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Summary
Ecological research in agronomic systems has a long and rich history
that has contributed much to our basic understanding of all terrestrial
ecosystems. Of particular note are contributions to (1) soil organic matter
concepts, (2) knowledge of specific nitrogen-cycling processes such as
mineralization-immobilization, denitrification, nitrogen fixation, and
biphasic nitrate leaching, and (3) understanding of soil resource heterogeneity. Recent concerns about the long-term sustain ability of high productivity agriculture and the high environmental cost of many such systems
provides managers opportunities for better application of ecosystem concepts. These opportunities include managing the temporal linkage between
nutrient release from soil organic matter and the demand for nutrients by
plant uptake, managing agronomic inputs such as fertilizers and pesticides
with spatial precision, and using whole watershed input-output balances to
assess and manage unwanted nutrient exports. The application of modern
ecosystem concepts to emerging agronomic needs is an important frontier
in ecosystem science with the potential to benefit both ecosystem theory
and practical issues related to farm policy and management.

Introduction
Ecological research in agricultural systems dates from the 19th centuryfrom our earliest efforts to understand the field biology of row crops such as
barley and wheat. From the outset, this research has furthered our basic
understanding of ecosystems in general. Early recognition by Leibig (1847)
and others that plant resource needs can easily exceed available soil resources provided early insight into plant nutrient acquisition and the maintenance of soil nutrient pools, and furnished a basis for our current
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understanding of nutrient interactions in ecosystems (e.g. Bolin and Cook
1983). These ideas continue to influence our approaches to ecosystem nutrient retention today. Early research by soil microbiologists working principally in agronomic soils laid the foundation for our understanding of the
microbial basis for many ecosystem-level nutrient fluxes, especially those
related to nitrogen, carbon, and sulfur. Dinitrogen fixation, mineralizationimmobilization, nitrification, and denitrification are all critical nitrogencycling processes whose microbial ecology was first described or principally
worked out in agronomic systems.
Prior to World War II, the agronomic and the ecological sciences were
inextricably linked. Success in one often led to success in the other across
a range of ecological hierarchies, from the physiological response of individual organisms to community and ecosystem-level dynamics. After 1945,
however, with the advent of large-scale, mechanized, chemically based
farming practices, ecology took a role subordinate to engineering in the
design and implementation of food production systems. The availability of
inexpensive fertilizer freed the agronomist from the need to understand the
ecological basis for most microbial processes, and instead forced attention
toward the fate and efficiency of alternative fertilizers. The availability of
effective herbicides reduced the need to understand plant competition for
limiting resources and the colonization and persistence of soil seed banks.
The availability of pesticides obviated the need to understand the field and
landscape-level population dynamics of most pest predators, instead directing attention toward the specificity of different chemicals and their application windows. Additionally, plant breeding changed harvest indices, root/
shoot ratios, leaf areas and duration, and the secondary chemistry of leaf
tissue, which concomitantly created an even greater need for more intensive crop management.
With the recent emergence of sustainable agriculture and environmental
awareness as social and political issues in many countries, a balance is being
restored, largely in response to social concerns that modern productionlevel agriculture carries an unnecessarily high environmental cost. Proponents of a more ecologically based agriculture cite problems associated with
excess herbicide, pesticide, and fertilizer use: both the direct economic
expense that makes many farms only marginally viable, as well as the
indirect, externalized costs now paid by society as a whole. The long-term
costs of erosion, excess water use, and salinization further subtract from the
ledger.
For ecologists, reintegrating ecological concepts into high productivity
farming systems presents a set of new challenges that can be considered an
ecosystem frontier (sensu this volume) in its own right. As such, many of the
contributions of agricultural ecosystem research to ecology are surely in the
future. Nevertheless, even over the past three decades, when ecology in
developed regions was as separate as possible from agronomic research,
important contributions to ecosystem science have been made. Further-
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more, ecosystem science has begun to significantly influence agronomic
management, particularly in the areas of whole-system (both field-scale and
watershed-scale) nutrient budgets and soil carbon management.
In this chapter we have attempted to outline three major contributions of
research in agroecosystems to the general body of ecosystem science, as
well as emerging ways in which ecosystem science is affecting the management of high productivity agricultural ecosystems.

