial-
ized systems provide over half the pork and almost three-
quarters of poultry production. Industrialization has been
associated with regional concentration and can be observed in
most developed and developing countries alike (4); the trend
toward both industrialization and regional concentration is
particularly strong in countries with strong sector growth like
China and Brazil.

Industrialized systems are based on diets containing large
amounts of cereal grains and oil meals, in contrast to traditional
systems, which use larger amounts of by-products and waste
products, and, for ruminants, crop residues and forages. As the
most industrialized systems, pork and poultry production now
account for over 75% of cereal- and oilseed-based concentrate
feeds while using small amounts of by-products and little or no
crop residues or forages. Their influence on feed resources is
therefore quite striking. Although ruminants consume 69% of
animal feed overall, nonruminants consume 72% of all animal
feed that is grown on arable land. Based on all feed consumed,
ruminants convert this to meat much less efficiently than
nonruminants, due to the lower quality of feed and other
factors, but the majority of ruminant feed is forage from
nonarable land and other materials humans cannot eat.
Nonruminants, on the other hand, consume large amounts of
feed grown on land that could grow food crops, bringing them
into inevitable conflict with other potential uses for arable land.
Thus, as industrial animal production continues to increase,
competition between feed and food crop production for land
and other resources will increase.

The growth in production of nonruminants relative to
ruminants has been driven by declining real prices for feed
grains and the higher relative feed-conversion efficiencies of
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nonruminants. If grains become much more expensive, the
economic advantage of nonruminants may decrease. However,
the amounts of grazing land, crop residues, and by-products
potentially available are not sufficient to permit a large increase
in ruminant production, especially given the recent biofuel
expansion. Thus, projected increases in demand for meat will
likely be met primarily by nonruminants.

THE IMPORTANCE OF TRADE

This increased reliance on concentrate feeds in animal
production, coupled with growing trade liberalization and
improved transportation infrastructure and technology, has
resulted in a concomitant rise in feed trade as increasingly
mobile producers purchase feed on a least-cost basis from
international markets. Trade in maize and soy, two primary
feed crops, has grown at 2.8% and 7.0% annually over the past
decade; these rates are higher than anything seen over the
preceding two decades (5).

Trade in meat and meat-products, while only one-tenth the
volume of feed trade, is also growing very rapidly, particularly
for nonruminants. Over the past decade, world trade in pig
meat and chicken meat has grown at annual rates of 5.6% and
6.8%, respectively (5), which is roughly equal to a doubling in
trade volume every 10–12 y. Trade as a percentage of total
production is also growing rapidly for pork and poultry, having
doubled over the past two decades to roughly 10% for both
sectors (5). Meat trade expansion will likely continue until at
least 2050 (4).

While an increase in meat consumption and trade generally
indicates favorable income growth and more abundant high-
quality protein, such growth is changing the relationship
between meat production and the environment in often
unappreciated ways. Rapid growth in trade of both feed and
meat has severed the traditional links between livestock and the
local resource base. For instance, nutrient output from intensive
animal production often exceeds the absorptive capacity of the
surrounding area, and increasing transport costs and distances
mean that these nutrients are often not returned to the land in a
productive manner. At the same time, increasing production of
concentrate feeds takes its own environmental toll through the
use and loss of fertilizer and pesticides, use of scarce water
resources, or conversion of ecologically valuable land (16).

To the importer of the finished meat product, these myriad
environmental effects are obscured by a production and trade
system that both undervalues various environmental inputs and
understates the potential environmental harm inherent in the
production process. These effects can be significant. One study
estimates that these external costs of US agricultural production
(e.g., the cost of damages to people and ecosystems, government
control, and clean-up processes not borne by producers or
consumers) total between USD 9.4 and 20.6 billion per year (17).
As trade separates meat consumers and the negative environ-
mental impacts of meat production, meat importers are neither
made to feel nor pay for the impacts of their consumption
decisions—an arrangement that can lead to overuse and
misallocation of environmental resources. Quantifying the real
but hidden link between consumption and production is a
policy-relevant issue that has been studied for other natural
resource–intensive goods. For example, Chapagain et al. (18)
showed that the economic and environmental externalities of
water use are generally not included in the price paid by foreign
consumers. In addition, cotton consumers in the EU25 countries
are calculated to be indirectly responsible for about 20% of
the desiccation of the Aral Sea (18). Analytically relinking
consumption and the various stages of production is a first step
in addressing these problems of trade-related resource use (3).

