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Cropping Systems Rsearch:

Reconsidering Agricultural

Experimental Approaches

Laurie E. Drinkwater

SUMMARY. Systems approaches to research can be used to study characteristics of agricultural
systems that cannot be addressed using conventional factorial experiments. The goal of a factorial
experiment is to break down a complex system in order to isolate and study specific components
and identify cause–effect relationships. In contrast, systems experiments aim to understand how a
complex system functions as a whole and thus requires that intact systems be studied. Two ap-
proaches have been successfully applied to agricultural systems research: 1) field station experi-
ments where simulated cropping systems are established in replicated plots and 2) studies of intact
agroecosystems using commercial farms as study sites. These two approaches have complementary
strengths and limitations and have made significant contributions to our understanding of ecologi-
cal processes in agricultural systems. The development of sustainable agroecosystems will be best
accomplished using an integrated research approach combining systems experiments with appropri-
ately designed factorial experiments.
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The concept of an agroecosystem evolved through extension of
the ecosystem paradigm, a central organizing principle in ecol
ogy, to agriculture (Lowrance et al., 1984). A system is defined

as a group of interrelated elements forming a functional entity that is
more than the sum of its parts. Therefore, an ecosystem is an assem-
blage of organisms and their physical environment that is largely self-
regulating and is shaped by species–species and species–environment
interactions. An agroecosystem is a managed ecosystem in which crop
production is the primary function.

Ecosystems research aims to understand the role of structure (abi-
otic and biotic components) in determining function (net primary
productivity, nutrient and energy flows). Studies of agroecosystems
attempt to understand the role of structure and management in deter-
mining function. The central underlying assumption of a systems
approach is that agroecosystems are complex, and interrelationships
among environmental conditions, management, and biological pro-
cesses are important in determining outcomes such as yield, pest pres-
sure, and environmental impacts. Experiments are often designed to
study processes at multiple spatial and temporal scales and usually
require the involvement of a multidisciplinary research team (Table 1).
Perhaps the most important defining characteristic of agroecosystem
studies is that they offer the opportunity to test broad, integrated
hypotheses.
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The precise boundaries of an
agroecosystem depend on the nature
of the questions being addressed. For
questions addressing biophysical pro-
cesses, such as management effects on
soil organic matter (SOM) decompo-
sition, an agroecosystem is often de-
fined as a field or experimental plot
(Crossley et al., 1984). Cropping sys-
tems experiments tend to emphasize a
set of practices corresponding to a
management system and usually ad-
dress questions at the field or farm-
scale (e.g., Liebhardt et al., 1989;
Mueller et al., 2002). On the other
hand, if one wishes to address ques-
tions at larger scales, such as regional
nutrient budgets or interactions be-
tween management, yields and socio-
economic properties, the boundaries
of an agroecosystem may encompass
an entire state (David and Gentry,
2000) or may consist of many farms
and their markets (Hart, 1984).

This paper provides an overview
of agroecosystems research and com-
pares the strengths and weaknesses of
reductionist and systems experiments.
Different approaches to agro-ecosys-
tems studies are discussed.

Limitations of

conventional agricultural

research

Most agricultural research is con-
ducted in reductionist, factorial ex-
periments. A factorial experiment per-
mits the deconstruction of a complex
system in order to isolate specific com-
ponents and identify cause–effect rela-

