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Abstract

A current goal in ecology is to elucidate the relative roles of primary and secondary consumers ver-
sus plant resources in determining community structure and dynamics. The complexity and diversi-
ty of terrestrial communities has been hypothesized to strongly influence the strength of these top-
down and bottom-up forces, and in turn, trophic interactions are predicted to have significant con-
sequences for species diversity within trophic levels. To examine the relative strengths of top-down
and bottom-up trophic interactions and their relationship to arthropod diversity in an agricultural
ecosystem, we conducted experiments in two alfalfa fields with different management regimes in
which we manipulated light availability, nutrients, and arthropod abundance. We employed path
analysis to examine how variation generated by these manipulations influenced top-down and bot-
tom-up trophic pathways, focusing on alfalfa productivity and the abundance and species richness
of arthropods. These analyses revealed a number of complex interactions between treatments and
each of the three trophic levels. Shade structures had a strong effect on enemy, herbivore, and plant
trophic levels, but much of the effect on plant biomass appeared to be mediated indirectly through
changes in enemy and herbivore abundance. Potential positive effects of nutrient addition on alfalfa
biomass were negated due to increases in abundance of soil microbes in the intensively managed
field and herbivores in the weedy field. In the intensively managed, low arthropod abundance field,
alfalfa biomass increased with herbivore diversity. However, in the lightly managed fields, herbivore
diversity, which increased significantly with nutrient addition, reduced alfalfa biomass. The indirect
top-down and bottom-up effects uncovered in this experiment were strong, but were not limited to
the classic trophic cascades that have been the subject of intense recent investigation.

Ein derzeitiges Ziel der Ökologie ist es, die relative Bedeutung von primären und sekundären Kon-
sumenten im Gegensatz zur Bedeutung der Pflanzenressourcen auf die Bestimmung der Struktur und
Dynamik von Lebensgemeinschaften zu beleuchten. Es wurde die Hypothese aufgestellt, dass die
Komplexität und Diversität terrestrischer Lebensgemeinschaften einen starken Einfluss auf die
Stärke dieser „top-down“ und „bottom-up“-Kräfte hat. Daher wurde vorhergesagt, dass trophische
Interaktionen ihrerseits signifikante Auswirkungen auf die Artendiversität in trophischen Ebenen
haben. Um die relative Stärke der trophischen „top-down“ und „bottom-up“-Interaktionen und
ihre Beziehung zur Arthropodendiversität in einem Agrarökosystem zu untersuchen, führten wir
Experimente in zwei Luzernefeldern mit unterschiedlichen Bewirtschaftungsformen aus, in welchen
wir die Lichtverfügbarkeit, die Nährstoffe und die Arthropodenabundanz manipulierten. Wir wen-
deten eine Pfad-Analyse an, um zu untersuchen, wie die durch die Manipulationen erzeugte Varia-
tion die trophischen „top-down“ und „bottom-up“-Bahnen beeinflusst, wobei wir uns auf die
Luzerneproduktivität sowie die Abundanz und den Artenreichtum der Arthropoden konzentrierten.
Diese Analysen deckten eine Anzahl komplexer Interaktionen zwischen den Behandlungen und
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jeder der drei trophischen Ebenen auf. Schattenstrukturen hatten einen starken Effekt auf der Feind-,
Herbivoren- und Pflanzen-Ebene. Allerdings schien ein Großteil des Effektes auf die Pflanzen-
biomasse indirekt durch Veränderungen der Abundanz von Feinden und Herbivoren ausgeglichen
zu werden. Potenzielle positive Effekte durch die Zugabe von Nährstoffen auf die Luzernebiomasse
wurden durch die Zunahme der Abundanz der Bodenmikroorganismen in den intensiv gepflegten
und der Herbivoren in den verunkrauteten Feldern aufgehoben. In dem intensiv gepflegten Feld mit
geringer Arthropodenabundanz nahm die Luzernebiomasse mit der Herbivorendiversität zu. In den
weniger intensiv gepflegten Feldern reduzierte die Herbivorendiversität, die signifikant mit der
Nährstoffzugabe zunahm, die Luzernebiomasse. Die indirekten „top-down“ und „bottom-up“-
Effekte, die mit diesem Experiment entdeckt wurden, sind stark, waren aber nicht auf die klassischen
trophischen Kaskaden beschränkt, die Gegenstand jüngster, intensiver Forschung waren. 
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Introduction