QUANTIFYING THE IMPACT OF TRADE ON
RESOURCE USE

To calculate and make spatially explicit this resource use and
transfer among countries, we developed the MEAT model (19).
The model is a partial equilibrium model that estimates the land,
water, and nitrogen inputs to feed and meat production using
country-specific data such as yield, water-use efficiencies, and
nitrogen-use efficiencies. Extensive data needs were met from a
variety of sources, including publicly available agricultural and
trade data and novel survey work. A full explanation of the
model can be found in Burke et al. (19). The model tracks
resource use at three different stages in the production process:
feed production, live-animal production, and meat processing.
Given the complex landscape of global production and trade, we
limit our analysis to four representative case-study countries and
their trading partners: Japan, one of the world’s largest feed and
meat importers; Brazil, one of the world’s largest feed and meat

Table 1. Global meat production and estimated feed use, 2002 (million tonnes).

Ruminants Nonruminants

Beef Sheep and goat Pork Poultry Total

Production (carcass weight) 61 12 95 75 243
Production, industrialized 4.1 0.1 52 54 110

Estimated concentrate feed inputs
Cereals 87 7 221 121 436
Oilseed meals 36 2 91 50 179
Roots and tubers – – 85 14 99
Total 123 9 397 185 714

Estimated total feed inputs and conversion rates
Ruminants Nonruminants

Cereals 94 342
Oilseeds 38 141
Roots and tubers – 99
Forage (arable) 90 –
Total from arable land 222 582

By-products 75 75
Crop residues 350 –
Forage (nonarable) 813 –
Total 1460 657

Conversion rate
Total feed to meat 0.05 0.26
Feeds from arable land to meat 0.33 0.29
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exporters; and the Netherlands and the US, which dominate on
both the import and export side (5). The model analyzes the
production and trade of pigs and chickens. While there are of
course other important forms of protein production (dairy, eggs,
beef, etc.), the high rate of industrialization and explosive global
growth in trade and production of nonruminants make them
particularly good examples of the evolving effects of livestock
production on global environmental resources.

We focus on the land, water, and nitrogen use associated
with trade and production. Water and land are critical limiting
resources globally, and nitrogen is a key agricultural input, but
it is also a potential environmental contaminant (20). The
model calculates both the ‘‘virtual’’ and ‘‘embedded’’ resources
involved in production, where ‘‘virtual’’ are those resources that
are used in production but are not physically contained in the
final product and ‘‘embedded’’ are the resources contained in
the shipped product. These calculations allow us to trace in
detail the use and flow of resources throughout the trading
system. The model results demonstrate the effect of growth in
industrialization and trade on the global distribution of
livestock resource use and provide a necessary first step in
relinking the consumption of industrialized meat products with
environmental-resource consequences in other countries. A few
recent studies have established linkages between production
and consumption of goods and services in relation to water
resources (21–24). However, there is hardly any literature
available showing such linkages in the case of nitrogen or land.
While the MEAT model does not explicitly estimate costs on
either the input or output side, it provides the physical basis for
a broader economic analysis of meat-related resource use.

Nitrogen

Many aspects of nitrogen (N) use and loss in agriculture, and
the resulting human and environmental impacts, are well
understood (e.g., 25–27). Attention to the role of international
trade in N-intensive agricultural goods, as both a physical
transport mechanism of N and a driver of local N cycling, has
been nascent, with attention focusing more on the former than
the latter (e.g., 28). Here, we use the MEAT model to analyze
the effect of international trade in meat products on N cycling
within and between countries (19). Quantification of such
linkages is crucial to understanding biogeochemical flows (e.g.,
nitrogen flows through and between environmental reservoirs)

in a globalized world, particularly as the traditional on-farm
links between animals, fertilizer, and crop production are
broken (3). Furthermore, all the social and environmental costs
of N loss from agricultural systems (25, 29) are rarely included
in the price of the consumed products, suggesting that a meat-
importing nation benefits from meat consumption without
facing the costs of N loss within its own borders.