tionships. In a factorial experiment,
the effects of one or more factors are
investigated at two or more levels si-
multaneously, usually by comparing
all possible combinations (Little and
Hills, 1978). All other attributes ex-
cept for those of interest are held con-
stant. Factorial experiments are excel-
lent for studying isolated components,
however, they may not predict the
performance of intact agroecosystems.
The limitations of a reductionist ap-
proach are particularly relevant in agri-
culture when factorial experiments are
conducted in the absence of an ecosys-
tem context. Most field experiments
are of brief duration (2 to 3 years) and
are conducted in small plots on agri-
cultural experiment stations. An un-
derlying, and often unintentional, as-
sumption of experiments conducted
in this manner is that ecosystem-level
characteristics that change over longer
time periods (i.e., ≥5 years) or larger
spatial scales do not affect experimen-
tal outcomes. However, studies of in-
tact agroecosystems have established
the importance of both long-term and
landscape scale effects (Letourneau,
1997; Aref and Wander, 1998). These
ecosystem-level characteristics consti-
tute the background of all field experi-
ments but are rarely accounted for in
agricultural experimental designs. The
absence of a larger, systems perspec-
tive can lead to incorrect conclusions.

For example, soil management
history plays a major role in determin-
ing nutrient dynamics. When treat-
ments such as no-tillage are imposed
in soils after decades of conventional

tillage, changes in carbon (C) and ni-
trogen (N) cycling processes reduce
plant available N (Meisinger et al.,
1985.) This effect declines over time as
the system reaches a new steady state.
Similarly, shifting from inorganic N
fertilizers to organic amendments such
as compost or green manures also al-
ters C and N cycling (Harris et al.,
1994; Wander et al., 1994; Reider et
al., 2000). When these treatments are
imposed in soils after long-term man-
agement with inorganic fertilizer, N
availability can be limiting initially, but
then gradually increases as the soil
cycling processes reach a new equilib-
rium (Liebhardt et al., 1989; Clark et
al., 1999). Therefore, care must be
taken in comparing alternative and
conventional soil management prac-
tices since the outcomes are governed
by soil processes requiring more than
one or two growing seasons to reach
equilibrium.

Landscape characteristics at spa-
tial scales larger than experiment sta-
tions can also impact experimental
outcomes. The surrounding landscape
plays a significant role in determining
insect pest damage, particularly in situ-
ations where biological controls are
being used (Letoureau, 1997). Land-
scape heterogeneity influences the
abundance and diversity as well as the
behavior of pest and beneficial insect
communities (Altieri and Todd, 1981;
Ryszkowski et al., 1993; Letourneau,
1997). For example, increased insect
pest damage under conditions with
greater N availability is observed in
greenhouse and small plot experiments

Table 1. Common characteristics of systems experiments in agriculture.

Property

Realistic, intact agroecosystems are studied
Most systems research is conducted either in simulated farming systems or in actual farms or landscapes. Many characteristics (tillage,
rotation, fertility sources, etc.) vary between treatments.

Interdisciplinary
Broad hypotheses which cross disciplines are often tested so scientists from several disciplines work together. Some of the most informative
experiments have included farmers in the research team (Scow et al., 1994; Temple et al., 1994).

Long-term
Cropping systems studies have shown that differing management regimes cause cropping systems to change over time (Drinkwater et al.,
1995; Liebhardt et al., 1989; Peters et al., 1997). Some of these processes appear to take decades and, as a result, short-term experiments
can lead to incorrect conclusions.

Multiscale
Integration across spatial scales and levels within the system, i.e., from micro-scale processes such as nitrogen cycling in the rhizosphere
to landscape and watershed scale nitrogen flows. Some agricultural systems studies include biophysical as well as social and economic
factors (Reaganold 2001).
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but is usually not detectable in studies
of intact agroecosystems (Letourneau,
1997). Marino and Landis (1996)
compared the efficacy of parasitoids in
fields surrounded by landscapes of vary-
ing complexity and found that parasi-
toid behavior was influenced by the
surrounding landscape but not by field-
scale vegetation factors. For pest
biocontrol strategies involving natural
enemies, particularly those that are highly
mobile, the success or failure of these
practices could be determined by the
composition of the landscape surround-
ing the agricultural research station. A
replicated factorial experiment con-
ducted at a single site may not be ad-
equate for evaluating the efficacy of pest
control practices.

