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Abstract Global expansion and intensification of industrialized agriculture during the last 50 years was
facilitated by the replacement of labor by imported chemicals and energy, thus changing the economics and the
social fabric of rural communities as well as impairing water, air, and soil resources essential to sustaining food
and fiber production in a world with an increasing appetite. To effectively understand and solve complex
problems resulting from this agricultural revolution, expanded communications are needed at a variety of levels. It
is critical for the technical community to communicate through greater interdisciplinary research among
agronomists, soil scientists, hydrologists, ecologists, and others to reduce diffuse pollution from agriculture.
Also, more effective translations of technical problems and solutions are needed to influence policy. Accurate
advice is needed in spite of the uncertainties that scientists too often use to obscure useful information.
Education will be needed for producers and conservationists to gain confidence that promised environmental
responses will occur if solutions are to be implemented at more than experimental or demonstration scales. The
search for comprehensive solutions to environmental degradation will require understanding the ultimate causes
of pollution, not just the proximal causes. The ultimate causes will only be found by examining the systems that
facilitate the release of contaminants to the environment such as the wholesale landscape changes that
replaced grazing land with annual crops leading to increased leaching and runoff. Research and demonstration
projects increasingly need collaborations among agronomists, livestock scientists, soil scientists, hydrologists,
economists, sociologists and others who have a stake in the study of diffuse pollution and the outcomes of any
proposed solutions. Partnerships developed at the working level where basic principles can be shared will help
avoid the pursuit of impractical solutions when viewed from different perspectives.
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Introduction
Agriculture is the industry that contributes most to diffuse pollution of natural resources. The
industrialization of agriculture is substantially responsible for the accelerated impairment of
natural resources. Ironically, the resources that are being impaired are those essential to sus-
taining the production of food and fiber in a world with an increasing human population with
an increasing appetite for animal protein. Many of these resource impairments are intractable
using traditional engineering treatments. Early in the search for solutions to diffuse pollution
there were frequent attempts to use end-of-pipe techniques to mitigate the downstream
effects. In fact, there remains hope among some that these problems can be solved without
directly affecting land use and operating on the margin of agricultural enterprises. Examples
of these marginal solutions include practices like constructed wetlands and riparian buffers
which have been shown to be effective, but may not be feasible at the scale needed to make
measurable reductions in pollution at the watershed scale.

Analyzing and solving agricultural pollution is both technically and socially more
complex than working with urban sources. In agriculture, contaminant sources that are
low dose, but distributed over large areas must be dealt with. We also confront complex
social questions because we must address the issues identified by downstream and future
resource users with solutions that affect the operations of up-stream and current
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	 landowners who may not have any stake in the downstream resource or be able to afford
to consider long-term resource value.

There is a long list of technical questions that remain unanswered and in order to answer
them perceptions need to be broadened to the technical issues surrounding diffuse pollution
and agriculture. The challenge will be in expanding the understanding to include ideas from
disciplines well outside our traditional fields. These will include the socio-economic and p0!-
icy issues that are critical to adoption of solutions in this complex world of agriculture.

co There are many technical questions yet to be answered. These include identifying causes
of pollution, involving, but not limited to source identification, whether proximal or ultimate.
We need to continue improving models to more accurately simulate processes that link con-
taminant sources to contaminated resources. We also are challenged to use imaginative ideas
to acquire adequate data on contaminant concentrations and loads and their spatial distri-
bution. Probably most important is the opportunity to use a systems approach to reduce con-
tamination. This is where inter-disciplinary research and communications will be critical.
Finally, we have been operating with more trust than knowledge that research-scale solutions
will actually produce measurable results at the watershed or airshed scale. We have a sub-
stantial need to evaluate the proposed solutions at an appropriate scale.

Types and quantities of pollutants in agriculture

The changes that are occurring in agriculture are modifying the types and quantities of pol-
lutants we need to understand. In water, many of these are old friends like nutrients, sedi-
ment, and pesticides. But with industrialization of livestock production, we are now seeing
pharmaceuticals and pathogens in groundwater and streams. Opportunities continue to pre-
sent themselves for developing detection methods for these and other compounds. Increas-
ing interest in conserving aquatic ecosystems has pushed the need for much smaller
detection limits than were considered for human toxicity. The low-dose threshold for tox-
icity of aquatic ecosystems also presents substantial challenges to research on further redu-
cing losses from agricultural systems. The rapid growth of aquaculture, in particular, poses
substantial research questions for both freshwater and marine ecosystems.