Contributions of Agroecosystem Research to
Ecosystem Science
Consider the effects of converting a prairie or native deciduous forest to
row-crop agriculture, in which a mixed-species, slow-growing perennial
plant community on a stable soil profile is replaced with a single fastgrowing annual species on a soil profile that is inverted annually. This
massive disturbance resets the successional clock on a yearly basis, introduces a major exotic plant (i.e. the crop) to the system, physically disrupts
the soil food web and its structural support, and alters plant soil temporal
relationships. This leads to a dramatic reorientation of many ecosystem
processes and attributes. Among the most drastic are gradual but substantial changes in soil organic matter-its quantity, quality, and turnover
rate-with concomitant changes in soil food web dynamics; rapid and
major changes in soil structure and soil water and solute movement; major
changes in certain nitrogen-cycling processes; and potentially major
changes in the spatial distribution or heterogeneity of soil resources within
the ecosystem. Consequently, it makes sense that advances in our general
understanding of these ecosystem-level processes have been particularly
accelerated in agronomic systems, and, therefore, that ecosystem research
in row-crop systems has made particular contributions to ecosystem science
in these areas.
Moreover, because annual crop ecosystems are highly pulsed, they are
systems in which net fluxes of such nutrients as nitrogen are more readily
interpreted, especially with the aid of carbon- and nitrogen-isotope technologies, largely developed in agronomic systems. Contrast this with the
difficulty of understanding fluxes in perennial native ecosystems, which are
dependent on the much less easily measured gross fluxes that occur without
major changes in available nutrient pool sizes.
From the outset, we believe that the question "How has research in
agricultural ecosystems benefited ecosystem science?" is a red herring. As
many have pointed out in recent years, we should be moving beyond the
applied vs. basic, disturbed vs. natural, managed vs. unmanaged paradigm of
ecological research toward a perspective that is more gradient-oriented
(Elliott and Cole 1989; Paul and Robertson 1989). All ecosystems today are
affected by human intervention, whether intentional or not, and agricultural
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systems are simply closer to the intensely and intentionally disturbed end of
the spectrum than are such remote ecosystems as arctic tundra, which, up to
this time, may be subject mainly to the widespread but less intense, unintentional human disturbance of the chemical and physical climate.
In its purest sense, then, agricultural ecology is not targeted toward
understanding ecological processes in row-crop ecosystems, but rather
toward understanding ecological processes in extractive ecosystems that are
actively maintained at an early stage of secondary succession. In this light,
agricultural ecology becomes no different from forest ecology, restoration
ecology, or the ecology of unmanaged ecosystems-the key is an understanding of the ecology of successional systems, for which, of course, there
is a rich literature. The relevant question then becomes "How has agricultural ecosystem research contributed to our understanding of ecological processes in early successional, chronically disturbed ecosystems in
general?" From a management standpoint, the converse question becomes,
"What ecological knowledge about early successional ecosystems can we
use to actively manage these systems to minimize the environmental and
economic costs of a highly productive, extractive ecosystem?"
In the following three sections, we discuss in turn the particular contributions of agronomically related research to our present understanding of
soil organic matter, specific nitrogen-cycling processes, and soil resource
heterogeneity in early successional ecosystems in particular.