A second assumption driving re-
ductionist experimental designs is that it
is best to remove all potential sources of
variability. As a result, treatments may
be oversimplified and a factor that inter-
acts with the cause–effect relationship
under study may be modified or elimi-
nated. In a long-term factorial experi-
ment spanning 11 years, Larson et al.
(1972) studied the effects of crop resi-
due quality using plots where residues
were imported rather than being grown
in situ. Corn (Zea mays) was grown
every year and then removed and vary-
ing amounts of either alfalfa (Medicago
sativa) shoots or corn stover were then
added back to the plots to determine the
importance of residue quantity versus
quality on SOM. This design had the
advantage of allowing researchers to
control the amount of organic residue
added to the plots more precisely than if
corn and alfalfa were planted in the plots
to establish the treatments. Larson et al.
(1972) concluded that SOM levels were
determined by the amount of organic
residues but that residue quality effects
were insignificant. Since residue quality
is an implicit characteristic of crop spe-
cies, the results of this experiment have
been interpreted to suggest that crop
species do not effect SOM levels (e.g.,
Campbell and Zentner, 1993). How-
ever, recent agroecological studies sug-
gest the opposite (Drinkwater et al.,
1998; Gregorich et al., 2001). The
apparent contradiction can be explained
with more recent evidence indicating
that roots play a significant role in SOM
dynamics (Hayes and Beare, 1997; Puget
and Drinkwater, 2001) and that differ-
ences between plant species in SOM
cycling are due to differences in the fate
of root-derived organic matter

(Drinkwater and Puget, 2001). By main-
taining a constant background of corn
roots, Larson et al. (1972) unintention-
ally removed a major determinant of
plant species effects on SOM levels and
reached incorrect conclusions.

Finally, the factorial design dictates
that all management practices other than
the experimental factors must be the
same for all treatments. As a result, the
management may not reflect a realistic
cropping system since, in some cases,
changing a specific management prac-
tice requires modification of other com-
ponents of the management system.
This may be a relatively minor issue but
it is important to consider as it also
contributes to the difficulties of devel-
oping components of management sys-
tems in isolation from one another.

Cropping systems

experiments: an example

The fundamental features of an
experiment design aimed at understand-
ing how agroecosystems function as a
whole is perhaps best illustrated by briefly
describing a sample cropping systems
experiment. The Farming Systems Trial,
which is still continuing, was initiated in
1981 and compares three distinct pro-
duction systems: a conventional cash
grain production system and two or-
ganically managed cropping systems
(Table 2). Treatments are replicated
eight times and are arranged in a ran-
domized complete block design
(Liebhardt et al., 1989). The primary
difference between this and a factorial
study is that the suite of specific practices
imposed in each treatment represents
an intact management strategy. As a
result, the treatments differ in many
respects including crop rotation, fertil-
ity source, and the timing and frequency
of tillage (Table 2). Simply changing the
N source from mineral fertilizer to bio-
logically fixed N from a green manure
has several ramifications. To allow time
for the green manure to reach maxi-
mum biomass, tillage is delayed in the
organic system. After incorporation, the
green manure requires time to decom-
pose so the planting date for the corn
crop following the green manure is
often later compared to that in the
conventional system in which fertilizer
is used. Furthermore, to allow hairy
vetch (Vicia villosa) to be grown pre-
ceding corn, the rotation includes a
winter grain. Consequently, the legume-
based cropping system differs from the

conventional system in terms of both
crop rotation and N source. Because of
this change in rotation other differences
in cultural practices between the con-
ventional and legume-based system ac-
crue, including modifications in the tim-
ing and frequency of tillage and a reduc-
tion in the fallow periods (Table 2).
These changes in cultural practices have
secondary effects on other components
of these agroecosystems such as weed
and arthropod populations and thus
influence the choice of cultural practices
in these areas (Liebman and Dyck, 1993;
Letourneau, 1997). As with all experi-
ments, statistical analysis is required to
identify differences among treatments.
However, specific cause–effect relation-
ships (i.e., whether differences in nitrate
leaching rates are due to differences in N
source, crop rotation or timing of till-
age; whether differences in yields are
due to differences in N availability or
weed competition) cannot be identified
without further experimentation. In-
stead, this experiment has contributed
to our understanding of how different
cropping system behave in terms of
relationships between structure (man-
agement practices and biological and
environmental attributes) and function
(i.e., yields, environmental impacts and
long-term sustainabililty) (Harris et al.,
1994; Drinkwater et al., 1998; Peterson
et al., 1999).