Air-quality concerns are growing, particularly with industrialization of livestock pro-
duction. Particulates have long been a concern and are increasing in areas where agricul -
ture is expanding, particularly with the growth of annual row crops. Concerns about
ammonia emissions from crops and livestock are increasing as better detection methods
are being developed and the masses of emissions increase. Increased release of patho-
gens, odor compounds, and pharmaceuticals from agricultural systems provides opportu-
nities to develop improved sampling and analytical methods, as concentrated livestock
production becomes the common practice.

Often neglected are the opportunities to solve diffuse pollution problems using prin-
ciples that also conserve soil quality. This is the medium within which we may have the
best opportunity to solve water and air-quality contamination. Unfortunately, soil degra -
dation has followed almost all civilizations and the intensification and industrialization of
agriculture in the 20th century accelerated this trend globally. Chemical inputs to cropping
systems will continue to increase as erosion and organic matter consumption occurs in sup-
port of intensive dry land and irrigated cropping. Irrigation continues to degrade soil qual-
ity through salinization and accumulation of metals. Pesticide applications and
acidification following long-term use of anhydrous ammonia among other changes in soil
chemistry have substantially modified the soil microbial ecosystems. These changes reduce
the capacity of soil to function as an environmental buffer. This may be one of the most
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Global trends in agriculture
The following section shows some global trends in agriculture and illustrates the scale and
geography of opportunities to explore solutions to pollution from agriculture. In each of
the trends it is important to consider the question of how sustainable these trends are. Data
to analyze these trends came from the U.N. Food and Agriculture Organization (FAO) that
started keeping records in 1961. Figure 1 is a graph by major regions of the world that
shows the changes in permanent cropland. Note that the greatest growth has been in Ocea-
nia, Latin America, Africa, and Asia. These are regions with the greatest population

co
increases, but are also regions with the greatest rate of growth of industrial-scale crop pro-
duction. Will these regions reach the land limit before they irreversibly affect resources
supporting these trends? The combination of expanded cropland and more intensive pro-
duction poses interesting questions about their combined effect on water, air, and soil qual-
ity. Several studies have shown that there is a direct linear correlation between cropland
and contaminant concentrations in streams, particularly sediment and nutrients.

Apparently we have not reached the global limit of cropland and, particularly, irri-
gated cropland. Figure 2 shows that irrigated land growth does not seem to be slowing.
Only Eastern Europe has experienced a decline in irrigated land, and that has been a
recent phenomenon that seems to be abating. The sustainable level of irrigated land will
be affected by the physical limits of available water resources and the economic and pol-
itical allocation of water to other uses.

The adverse effects of irrigation are varied. In North America, it is clear that irrigation
is directly related to concentrations of nitrate in groundwater. Numerous examples exist
of salinization and accumulation of toxic metals in both soil and irrigation return flow
throughout the world and history. Over-riding these in situ problems is the fact that diver-
sion of water for irrigation reduces the capacity of natural water resources to consume
and dilute the nutrients that they receive from intensive agriculture. Finally, irrigation of
annual crops in temperate regions leaves large areas without adequate moisture to resist
wind erosion during most of the year. Those who have visited western China can attest to
the damage such systems can produce.

Trends in the application of inorganic forms of nitrogen and phosphorous (Figure 3)
are well known. Inorganic nutrients are the system components needed to support the
intensive crop production that accompanies expanded permanent crop area and irrigation.
The greatest growth in the last 30 years has occurred in Asia with a 30-fold increase in
nitrogen and almost 20-fold increase in phosphorus. Latin America has seen more than
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Figure 2 Change in irrigated land since 1961 (FAOSTAT Data, 2005)

a ten-fold increase in both N and P. Not as obvious in the scale displayed here however,
is the more than doubling of both nutrients in most of the world since 1975. These
increases have come with a reduction in use of nutrients from manure, although there has
been a substantial increase in manure-derived nutrients.