Soil Organic Matter
Models of soil organic matter dynamics now being applied in a wide variety
of ecosystems (e.g. vanVeen and Paul 1981; Jenkinson et al. 1987; Parton et
al. 1987) derive largely from an understanding of soil carbon dynamics
developed in agricultural soils or in comparisons of grassland to agricultural
soils. Results from long-term studies of carbon loss following the conversion of temperate-region ecosystems to agriculture typically show a rapid,
several-decade decline in soil organic matter levels following the onset of
cultivation (see Figure 6.1; Paul et al. 1997). Typically after two to three
decades in warm climates, organic matter levels reach a new equilibrium
level, often 50 to 80% of original levels in the whole profile and less in the
topmost horizon. But both the rate at which carbon is lost from a soil and
the level to which soil carbon pools decline depend on a large number of
interacting factors: (1) climate; (2) soil texture; (3) the stability of soil
aggregates; (4) the quality and quantity of new plant litter inputs; (5) the
nature and timing of further soil disturbance; and (6) various other sitespecific factors that affect feedbacks between soil processes and plant
growth. These interactions make predictions of the rate of carbon loss and
the potential rate of carbon recovery difficult in the absence of quantitative
models that include these feedbacks.
Efforts to predict the rate and equilibrium level of soil carbon storage
following disturbance have been successful only since modelers have also
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6.1. Soil organic matter loss following cultivation at three sites in the
midwestern United States. Redrawn from Haas et al. 1957.

FIGURE

incorporated into their models the concept of multiple soil carbon pools,
that is, pools of organic carbon that tum over at different rates. The most
widely available models (e.g. Century, Rothamsted, Socrates) recognize at
least three soil organic matter pools (see Figure 6.2); for example, Century
(Parton et al. 1987) defines an active fraction that consists of microbial
biomass and metabolites with a turnover rate on the order of months to
years, a slow fraction of stabilized decomposition products with a turnover
rate on the order of decades, and a passive fraction of recalcitrant, highly
stabilized organic matter that turns over on the order of centuries to
millennia.
Only recently have these fractions become analytically identifiable as
well. A combination of acid hydrolysis and 14C dating (Paul and vanVeen
1978; Paul et al. 1997) together with CO 2 release from long-term soil
incubations (Figure 6.3; sensu Stanford and Smith 1972) now provide a
reasonable means for quantifying passive, slow, and active soil carbon
pools. The identification of these pools occurred principally through work
in cultivated ecosystems or in native vs. cultivated comparisons (e.g. Shields
and Paul 1973; Jenkinson 1977; Juma and Paul 1981). Similarly, the subsequent models (Hunt 1977; Jenkinson 1977; vanVeen and Frissel 1979;
McGill et al. 1981; Molina et al. 1983; vanVeen et al. 1984; Parton et al.
1987; Grace et al. 1996) and thus far their most rigorous tests (e.g. Paustian
et al. 1992; Figure 6.4) have been respectively developed and conducted
primarily in agronomic systems. The application of these models in other
systems and their utility for assessing atmosphere-soil carbon dioxide exchange is becoming especially important with respect to evaluating histori-
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cal and future global change scenarios (e.g. Schlesinger 1984; Jenkinson et
al. 1991; IPCC 1996).
Related to the conceptual development of soil carbon models is the
associated development of soil food-web models. Although not developed
initially in agronomic systems, experimentation in arable soils has provided
substantial insight for identifying important members of soil food webs and
their functional significance (Elliott et al. 1984; Hunt et al. 1987; Coleman
and Crossley 1996). Of particular note has been the emerging recognition of
the importance of protozoan and other faunal grazing for making pulses of
nitrogen available to the plant community (Edwards 1983; Clarholm 1985),
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FIGURE 6.2. Structural components of the Century soil organic matter model.
Values next to arrows are transfer coefficients for the carbon pools noted; values in
parentheses are the approximate turnover times for the noted pool. From Paustian
et al. 1992.