The consumption of imported meat entails the capture, use,
and loss of nitrogen in farming systems around the world.
Globally, nitrogen fertilizers applied to feed crops represent
roughly 40% of the manufactured total, causing an emission of
some 40 Tg CO2 (4), and much of the N not taken up by the
crop is lost to the surrounding water and atmosphere. When
feed crops are then fed to pigs and chickens in industrial
production systems, concentrated quantities of N are lost from
this stage in production due to excretion of feces and urine.
Finally, relatively small amounts of N are lost during the meat-
processing stage, as parts of the animal carcass are discarded.

Figure 1 shows the virtual (Nv) and embedded (Ne) nitrogen
associated with trade and production of pig meat and chicken
meat in the four case-study countries. Our results raise four
interesting points. First, feed production (green squares)
swamps meat production (redþ blue squares) in terms of both
Nv and Ne, constituting roughly 70% of the totals of each. This
result is important for policy, since it is typically more difficult
to regulate non–point-source N pollution from field crops than
it is to regulate point-source pollution from animal production.

Second, for all our case-study countries, the N value
associated with trade is significant relative to that associated
with domestic consumption. In Japan, for instance, roughly
220 000 metric tons of N are left behind in other countries due
to Japanese meat consumption, dwarfing the roughly 70 000
metric tons that are released to Japan’s environment due to
domestic production. At the other extreme, in Brazil and the
US, the amount of feed produced internally is large, and it is
about equally split between domestic and foreign animal meat
production. In other words, the environments of Brazil and the
US are receiving large amounts of N to support animal
production in other countries. Even in the Netherlands, a
country for which domestic N loading has been a troubling and
well-publicized issue, the amount of Nv left behind in other
countries as a result of Dutch pork and poultry meat imports
(largely in the form of feed) is roughly equal to that associated
with total production within the country. Similarly, over 40% of

Figure 1. Losses and flows of
nitrogen associated with import
(entering the ‘‘country-box’’ at the
top), export (leaving the ‘‘country-
box’’ at the bottom) of chicken
meat, pig meat, and related feed.
The boxes within the country-box
represent both domestic produc-
tion and the embedded N that
comes in through imports—as
such, they represent the total
amount of N involved in different
stages of animal production; green
¼ feed, red ¼ live animal, blue ¼
processing. Black arrows repre-
sent embedded N in both domes-
tically consumed and traded
product. Gray, curved arrows rep-
resent virtual nitrogen. Values are
annual totals in thousand metric
tons, averaged over the years
2000–2002.
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the N lost to the Brazilian environment is due to meat
consumption in other countries.

Third, Ne totals are generally larger than Nv totals for the
studied countries. For feed, this is largely due to the importance
of legumes (particularly soy) in the diets of industrialized pigs
and chickens, and the large amount of N shipped therein. But
while trade in Ne could be problematic in the context of a
country exporting its soil fertility (28), we contend that the Nv
totals are arguably more important. From the importing
country’s perspective, Ne in meat typically enters the environ-
ment in the form of human waste after the meat is consumed;
such waste is usually much better regulated and contained than
the N lost from fields and animal-feeding operations.

Finally, the model illuminates the country-level determinants
of meat-related resource use. For instance, of the 400 000 metric
tons of Nv left behind in Brazil due to feed and meat exports,
65 000 metric tons result from trade links to China. Figure 2
visually demonstrates these linkages for Japan. It shows the
flow of the Ne in pigs and poultry that is shipped to Japan, and
the associated amount of Nv that is left behind in the producing
countries due to feed production and live-animal production
and processing. The figure suggests two things. First, much
more N is lost in other countries as a result of Japanese pig and
chicken consumption than is lost in Japan—about one-and-a-
half times as much. This result reflects Japan’s role as a large
importer of these products. In addition, Figure 2 and the trade
data underlying it allow a comparison of the Ne shipped in the
product and Nv left behind during production of the product.