A long-term goal of ecologists is to understand the role
of trophic interactions in shaping community structure.
Resource availability (“bottom-up” factors) and natural
enemies (“top-down” factors) both affect various as-
pects of community structure, but the extent to which
species diversity determines and is determined by these
forces has been the subject of considerable debate
(Tilman 1986, Leibold 1996, Polis et al. 2000). In gener-
al, it has been predicted that low diversity systems that
have few interconnecting trophic links are much more
likely to experience strong top-down trophic cascades
(i.e. indirect effects of upper trophic levels on plants)
than those containing many species (Polis & Strong
1996). Diverse communities may also be more likely to
display high levels of intraguild predation, contain more
functional redundancy (Lawton 1994), and contain
more omnivores, which would further dilute the poten-
cy of top down forces (Vadas 1989, Polis & Holt 1992,
Strong et al. 1999). This prediction has been upheld in
some experimental field studies but not others (reviewed
by Hunter 2001, Shurin et al. 2002). The effects of top-
down and bottom up forces on the species diversity
within various trophic levels are equally controversial
and even less well understood. Some theoretical and em-
pirical studies suggest that herbivore and natural enemy
diversities increase with primary productivity (Hutchin-
son 1959, MacArthur 1965, Abrams 1995, Rosenzweig
1995), however many empirical studies have shown ei-
ther no effect or the reverse (Hurd & Wolf 1974, Sie-
mann 1998, Kassen, et al. 2000, Mittelbach et al. 2001,
also see Aarssen 2001). Likewise, several studies have
indicated that top-down forces can alter the diversity of
primary producers (Paine 1966, Carter & Rypstra
1995, Wootton 1995, Schoener & Spiller 1996, Carson
& Root 2000, Dyer & Letourneau 1998).

These issues of trophic dynamics and species diver-
sity are of great theoretical interest and have impor-
tant implications for a variety of applied fields, in-

cluding conservation biology (Terborgh 2001) and
agriculture (Schläpfer & Schmid 1999). An under-
standing of the trophic components in agricultural
ecosystems and the direction and magnitude of their
interactions can directly inform management prac-
tices across natural and agricultural communities.
Many studies have examined the effects of specific
natural enemies in agricultural systems (e.g., Jervis &
Kidd 1996), but it is equally interesting to do so at the
scale of the entire community (i.e. crop, weeds, herbi-
vores, enemies). Here we present the results of two ex-
periments that examine trophic interactions within al-
falfa agroecosystems. The primary questions we seek
to address are: 1) What are the relative strengths of
top-down and bottom-up pathways in agricultural
systems? 2) How are the diversities of herbivorous
arthropods and their natural enemies influenced by
the strength and direction of trophic interactions? and
3) How do these interactions affect the quantitative
yield of alfalfa? 