Complementarity of

systems and factorial

approaches

The contrasting strengths and limi-
tations of factorial and systems ap-
proaches clearly suggest that their
complementary application is likely to
produce an understanding of
agroecosystems better suited to meet-
ing current needs than either approach
alone. A number of examples exist in
which factorial experiments have been
used within a systems context to shed
unique insight on agroecosystem func-
tion. For example, subplots have been
used within a larger experiment to ma-
nipulate a single factor and test specific,
mechanistic hypotheses in systems stud-
ies (Harris et al., 1994; Peters et al.,
1992; Puget and Drinkwater, 2001).
To give a specific example, I will con-
tinue with the Farming Systems Trial
described above. This study has demon-
strated cropping system effects on SOM
composition (Wander et al., 1994),
nutrient cycling (Drinkwater et al.,
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1998), yields and weed dynamics
(Liebhardt et al., 1989). Hypotheses
about mechanisms causing these differ-
ences were also offered but they could
only be addressed through use of reduc-
tionist approaches. Liebhardt et al.
(1989) found reduced corn yields in the
two organic systems during the first 4
years and hypothesized that weed com-
petition contributed to reductions in
yield. Subplots were established within
larger plots to compare yield following
complete weed removal by hand to
those following production under am-
bient weed pressure, while all other
factors remained constant (Peters et al.,
1992). Similar approaches have been
used to test mechanistic hypotheses
about nutrient cycling processes using
stable isotopes or litter bags (Harris et
al., 1994; Collins et al., 1999; Daroub
et al., 2000; Drinkwater et al., 2000;
Puget and Drinkwater, 2001; Kramer et
al., 2002). Harris et al. (1994) and
Kramer et al., (2002) used microplots
within cropping systems experiments to
study the fate of N additions originating
from the green manure versus those
added as mineral fertilizer using 15N-
labeled legume residues and fertilizer.
Microcosm or pot experiments using
soils from systems experiments or com-
mercial farm sites have been used to
study soil microbial community func-
tion (Lundquist et al., 1999; Fließbach
et al., 2000) as well as soil–plant–arthro-
pod (Phelan et al., 1995) and soil com-
munity–plant pathogen interactions
(Workneh et al., 1994). If the plot size
permits, experiments can be nested
within the main plots or fields (Mueller
et al., 2002).

Statistical analysis of

systems studies

While univariate analysis of vari-
ance can be used, multivariate analyses
have also proven to be useful in
agroecosystems studies. Multivariate
analysis can quantify multiple interac-

tions simultaneously and identify eco-
logical ramifications not revealed by
univariate statistics (Lechowicz and
Shaver, 1982). A number of multivari-
ate techniques have proven useful in
interpreting the complex data sets gen-
erated by systems studies (Stynes and
Veitch 1981; 1983; Drinkwater et al.,
1995; Clark et al., 1999; Wander and
Bollero, 1999). Using principal com-
ponents analysis and canonical dis-
criminant analysis, Drinkwater et al.
(1995) demonstrated that manage-
ment effects on soil processes could be
detected across a range of soil types
despite having significant variability in
specific farming practices within man-
agement groups. Clark et al. (1999)
combined principal components analy-
sis with traditional analysis of variance
to evaluate the relative importance of
yield-limiting factors across four simu-
lated cropping systems in a replicated
plot experiment. A useful reference for
use of multivariate statistics is Afifi and
Clark (1996).