Global trends in livestock

Considering the trends shown for cattle and pigs in Figure 4 (similar trends exist for poul -
try, sheep, and seafood), the more than doubling of pigs and increase in cattle of almost
50% represent changes in the way livestock are produced as well as the demand for
meat. The largest increases are in the southern hemisphere where numbers have doubled
in the last 40 years. FAO statistics do not fully represent Asia and the former USSR,
because figures were not available before 1992. Livestock are increasingly produced in
concentrated systems that have changed the perception of manure from that of a resource
to a waste. These wastes are frequently disposed of locally. This type of production con-
centrated nutrients in quantities that exceed the capacity of crops and soil to assimilate
them. In addition, concentrated livestock production frequently uses pharmaceuticals that
accompany the waste and they are being found in the surrounding water, soil and air. Of
course, accompanying the pharmaceuticals are resistant pathogens that may ultimately
constitute a substantial hazard to the health of humans and aquatic ecosystems.

Discussion

There is a need to develop sound scientific advice that can be interactively communicated
with economists and sociologists searching for answers to questions as complex as Our
technical ones. To implement our technical knowledge, it will be necessary for us to
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	 Figure 3 Change in inorganic nitrogen and phosphorus Fertilizer since 1961 (FAOSTAT Data, 2005)
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Figure 4 Trends in cattle and pig inventories since 1961 (FAOSTAT Data, 2005)

understand the characteristics of socio-technical systems to recognize patterns in the way
technology is used and produced. Identifying these patterns will help analyze the ethical
issues associated with technology and its social system. We have a responsibility
to understand the challenges facing other disciplines by collaborating with colleagues

in these fields.
Consider that the industrialization of agriculture is changing the economics of food

and fiber production and the social fabric of our rural communities. During the 20th cen-
tury, agriculture replaced labor with chemicals and imported energy. This change not
only affects the environment, but it has had profound economic and social impacts on
rural communities. The shift to large-scale annual crops in monocultures and the separ-
ation of crop from livestock production has reduced incentives for innovation and limited
the options of producers. Farmers long considered conservationists as stewards of the
land are now being viewed as polluters of their own environment and that of their neigh-
bors far downstream. Food consumers have perceptions of food production that are shift-
ing purchasing habits in many societies. Suburban and ex-urban growth has brought new
expectations for health and esthetics of the land to what had been exclusively agricultural
societies. Studies of trade-offs between environmental protection and production agricul-
ture are forming the basis for identifying pollution trading markets. These studies are
starved for scientifically defendable information on the response to practices that are
hypothesized to reduce nutrient and sediment loss, sequester carbon, reduce water
demand, and other environmental services. Policy makers are increasingly moving toward
placing responsibility for actions on watershed communities. These watershed commu-
nities are also in need of scientifically valid information, although many of their goals
may be to achieve esthetic ends for which adequate measures are not yet available.

These are all topics where it is possible for us to find "win-win" solutions that result
in a healthier environment coincident with economically and culturally healthier rural
communities. To be successful in finding acceptable solutions to both technical and
socio-economic challenges, we must actively engage professionals in these fields.

Policy is also shifting to accommodate the realities of diffuse pollution in addition to
point-source pollution. Last year, the European Parliament decided to require member
nations to draft laws and regulations that will place responsibility for clean up on the pro-
ducers of diffuse pollution. In the USA, this responsibility is being increasingly placed
on society in the form of payments to farmers for conservation practices to reduce pol-
lution or increased costs of "end-of-pipe" treatment. The Diffuse Pollution Group is an
excellent forum to provide information about the water-quality progress in these two
regions to determine if there are differences that can be attributed to the different
policies. We also have an opportunity to encourage discussion about the merits of
regulation and incentives. 21



Most law makers and many law administrators listen more carefully to economists
than scientists or engineers. Economists spend substantial time communicating with legis-
lators and rule-makers because many policies are based on the economic trade-offs.
Many politicians use phrases like "good science" and "science-based policy" which, too
often; are code words for "science that supports my policies." The scientific community
needs to he more active in translating our knowledge directly to policy makers to assure
that consensus science is included in policy discussions.

CU In countries with substantial private landownership there are tensions between the
rights of landowners and the rights of society to clean water and air. It is critical that we
understand these tensions in developing technical solutions that will produce changes in
the actions of landowners who control very large parts of the landscape.