For Japan, the Ne that arrives in the shipped product is
;64% of the 220 000 tons of total virtual nitrogen left behind in
other countries. Japanese consumers thus enjoy the benefit of
meat-eating without having to suffer the environmental cost of
losing 220 000 tons of N to local ground and surface water and
to the local atmosphere. When tracing Japan’s feed and meat
imports, more virtual N is left behind in the US than any other
country. Our calculations show that about 110 000 tons of N
are lost each year to the environment in the US due to meat
consumption in Japan, adding to already high N loads in some
feed- and meat-producing areas in the US. Such an analysis is
useful because it relinks consumption and production—
analytically if not physically—and therefore provides a more
spatially precise and quantitatively accurate resource-use story.

Water

In an increasingly water-scarce world, different uses for
freshwater are necessarily in competition. Agriculture domi-
nates global water use, dwarfing the next highest use, domestic
water supply, by a factor of three (30). This fact reflects not only
agriculture’s water dependence but also the relatively low cost
of water that farmers pay relative to urban users, and the
consequent inefficient use (31–34). If the price of water signaled
its true scarcity, water-use efficiencies would likely improve, a
significant amount would be redirected to other uses, and
water-intensive goods would become more costly. Water’s
underpricing implies that nations, by exporting feed or meat
(both water-intensive goods), have little incentive to use the
resource efficiently and thus could diminish or deplete a crucial
resource without receiving proper compensation (35).

During the era when meat was predominantly raised by
traditional, nonintensive means, meat production did not
compete with other activities for water inputs. By contrast,
current industrialized livestock production, primarily through
its dependence on crop-based feed, requires immense amounts
of water and directly competes with other end users. As with
nitrogen, the MEAT model quantifies the water used for
industrialized meat production for all three phases of produc-
tion, and it tracks the origin, transport, and destination of the
water for each case study. For animal production and
processing, we simply estimated the total water used. For feed
production, however, we calculated only the irrigation water
required to grow the feed crops, disregarding rainwater. We
focus on irrigation water because it is typically dramatically
underpriced and has obvious alternative uses.

For all three phases, but especially for feed production, our
‘‘total virtual’’ numbers should be interpreted with care. Most
of the water withdrawn to grow a crop is either evapo-
transpired (becoming a potential contributor to downwind
precipitation), or it percolates beyond the reach of roots and
enters groundwater or nearby streams (becoming available for
potential uses downstream). Similarly, water used in animal
production and processing does not all get used by the animal
or processing plant. Nonetheless, all three phases could pollute
the water, rendering it useless unless it undergoes costly
treatment. At the global scale, determining reuse coefficients
and coupling quantity and quality become intractable. Our

Figure 2. Nitrogen associated with the production of pigs and chickens consumed in Japan. Bars refer to N left behind in the producing
country during different stages of production; green¼ feed; red¼ live-animal production; blue¼meat processing. Arrows represent transfer
of total N embedded in shipped product. Data are annual values in thousands of metric tons, averaged over the years 2000–2002.
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model therefore highlights the spatial distribution of water use
in meat production without regard to reuse or pollution.

Figure 3 shows the virtual (Wv) and embedded water (We)
associated with trade and production of pork and poultry in the
four case-study countries. Perhaps not surprisingly, water use in
the service of livestock production is overwhelmingly concen-
trated in the feed-production stage (green boxes).

The US is particularly dominant in this respect, and the large
Wv totals reflect its relatively high reliance on irrigated water for
feed production. We calculate that total irrigated water used for
production of feed and meat for export in the US is 20 km3, or
roughly 5% of total US water withdrawals annually (30). While
this might seem small at the national level, the local effects of
water overuse can be significant. Corn, the US’s largest animal-
feed export, is a good example. Roughly 15% of the area under
corn production in the US is irrigated (36). Our calculations
show that annual US corn production requires 6.9 km3 of
irrigation water, almost 20% of which is used to grow exported
corn. Most irrigated corn-growing areas (Nebraska, Kansas,
eastern Colorado, the panhandle of Oklahoma, and northern
Texas) draw their irrigation water from the Ogallala aquifer,
which is the largest underground water resource in the US, and
its groundwater levels have declined an average 3.8 m due to
primarily agricultural withdrawals (37). The Ogallala provides
over 2 million people with drinking water, and as its overdraft
worsens and competing uses intensify, conflicts over use will
continue to escalate. Through its corn exports, the US is rapidly
depleting a scarce environmental resource and exacerbating
water conflicts, while not being fully compensated for its loss.