148

G.P. Robertson and E.A. Paul
15

10

=k1 (C 1 e-k1t) + k2 (C2 e-k2t)
where C 1 =151 k1 =0.075

C min

C2

= 816

k2

= 0.006

5

o

04--------.--------.-------.-------~1-------.--------~

o

50

100

150
days

200

250

300

FIGURE 6.3. Long-term carbon mineralization in a cultivated soil from the KBS
LTER site. The solid line is fit with the two-pool nonlinear model as noted in figure
(r2 = 0.99); units for the active fraction C1 and the slow fraction C2 are g C g-I soil;
the passive fraction C3 (total soil C less C1 and C2) = 7,785gCg- 1 soil.

5000

Manure
Straw + N

Sawdust + N

Legume

~

~E

D

El 4000

Straw

()

·0
<Il

"0

f5

"S

E
i:i5

N

3000

Control

2000
2000

3000

4000

5000

Observed soil C (g m·2)

FIGURE 6.4. Actual vs. simulated soil carbon pools in a Swedish soil following thirty
years of oat and barley cropping with the amendments noted. From Paustian et al.
1992.

6. Ecological Research in Agricultural Ecosystems

149

and the potential importance of fungal- vs. bacterial-dominated food webs
(Hendrix et al. 1986) with consequent potential effects on decomposition
rates and nutrient availability (Beare et al. 1992). These dynamics are
crucial drivers in trophic-based models of soil nitrogen cycling (Hunt et al.
1987; Moore and de Ruiter 1991). Soil biotic interactions also appear to be
crucial regulators of soil aggregate structure as a consequence of their
binding effects on soil mineral particles (Oades 1993); this phenomena was
initially clarified in agricultural ecosystems.

Nitrogen Cycling: Process-Specific Advances
The history of terrestrial nitrogen-cycling research is no more specific to
agricultural systems than it is to forest, grassland, wetland, or any other
habitat. In fact, it can be argued that from a watershed standpoint, our
understanding of whole-system nitrogen dynamics in agronomic systems
has lacked a parallel understanding of nitrogen cycling in forest catchments,
despite the early use of stable isotopes in agronomic systems (e.g. Allison
1955). For at least three-and possibly four-crucial nitrogen-cycling
processes, however, the knowledge worked out in agricultural ecosystems
represents a second major contribution of agroecological research to ecosystem science. These processes include denitrification, dinitrogen fixation,
and nitrate leaching via preferential flow, in addition to nitrogenmineralization-immobilization. Denitrification, the biological reduction of
soil nitrate to the dinitrogen gases nitrous oxide (N20) and nitrogen (N2), is
carried out by microorganisms that have been isolated from a wide variety
of environmental habitats, including every terrestrial ecosystem examined
thus far. Because most denitrifiers are facultative anaerobes that use nitrate
as a terminal electron acceptor only when oxygen is limiting, however, the
presence of denitrifiers-even if they can be shown to be metabolically
active-does not necessarily imply active denitrification. Particularly in
upland soils, the persistence of denitrifiers might be attributed to a shortlived competitive advantage present only during transient rainfall events
when the soil is saturated and nitrate is freely available.
The new availability of 15N in the 1950s and its application in agronomic
studies provided evidence that denitrification in upland soils might be
biogeochemically important. Only a portion of the lsN applied as fertilizer
in various cropping systems could be recovered in plant, soil, and leachate
pools several months later; the remainder, sometimes totaling 50% of the
15N applied, was ascribed to some combination of experimental error plus
denitrification (Hauck 1981; Firestone 1982). Careful mass-balance studies
without 15N showed potential losses of a similar magnitude (e.g. Rolston et
al. 1979) but with equal uncertainty. Not until a selective metabolic inhibitor of nitrous oxide reductase was discovered in the mid-1970s (Yoshinari
et al. 1977) and tested largely in agronomic soils (Duxbury 1986) did it
become possible to evaluate denitrification fluxes directly. These evalua-
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tions showed that denitrification can indeed account for 20 to 50% of the
nitrogen lost from many cropping systems (Firestone 1982; Tiedje 1988).
Field-level denitrification research in row-crop ecosystems paved the
way for similar research in other upland communities. Of particular importance has been research providing a conceptual basis for denitrifier habitat.
As noted before, early recognition that denitrification is an anaerobic
nitrate-requiring process kept many microbiologists from considering
well-drained ecosystems as serious candidates for denitrification until
the development of oxygen (0 2) models (e.g. Arah and Smith 1989) that
showed the theoretical potential for persistent anaerobiosis in such soil
micro sites as aggregate centers and micropores. Confirmation of the
anaerobic potential of soil aggregates came with the development of O 2
microelectrodes (Revsbech et al. 1981), applied to soil microsites in 1985
(Sexstone et al. 1985; Figure 6.5).
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Why are aggregates anoxic? In part, anoxia is the result of limitations on
gas diffusion across the water film that surrounds most aggregates; O 2
diffuses through water more slowly (more than an order of magnitude
slower) than through air. Diffusion itself, however, is only a problem when
it does not occur as quickly as O2 consumption within the aggregate-which
explains why most denitrification in soil may be associated with such small
organic matter particles as relatively fresh plant litter (Parkin 1987) and
invertebrate feces (Elliott et al. 1990).
With the conceptual groundwork for denitrification in well-aerated soils
laid out by workers in agronomic systems, it has been a relatively short
jump to apply these concepts to entire landscapes comprised of many
different types of ecosystems. Tiedje (1988) presented a landscape-level
conceptual framework for denitrification that identifies controls on
denitrification at several different scales (Figure 6.6). In this context, it has
not been surprising to find nitrogen gas fluxes from well-drained forested
sites that appear to equal or exceed nitrogen lost from other pathways at
these sites (e.g. Virginia et al. 1982; Mellilo et al. 1983; Robertson and
Tiedje 1985, 1988; Robertson et al. 1987; Groffman and Tiedje 1989).
At a regional scale, denitrification in upland soils largely exceeds
denitrification in other habitats and can play a large role in the overall
nitrogen economy of the region. In their subcontinent nitrogen budget for