Farm sites versus

simulated systems in

research plots

Two distinct approaches have
been used to conduct agricultural sys-
tems experiments (Shennan et al.,
1991). One involves simulating
agroecosystems by establishing repli-
cated experiments on a research sta-
tion while the other relies on commer-
cial production systems or agricultural
landscapes as study sites. Choosing an
approach depends on the goal of the
experiment and the hypotheses to be
tested. On-farm systems research will
be dealt with in greater detail here as
other papers in this volume address
simulated cropping systems studies.

STUDIES USING SIMULATED

AGROECOSYSTEMS. There are now a
substantial number of replicated, on-
station systems experiments compar-
ing various simulated production sys-
tems (Liebhardt et al., 1989; Janke et

al., 1991; Temple et al., 1994; Posner
et al., 1995; Robertson et al., 2000,
Cavigelli et al., 2000; Reider et al.,
2000; Poudel et al., 2001; Mueller et
al., 2002; Delate, 2002). Replicated
systems experiments are occasionally
established on commercial farms
(Reganold et al., 2001). Replicated
interdisciplinary cropping systems stud-
ies offer a number of advantages by
allowing whole management systems
to be compared while reducing the
influence of confounding variability in
soil type, management history, sur-
rounding habitat or microclimate.
Another advantage is that promising,
innovative cropping systems not cur-
rently in use by farmers may be stud-
ied. Finally, this approach is particu-
larly useful for detailed investigations
of temporal changes that may occur
following implementation of new man-
agement schemes since all treatments
begin with well-defined time zero con-
dition (so-called transition effects after
Liebhardt et al., 1989). Viewed from
another perspective, these strengths
can become disadvantages. Since data
are obtained from a single location,
the effect of varying environmental
conditions (such as soil texture or land-
scape level biodiversity) on the crop-
ping systems cannot be studied. Also,
one or two sets of practices are used to
represent a type of production system
(e.g. Liebhardt et al., 1989; Temple et
al., 1994), whereas in practice, there
are usually many variations on a central
theme.

ON-FARM SYSTEMS STUDIES. Use
of existing farms as study sites is less
common, perhaps because the limita-
tions are often thought to exceed the
advantages. This may be due to the
perception that it is extremely difficult
to test hypotheses using commercial
farms since many factors cannot be
controlled across different farms. The
use of farms in agroecesystems studies
is most closely aligned with approaches
used to study natural ecosystems and
represents a major divergence from

Table 2. Summary of cultural practices in the Farming Systems Trial at the Rodale Institute (Kutztown, Pa.) where three
different agronomic cropping systems are being compared. Each cropping system is replicated eight times and plots are
arranged in a randomized, complete block design. (modified from Wander et al., 1994, Peters et al., 1997).

Cultural practice Manure-based

Crop rotation Corn (Zea mays), soybeans (Glycine max), small grains, hay (legume/grass mix)
Amount and type of N input 91 kg·ha–1 N per yearz steer manure, leguminous residue
Annual groundcover condition Growing plants: 73%; fallow w/residues: 20%; bare fallow: 7%
Primary tillage and average frequency Moldboard plow, 0.8× per year
Weed control Rotary hoeing, cultivation, rotation
z1 kg·ha–1 = 0.9 lb/acre.
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typical agricultural research ap-
proaches. In addition to the well-
known drawback of uncontrolled vari-
ability among farm sites, a major issue
is the extra cost of completely charac-
terizing these sites in terms of soils,
climate, management history, sur-
roundings and other factors that can-
not be held constant. Given this sig-
nificant cost, multifaceted questions
must be addressed in these studies in
order to compete for funding. On-
farm studies are sometimes more diffi-
cult to carry out logistically due to the
lack of control over the research sites
by researchers and farms are usually
less accessible than experiment sta-
tions.