Figure 3 also demonstrates that unlike nitrogen, shipments
of meat and feed contain little of the water that was used to
produce them. Nevertheless, by importing feed or meat, a
country is essentially importing water, in the sense of having to
use less of its own water to support a given level of meat
consumption. In population-dense Japan, the 3.5 km3 of Wv
associated with Japanese imports of feed and meat represents
roughly 5% of its total water use, suggesting that the country is
able to virtually import a nontrivial amount of water through its
consumption of feed and meat produced abroad.

Land

As Table 1 suggests, the trend toward industrialized nonrumi-
nant meat production affects the character of land use by

increasing the demand for feed from arable land. Both the
industrialization of a portion of ruminant production through
the development of feedlots and the rapid growth in the
concentrate-consuming pig and poultry sectors contribute to
this, although the latter has a much greater effect. While the
need for grazing land is not decreasing, the number of ruminant
animals globally continues to increase at a much slower rate
than that of nonruminants. And while grazing is itself not
without problems (e.g., 38), the use of arable land arguably has
greater costs to both society and the environment, including the
suite of environmental impacts associated with intensive crop
production such as pesticide and fertilizer use and loss (16), full-
scale land conversion in some areas, and large opportunity cost
with respect to other human and environmental uses (food or
fuel production for humans, animal habitat, etc.). As with water
and nitrogen, many of these negative effects on land resources
are not included in the final price of the sold product (39).

Model calculations show that land use associated with
industrialized pig and chicken production is substantial, and the
international trading system allows meat and feed importers to
escape what would otherwise be binding land constraints. For
instance, we calculate that consumption of pig meat and chicken
meat in Japan entails the use of roughly 2.23 106 ha of land in
other countries for feed production (Table 2), which is equal to
50% of the total arable land in Japan.

The model also highlights the determinants of land use and
land conversion in a given area. For instance, the rapid
expansion of soy production in Brazil has been decried for its
devastating effects on Brazilian savannah and rainforest
ecosystems (e.g., 40, 41), and this expansion has been linked
to growth in global meat production (42). We calculate that

Figure 3. Losses and flows of
water associated with import, ex-
port, and domestic production of
chicken meat, pig meat, and relat-
ed feed. Boxes, arrows, and colors
are as in Figure 1, with values in
millions of cubic meters.

Table 2. Land use associated with import, export, and production
for domestic consumption of pig meat, chicken meat, and related
feed. We assume that animal production and processing are
landless. Data are in thousands of hectares.

Import
Domestic

consumption Export

US 1041 8469 9013
Brazil 380 5073 5611
Japan 2168 25 0
Netherlands 1215 44 64
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roughly 11 3 106 ha in Brazil go to feed industrialized pigs and
chickens, with a little over half of this acreage devoted to
production for export. Most of Brazil’s land used to grow soy
exports is associated with pig and chicken production in
Europe, although, in the past half-decade, China has emerged
as a huge importer of Brazilian soy. Our results show that China
is responsible for about 20% of the roughly 4 3 106 ha of soy
exported from Brazil as pig and chicken feed.

TRADE, RESOURCE COSTS, AND MITIGATION

Increased industrialization of meat production and growing
international trade in meat and feed substantially alter the
magnitude and pattern of global resource use. Much of this
meat-related growth in trade would occur even if there were no
price distortions or if the costs of the environmental effects (so-
called externalities) were borne by those who created them.
Differences in country resource endowments, such as land and
water, help dictate the location of production, and the trade
flows that we have documented reflect, in part, the positive
welfare gains from such trade. The major policy concern in this
paper, however, is rather different. When negative externalities
and price distortions in both input and output markets are not
properly accounted for, as is surely the case for the three
resources discussed here, public welfare and environmental
services can be diminished in significant ways. Our policy
perspective, therefore, is not antitrade, but rather asks what can
be done to reduce environmental costs by linking those costs to
the relevant producers and consumers. As a sensitivity analysis
of our model demonstrates, successful reduction of these
damages must rely on regulatory approaches, improvements
in best practices, and pricing strategies that reflect the social
costs of production.