i
J~__ =-t~M~neralogYI
~

CI'
~

' "~

1

structure

~~\~fall _ _ _ _ _

Porosi:- .

_ _ _ _ H20/temp ~J

- - - - Oz

SOM _ _ _ Aggregate
stNcture

<

HZO/t~R8SPiration;?
~

0

Soil type

,

HzOllemp-.!EL-.
Plants

/

N03-

Transporotlon

.f

........ Carbon

'5

f

Excretion/;/

immobilization

.!!

Physical

:z:

disruption

HzOllemp~.,

INitrification'~ No,Plants~

Mineralogy/--_1 AEC
pH
Distal

~

Proximal

FIGURE 6.6. Proximal VS. distal controls on denitrification. From Robertson (1988)
after Groffman et al. (1988).

152

G.P. Robertson and E.A. Paul

West Africa, for example, Robertson and Rosswall (1986) estimated
denitrification losses of nitrogen at 1.1 TgN y-\ roughly equivalent to hydrologic exports of nitrogen from the region. Jordan and Weller (1996)
estimated that only 5% (0.7TgNy-l) of total anthropic nitrogen inputs to
the United States (15.3TgNy-l) are lost as river discharge-with the remaining 14 TgN plus nonanthropogenic sources either stored in aggrading
ecosystems, sediments, and groundwater, or (more probably) lost through
denitrification and perhaps fire.
For at least three other important biogeochemical processes our ecological understanding has also been developed largely in agricultural ecosystems: biological nitrogen fixation, nitrogen mineralization-immobilization,
and biphasic solute loss. The history of dinitrogen-fixation research dates
from the 19th century (Havelka et al. 1982), with much of the terrestrial
research focused on the ecology and biogeochemical impact of the legumeRhizobia symbiosis, discovered in 1886 (Hellriegel 1886, in Havelka et al.
1982)-a dominant feature of many agronomic management practices
especially prior to the widespread availability of nitrogen fertilizers (e.g.
Pieters 1927). Similarly, much of what we know about mineralizationimmobilization transformations in soils originated from work in agronomic
systems, especially dating from isotope work beginning in the 1950s
(Jansson and Persson 1982). For example, the capacity for litter of different
carbon/nitrogen ratios to differentially immobilize and release nitrogen and
thereby affect soil nitrogen availability now dominates our understanding
of decomposition in terrestrial ecosystems (e.g. Melillo et al. 1982), and has
played an important role in ecosystem concepts ranging from systemlevel stoichiometry (Reiners 1986) to nutrient-use efficiency (Vitousek
1982).
Moreover, biphasic solute flow was first identified and explored
principally in agronomic soils, although in contrast to N2 fixation and
mineralization-immobilization, its biogeochemical importance has only recently been recognized. Biphasic water flow refers to the tendency of water
flowing through soil to move preferentially through macropores and soil
channels rather than through the soil matrix (Thomas and Phillips 1979;
Bouma 1981; Beven and Germann 1982; White 1985; Sollins 1989). Water
in aggregates and in fine pores remains relatively static, and solute exchange
between immobile and mobile phases can be very slow.
Much of the motivation for research on biphasic flow has stemmed from
interest in zero-till conservation tillage techniques that aim to conserve a
soil structure more conducive to carbon and water retention. Reducing
erosion is typically promoted as the principal agronomic benefit of conservation tillage, now employed on a majority of cropland in the United States,
but effects on solute and, consequently, on nutrient retention (e.g. Wild
1972) and on loss of nitrogen to groundwater is also important. In
nonagronomic systems the importance of biphasic flow and its sensitivity to
disturbance is only now being enumerated (Sollins 1989); it is becoming
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apparent, however, that any disturbance that has the potential to affect
aggregate structure, macroporosity, or the formation of soil channels also
has the potential to affect solution nutrient losses via effects on soil water
flow paths. Processes that affect aggregate structure and soil porosity
include invertebrate (especially earthworm) activity, root turnover, fungal
mycelia growth, and such larger-scale processes as root-throws, burrowing
mammals, and harvest or site preparation activities.