The most important advantage of
on-farm studies is that systems under
study are realistic in terms of scale,
management practice and constraints
faced by the farmer and therefore offer
an opportunity to study intact
agroecosystems. Another advantage is
that selection may be used to either
minimize environmental variability or
to increase variation in environmental
or management factors. Needelman et
al. (1999) selected farms with soil tex-
tural differences in order to investigate
interactions between management
practices and soil texture. Furthermore,
well-established farms, which are prob-
ably closer to steady-state conditions,
but with differing management re-
gimes spanning many years can be
compared. Alternatively, a
chronosequence of sites that have been
under management schemes for vary-
ing durations can be selected in order
to test hypotheses about changes over
relatively long time periods
(Drinkwater et al., 1995). Finally, cer-
tain agroecosystem properties influ-
enced by landscape-scale characteris-
tics require use of farm-scale study
sites (Letourneau et al., 1996; Elias et
al., 1998) as do studies of interactions
between socioeconomic factors and
management decisions.

A number of studies using com-

mercial farms as research sites are avail-
able (Lockeretz et al., 1981; Stynes
and Veitch, 1981, 1983; Reganold et
al., 1993; Drinkwater et al., 1995;
Franco-Vizcaino, 1997; Wander and
Bollero, 1999). In one of the earliest
interdisciplinary studies of commer-
cial farms conducted in the United
States, Lockeretz et al. (1981) com-
pared organic and conventional grain
production systems in the midwestern
U.S. in terms of soil properties, yields,
energy use, and economics. Reganold
et al. (1993) compared soil physical,
chemical, and biological properties as
well as profitability on 16 adjacent
biodynamic and conventional farms.
Drinkwater et al. (1995) compared
organic and conventional tomato
(Lycopersicon esculentum) systems with
the hypothesis that management-in-
duced alterations in soil processes
would effect crop productivity through
plant–pathogen and plant–arthropod
interactions and nutrient availability.
Several recent on-farm studies have
examined the impacts of management
practices on soil quality (Franco-
Vizcaino, 1997; Wander and Bollero,
1999). Commercial farms are also be-
ing used as sites for studies of nutrient
budgets in agroecosystems (Nguyen
et al., 1995; Baijukya and de
Steenhuijsen-Piters, 1998; Elias et al.,
1998; Van den Bosch et al., 1998).
These studies provide examples of a
variety of successful experimental ap-
proaches to on-farm research and dem-
onstrate that hypotheses can be tested
using commercial farms as study sites.

Conclusions

Previous cropping systems stud-
ies have examined attributes such as
yield, soil properties, energy use and
economics. New information gener-
ated from descriptive agroecosystem
studies has stimulated research to test
specific hypotheses. As a result, many
recent agrosystems studies have inves-
tigated mechanistic hypotheses in an
attempt to explain how different

agroecosystems function using a com-
bination of holistic and reductionist
approaches. This integration of reduc-
tionist strategies within an ecosystem
context has helped further our under-
standing of agroecosystem function at
all levels of organization. For example,
a study using commercial farms as sites
for a comparison of organic and con-
ventional tomato systems found that
organically managed soils had reduced
levels of root disease compared to con-
ventionally-managed soils (Workneh
et al., 1993). Subsequent reductionist
experiments in controlled environ-
ments determined that organically
managed soils inhibited the growth of
the root pathogen and pointed to po-
tential mechanisms for disease sup-
pression (Workneh and van Bruggen,
1994). Continued integration of sys-
tems and reductionist approaches will
likely yield a more complete under-
standing of how to design and manage
agroecosystems for optimal short- and
long-term performance. Useful refer-
ences for anyone who is designing a
systems experiment for the first time
may be found on the Internet
(Denison, 1994; Denison, 1995;
Denison, 2002; Michigan State Univ.,
2002; North Carolina State Univ.,
2001; USDA, 2001), in extension
publications (Cavigelli et al., 1998;
Cavigelli et al., 2000; Peterson et al.,
1999), and in textbooks (Jackson,
1997; Lowrance et al., 1984).
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