Improvements in environmental outcomes with respect to
nitrogen and meat production hinge on the nature of nitrogen
loss. Our case studies suggest that dispersed (or ‘‘non–point-
source’’) nitrogen losses from feed production are more than
twice the total point-source losses from pig and chicken feeding
operations. Past policy measures, however, have proven much
more successful at dealing with the latter than the former,
particularly in the US context. Regulations surrounding manure
storage and disposal, and novel strategies such as the former
system of tradable manure quotas in the Netherlands (43) have
had some success in reducing point-source N runoff from
feeding operations in many areas. In Denmark, substantial
reductions in nitrogen surplus have been achieved by tying
livestock densities to availability of surrounding land for waste
application. However, the costs of these programs can be
prohibitive to producers and must be designed carefully.
Further improvements in animal feed-conversion efficiencies
(FCR, kg feed per kg meat), either through precise feed
formulation or advances in breeding, would also result in a
substantial decrease in N losses in both feeding operations and
feed production; model calculations suggest that a 10% global
increase in FCR for pigs and chickens reduces total N losses
associated with pig and chicken production by roughly the same
amount. The availability of new feed sources, for example,
single-cell protein produced as a by-product of ethanol
fermentation from corn, which has recently come into use as
a livestock feed, could change N flows appreciably. The ability
of livestock to convert materials that humans cannot digest or
choose not to eat into desired human food offers a means of
utilization of this and other nontraditional feed sources as they
may become available, potentially sparing cropland and
associated resources used for feed production.

On-farm management decisions during feed production
could also have large effects on the total N losses related to
meat production. We calculate that an improvement in crop

nitrogen-use efficiency (NUE, defined as the amount of farmer-
applied N removed in aboveground biomass) from a global
average of 30% to 40% would reduce the total amount of N loss
in feed-producing countries by 10–12%. Growing feed crops
with excess nitrogen application in rainy seasons or with excess
irrigation reduces NUE. Considerable increases in efficiency can
be achieved with some combination of changes in input prices
(such as a nitrogen tax), regulations surrounding fertilizer
application rates or absorptive buffer areas adjacent to sensitive
riparian areas, or (perhaps most promisingly) better temporal
and spatial information regarding N requirements at the field
level. Such information has been shown in some cases to
improve NUE by 20% or greater in intensively irrigated systems
(e.g., 44), and such an approach is particularly appealing given
the political obstacles to adopting pollution taxes.

Environmental issues surrounding water use associated with
meat production relate both to water’s scarcity and its overuse
as an input. Severe underpricing of irrigation water, especially
of surface flows used in feed production, exacerbates the
overuse of water. Unfortunately, recent advances in the theory
of water pricing have not been matched by an improved ability
to overcome institutional constraints to the adoption of more
‘‘rational’’ water policies. Moreover, current rates of water use
by the sector, particularly groundwater extraction rates in many
major feed-producing areas, are often unsustainable (45).

Our model results suggest that a 10% improvement in
irrigation efficiency would reduce total water use by the
industrialized pig and chicken sectors by roughly the same
amount. Based on estimates of farmer response to changing
water prices (46), prices for irrigation water in developed
countries would need to rise roughly 50–120% from current
levels for total irrigated water use to fall 10%—a reasonable
price increase, perhaps, given the frequently observed factor of
ten (or greater) difference between municipal and agricultural
prices for water (e.g., 45). The viability of new pricing schemes
for water will depend heavily on whether irrigation water is
sourced from groundwater or surface water, and whether the
water provision is public or private. Groundwater, which is
privately pumped to supply much of the irrigated water in
major US feed-producing areas (36), is in theory more easily
metered and is subject to rising pumping costs as aquifers shrink
and energy becomes more expensive. Surface-water pricing is
not subject to the same economic logic. In the absence of
changed institutional arrangements, farmers receive minimal
economic signals for altering irrigation practices.