Soil Resource Heterogeneity
A third area in which ecosystem-level research in agronomic systems has
led research in other systems is that of soil resource heterogeneity. Ecologists have been in the forefront of efforts to understand plant resource
variability since ecology first became a discipline. Recognizing plant distribution patterns and identifying their cause and consequence is a hallmark
of plant community ecology; decades of work in successional systems has
placed significant emphasis on the need to understand differences in soil
resources among different communities and especially within seres. Historically, however, relatively little effort has been directed toward understanding within-community patterns of resource availability. Traditionally, such
patterns have been ignored in favor of understanding mechanisms underlying between-community or between-ecosystem differences; within-system
variability has been seen largely as a statistical hurdle to be overcome by
adjusting a sample size upward just enough to statistically differentiate any
between-system differences that may exist. Recently, however, led by advances developed in agronomic systems, new insights about in situ spatial
variability are emerging for a broad variety of both terrestrial and marine
ecosystems.
Although elucidating the variability of belowground resources has been
the explicit subject of a number of studies dating from the 1950s (e.g.
Downes and Beckwith 1951; Snaydon 1962; Pigott and Taylor 1964; Zedler
and Zedler 1969; Allen and MacMahon 1985), only recently have the
geostatistical tools that allow this variability to be closely examined become
available (Robertson 1987; Rossi et al. 1992; Robertson and Gross 1994).
Workers in agronomic ecosystems-as early adopters of these tools-led
the way among life scientists. As a field, geostatistics was developed by
mathematical geologists in the 1970s to describe mineral distributions for
the mining industry (e.g. David 1977; Journel and Huijbregts 1978; Krige
1981). During the 1980s, geostatistical approaches were adopted by soil
scientists seeking to understand soil morphological processes within agricultural landscapes, and in particular, patterns of such soil physical and
chemical properties as stone content, infiltration capacity, and conductivity
(e.g. Webster and Cuanalo 1975; Burgess and Webster 1980; Vieira et al.
1983; Trangmar et al. 1985; Webster 1985; Webster and Oliver 1990). Later
in the decade, soil biologists began describing patterns of biological activity
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across individual cropping systems (e.g. Folorunso and Rolston 1985;
Parkin et al. 1987; Trangmar et al. 1987; Aiken et al. 1991; Ambus and
Christensen 1995), and by the early 1990s, terrestrial ecologists had incorporated the technique and had begun applying geostatistics to questions of
resource heterogeneity in noncropped communities (e.g. Robertson et al.
1988,1993; Jackson and Caldwell 1993; Gross et al. 1995; Fetcher et al. 1996;
Schlesinger et al. 1996).
Geostatistics offer substantial power for identifying the scale of environmental variation in landscapes and for describing patterns of variability at
different scales. The degree of structured variability that has been uncovered for important ecological processes has been surprising to many, and
in a variety of ways agronomic systems are well suited for addressing
questions about the ecological significance of the variability identified.
Robertson et al. (1997), for example, planted a single genotype of soybeans
across a 48-hectare (ha) row-crop ecosystem that-despite decades of
tillage and cropping-varied internally by up to an order of magnitude for
many important system-level attributes such as soil organic matter and
nitrogen availability (e.g. Figure 6.7). Although the variability for most
attributes examined was strongly structured, in some cases at multiple
scales (e.g. Figure 6.8), there was very little correspondence between specific groups of attributes and soybean productivity; at most less than 50% of
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the variation in plant productivity could be explained by variation in soil
chemical and physical properties. Such findings challenge our understanding of controls on productivity at scales between the individual plant and
the landscape, and underscore the value of agronomic systems for addressing questions of broad relevance to many ecosystems.