Within the technical community, it is critical that we communicate through greater
interdisciplinary research among agronomists, soil scientists, hydrologists, ecologists, and
others if we are to make progress on reducing pollution from agriculture.

We also need to be more active in translating our scientific understanding of the pro-
blems and solutions to policy makers. This means translating the results of our work to
colleagues in other disciplines. It also means working directly with government agencies
that make and enforce rules and regulations and learning to work directly with legislative
politicians. The competitive elements in science often compel us to communicate the
uncertainties in our knowledge more loudly than sound consensus scientific advice. We
need to learn how to provide accurate advice in spite of the uncertainties. Few policy
decisions are made without substantial uncertainties, in part because the basic science to
support alternatives is not adequately communicated

Not the least in our communication challenges is the nced to educate the public both
tl and the agricultural produces community. Both these groups
red to ha'e confidence in the responsels we promise if our solutions are to he
implemented in more 'than experimental or demonstration scales

Challenges

A large number of challenges have been identified that need to be addressed. Here are
some actions we can all tak& that will move our efforts towa?d solving diffuse pollution
inariculture to a new threshold. Ask yourself "How cri I serve society with my knowl-
edge?" This action may start with friendsand family, but should include your community
and ultimately the community decision makers.

Search for the ultimatd cause, not the proximal cause of pollution. The concept behind
proximal and ultimate causes came from Jared Diamond's books Guns, Germs, and Steel
and his most recent book collapse (Diamond, 1997, 2006). Guns, Germs, and Steel deals
with the natural resources and geography that allowed some cultures to dominate others.
Collapse describes a variety of human cultures that failed, in large part, because they
consumed resources needed to sustain production of food and shelter to an unsustainable
condition. An observation made by Vladimir Chour, the Diffuse Pollution Group's second
chairman, was that problems of diffuse pollution couldn't afford to he corrected after it
has entered the stream or air. This analogy should he pushed further to search beyond the
direct or proximal sources of contamination, but rather at the systems that ultimately
facilitate the release of contaminants to the environment. As an example, the proximal
cause of nitrate and phosphorus contamination in streams may be thought to be excess
application of inorganic fertilizer. Stopping the search for causes and solutions at this
point may lead to a simple reduction of the input of inorganic plant nutrients as the sol-
ution. While this may initially sound sufficient from a mass-balance perspective, it may

22	 not he appropriate to maintain crop yields. It also may not solve the water-quality



problem because the sources and transport processes of these contaminants are complex.
The ultimate cause of large nutrient loads in streams may be much more complex and
include: landscape changes (terraces, artificial drainage, and irrigation, for example) that
facilitate replacement of grazing land with cropland. The ultimate cause may lie in the
fact that annual crops facilitate leaching and runoff before crop emergence and after
harvest much more than perennial crops. Non-legume monocultures (rice, maize, cereal
grains) require importing N in quantities greater than the crop needs to assure availability
during critical crop stages. Excess phosphorus is frequently applied in excess of crop	 Co
needs to assure timely availability to crops. The more complex ultimate causes can he
understood by simply establishing interdisciplinary projects that involve hydrologic,
agronomic, atmospheric, and soil sciences.

Projects should he developed in collaboration with agronomists, livestock scientists,
soil scientists, hydrologists, economists, sociologists and others who have a stake in the
study of diffuse pollution and the outcomes of any proposed solutions. Partnerships
developed at the working level where basic principles can be shared will help avoid the
pursuit of impractical solutions when viewed from different perspectives.

In professional organizations, like the Diffuse Pollution Group, active participation in
our conferences and workshops by economists, sociologists and policy analysts as well as
the variety of technical disciplines that traditionally participate should be encouraged. In
particular agricultural specialists who may resist solutions devised in their absence should
be included. Economists who have much more experience providing information to pol-
icy makers in language they understand and can use to legislate and administer governing
rules should also be included.

Finally, cooperation should he fostered among agencies charged with the responsibil-
ity to manage water, protect the environment, and support agricultural production. Find-
ing common ground among these government agencies will he critical to finding and
implementing changes that will win for natural resources and win for agriculture.
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