As with water and nitrogen, land-use decisions around the
world are typically made irrespective of the land’s ecosystem
services or true social value because these services are rarely
marketable, priced, or enjoyed by the landowner. In ‘‘mature’’
agricultural systems, such as the US and Europe, opportunities
for agricultural land expansion are low, and rising global feed
demand may result in substitutions among crops rather than an
expansion in total cropped area. Even in the US, however, some
movement of feed production into areas with conservation value
is possible, especially if maize and other feeds are increasingly
devoted to biofuel production. In other systems, such as soy
production in Brazil, growing feed demand now contributes to
cropland expansion into natural ecosystems (e.g., 47, 48) at a
potentially large cost to biodiversity and the global climate.

While ‘‘getting prices right’’ with respect to land, either
through land taxes or payments for environmental services,
appears in some instances to be a feasible option for reducing
deforestation rates (e.g., 49), the remote nature of many
expansion hotspots, such as those in Brazil, does not easily
lend itself to regulatory or pricing approaches. Our model
results suggest that this primary expansion is most sensitive to
changes in soy yield and to the quantity of demand for meat and
feed from abroad. For a given level of feed output, a 10%
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increase in soy yield would decrease land requirements by an
equal amount. (This is not to suggest that increasing yields will
take currently farmed land out of production, but simply that
increasing yields could help retard future growth in area
planted.) All other things being equal, a 10% reduction in
export of Brazilian soybeans going to feed pigs and chickens
abroad (which could come from a reduction in total demand for
meat abroad, or an improvement in feed-conversion efficien-
cies) would reduce the total amount of pig- and chicken-devoted
crop acreage in Brazil by 7%. Perhaps more promising are
‘‘downstream’’ approaches to improving best practices with
respect to land conversion, such as the recent decision by a large
soy producers’ association in Brazil not to buy products from
recently deforested areas, following pressure from environmen-
tal and consumer groups.

In addition to policies regulating industrialized meat-
production systems, broader trade and commodity policies also
affect environmental outcomes, sometimes reinforcing and
sometimes offsetting direct policies implemented to protect
natural resources or control pollution. Excessive use of water
and nitrogen in these industrialized systems results from
underpriced inputs as well as from crop prices distorted by
more general policy incentives in agriculture. This point is clear
in the case of Japan. Removal of price-distorting commodity
protection polices for feed and meat would result in lower prices
and larger Japanese imports of these items (50), since high
domestic prices are one reason that Japan’s per capita
consumption of pork is only 62% of that in the US (5).
Therefore, liberalization of Japanese markets, other things
being equal, would add to the pressure on environmental
resources abroad by leading to a rise in Japanese imports of
agricultural commodities. Careful scenario analysis in a general
equilibrium framework could be useful in sorting out the
distribution of environmental impacts arising from such a
policy shift, drawing on the policy’s effects on input and output
prices, production, and trade.

Observed meat trade, then, is just the tip of the pork chop,
obscuring a global cascade of effects on nitrogen, water, and
land resources. At the turn of the twenty-first century, 72% of
poultry and 55% of pigs were raised in global industrialized
animal-production systems sustained by feed from other regions
and often consumed far from the point of production. This
increased industrialization of meat production and growing
international trade in meat and feed substantially alter the
magnitude and pattern of global resource use and result in
rising pressure on environmental resources in producing regions
to sustain feed and meat use in consuming regions.

Our analysis identifies the uses of nitrogen, water, and land
that sustain the growing demand for meat production and trade
and suggests links and possible control points that could
optimize the production of meat while minimizing the
environmental consequences. As noted previously, careful
general equilibrium modeling of livestock trade that includes
additional resource costs could be a useful next step in
identifying policies to reduce livestock’s impact on the
environment. Until consumers see meat prices that reflect full
resource costs, resources will continue to be stressed by the
growing industrial livestock sector.
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