Applications of Ecosystem Science to Management
Issues: Success in the Making
Inasmuch as several important advances in ecosystem science have been
made in whole or in part in agronomic settings, it is not difficult to identify
the application of these particular concepts as important contributions of
ecosystem science to agronomic management. On the other hand, credit
may be premature: in some cases, the effective application of ecosystemlevel concepts predates their scientific understanding by centuries. Take,
for example, organic matter management. The inclusion of legumes in longterm rotation strategies and the application of animal wastes to farm fields
was part of the agronomic toolbox long before the development of active
fraction concepts, in fact, long before nitrogen was even recognized as an
essential nutrient (e.g. Oakley 1925; Francis and Clegg 1990). The effect of
rotations on soil color, that is, on soil organic matter levels, was recognized
and used to manage fallows even during the Roman Empire. It is therefore
unfair to say that our new understanding of organic matter dynamics has
contributed much to the design of modern cropping systems. In fact, the
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application of this knowledge is only now occurring, as it becomes clear to
agronomists that a means is needed to more efficiently manage the withinyear nutrient-release curve in annual cropping systems, as well as a means
to rebuild soil organic matter where it has been lost without resorting to
long fallow periods.
High productivity cropping systems in which managed productivity may
be twice the productivity of the native ecosystem that was displaced
(Robertson 1997) can place tremendous demands on the nutrient-supplying
capacity of a soil. During a maize crop's rapid vegetative growth phase, a
period of about three to four weeks when plants are past the seedling stage
and growing exponentially, a single crop can withdraw on the order of
4kgNha- 1 d- 1• This contrasts with mineralization rates under both native
vegetation and disturbed systems that typically sum to some fraction of this
(Keeney 1980; Robertson 1982; Paul 1989). This underscores the importance of providing either fertilizer or a source of readily mineralized organic
matter to the cropping system at this growth stage. In the absence of
abundant fertilizer, biologically derived nitrogen must be provided by aligning soil nitrogen-mineralization rates with plant nitrogen demand, and this
is a major goal of efforts to reduce the present reliance on synthetic nitrogen in high productivity row-crop ecosystems (Figure 6.9; Hendrix et al.
1992; Robertson 1997). It is probable that emerging knowledge about the
decomposition dynamics of crop residues (in particular, knowledge about
controls on active fraction formation and turnover) will playa large role in
allowing us to approach this nitrogen-management goal, and this topic is a
major issue in soil fertility research today.
In contrast to efforts aimed at providing sufficient nitrogen for rapidly
growing crop plants is the converse problem of restricting excess agricultural nutrients in surface and groundwater supplies and in the atmosphere.
One of the greatest challenges facing the confined-animal industry today is
the emerging environmental problem of excess nitrogen and phosphorus
loading that stems from land application of animal waste. Environmental
concerns in Europe and in some U.S. states have already led to specific
restrictions on the amount and timing of manure applications to cropping
systems, and these restrictions are apt to become even more common as
poultry, swine, and dairy operations continue to become increasingly concentrated in large confined-animal operations. In Europe, several countries
have adopted watershed input-output balances as the basis for assessment
and regulation of agricultural production systems; further understanding of
the basis for soil organic matter acretion and mineralization-immobilization
relationships will aid efforts to optimize nutrient retention in these systems.
It will be important to maintain a concomitant watershed-level focus in this
effort, because many processes that can attenuate nutrient loss operate at
different scales and along different portions of hydrologic flow paths (e.g.
Lowrance et al. chapter 5; Peterjohn and Correll 1984; Robertson and
Rosswall 1986; Barry et al. 1993).
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Robertson 1997.

Emerging knowledge about the relationship between plant productivity
and the spatial distribution of soil resources will further aid efforts to
increase ecosystem-level nutrient-use efficiency. New technologies that
allow fertilizers to be applied differentially across individual fields-socalled site-specific farming practices (Robert et a1. 1993)-have been touted
for their potential ability to match resource inputs with resource needs.
Without further information about the scale of soil biological activity
in arable soils, however, and without matching application technology to
this scale, it is improbable that the potential of the technology will ever
extend beyond maps of such larger-scale soil properties as drainage class
and topographic relief (Groffman 1997). Thus, knowledge of "biological
precision" will be an important consideration in efforts to develop effective
site-specific farming practices, and may well decide its theoretical effectiveness and, therefore, its economic viability.
The application of other ecosystem concepts should also provide the
substantive insight needed to effectively manage the agricultural land base.
For many concepts, the derivation of knowledge is coming full circle.
Regional multi-watershed nutrient budgets were first developed for agricultural purposes (e.g. Lipman and Corybeare 1936; Ayers and Branson 1973;
Miller and Smith 1976; Keeney 1979), and the whole-crop lysimeters first
deployed in the Coshocton, Ohio watershed in the 1930s were arguably
among the very first watershed-level biogeochemical experiments. Since
then, however, most watershed-level experimentation has focused on
forested regions, led by studies at the Coweeta Experimental Forest in
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North Carolina (Swank and Crossley 1988), the Hubbard Brook Experimental Forest in New Hampshire (Likens and Bormann 1996), and the H.J.
Andrews Experimental Forest in Oregon (Sollins et al. 1980). Only with the
renewed interest in coastal eutrophication and groundwater quality (e.g.
Turner and Rabalais 1991; Cole et al. 1993; Nixon 1995; Howarth et al.
1996) have landscape-level nutrient-cycling issues become refocused again
at a farm-management level (e.g. Barry et al. 1993). Whole-ecosystem
experimentation at the level of individual fields and even within fields, with
subsequent extrapolation to farms and then to agricultural watersheds,
holds much promise for helping to guide the development of a more productive, environmentally safe agriculture, in the same way that such
research in forested watersheds (e.g. Likens and Bormann 1996) is helping
to guide the effective management of forest resources.
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