Materials and methods

The first of two experiments was conducted in 1998 in
low-diversity alfalfa fields near the town of Fruita,
Colorado (1375 m, 39º09′ N 108º43′ W), managed by
the Western Colorado Research Center (WCRC). Av-
erage annual precipitation at the site is 20 cm, and the
fields are irrigated by gated pipe and furrows with
ditch water from the Colorado River. The alfalfa was
planted in August of 1995; 448 kg per hectare of
0–45–0 (NPK) was broadcast applied then disced and
plowed before planting. In February 1997 and 1998,
1 lb per acre of the herbicide, Sencor DF (metribuzin),
was applied to the field, and in May 1998, 2 pints per
acre of the general insecticide, Furadan 4F (carbofu-
ran), was applied to all plots. We conducted our ma-
nipulations during the third harvest from 31 July to 18
August 1998. 
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The experiment employed a factorial design involv-
ing three dichotomous treatments: shade, nutrient ad-
dition, and arthropod abundance. We created forty
1.5 m2 (1 m by 1.5 m) plots and randomly assigned
them to treatments, such that each treatment combina-
tion was replicated 5 times. Shading and fertilizer were
used to examine community effects of reduced prima-
ry productivity and enhanced mineral resources. Shade
treatments were covered by a 1.5 m2 sheet of 15% am-
bient shade cloth suspended from wooden stakes 1 m
above the ground. While these manipulations cut light
availability, they also provided a novel habitat for var-
ious arthropods; this is a realistic manipulation of
light availability because in most terrestrial systems
variation in light availability is accompanied by varia-
tion in habitat complexity. We used path analysis and
a follow-up experiment (see below) to tease apart ef-
fects of light versus the novel habitat provided by the
shade structures. Fertilizer treatments consisted of the
application of 50 g of 18-46-0 (N-P-K) and 50 g of
0–0–50 fertilizer (Pursell Industries) to each of the
treated plots. Arthropods were removed by sweeping
each of the designated plots every three days with a
heavy sweep net. Plots that did not receive the sweep
treatment were swept with a net hoop lacking a sweep
bag to control for potential direct effects of sweeping
on the alfalfa plants. The goal of this sweeping treat-
ment was to reduce the overall abundance of insects in
order to generate variance in herbivore and natural
enemy abundance between plots. At the beginning of
the experiments, the effects of the sweeps on the
arthropod community were tested by sweeping 5 of
the same sized plots in the same fields and sampling
these along with 5 control plots 24 hours later. For this
and the second experiment, sweeping substantially re-
duced the abundances of herbivores and predators,
and the effect appeared to be stronger for predators
(Table 1); species richness was unaffected by sweeping
(Table 1). 

In 1999 we performed a second experiment using
experimental alfalfa fields (33 ha) managed by Mesa
State College (MSC) that were located approximately
10 km from the WCRC fields (39º03’N 108º33’W
with the same soils, rainfall, and irrigation scheme).
These fields, leased to a local farmer, were under a
much less intensive management regime and had not
been subject to pesticide, herbicide, or fertilizer appli-
cations for at least five years preceding the inception
of our experiment. They were characterized by lower
yields on average and much higher diversity and abun-
dance of weedy plant species such as Convolvulus ar-
vensis, Taraxacum officinale, and Chorispora tenella
(Abundance/plot [X ± SE]: 45.8 ± 3.5; species/plot: 4.9
± 0.15). The experiment was conducted during the
third harvest for these fields, from June 30–July 23.
The design of the experiment and number of replicates
was identical to the 1998 WCRC experiment except
that all plots received shade, and the shade treatment
consisted either of low shade (30% ambient shade
cloth) and high shade (15% ambient shade cloth).
This was done to control for effects of the shade struc-
ture observed in the initial WCRC experiment.

For both experiments, all response variables were
measured for all plots both at the beginning (before
treatments were applied) and end (immediately prior
to alfalfa cutting) of the experiments. Insect sampling
was conducted from 0815 to 1000 hrs, and consisted
of ten 180º sweeps per plot. Insects were sorted into
morphospecies, identified to lowest possible taxon
(family, genus, or species), and classified into major
trophic guilds (e.g. predator, herbivore, decomposer).
Alfalfa plant sampling was conducted by using plot
outlines (lathe with 10 cm increments marked on it)
and a random numbers table to select three plants per
plot according to their coordinates. Only plants with
three or more shoots were selected to gauge effects on
biomass. These plants were then shade dried and
weighed. For the first experiment, microbial abun-
dance per gram dry weight of soil was measured for
one randomly located soil sample from each plot (1 g
of surface soil wet weight, to ca. 5 mm depth); we fol-
lowed the procedures of Weaver et al. (1994) to mea-
sure abundance in these samples. 

Although treatments were initially designed to alter
the strength of top-down and bottom-up forces, we
were not able to specifically manipulate particular
trophic levels without simultaneously affecting the
others. This is a common problem in field and labora-
tory experiments and it limits the ability to identify the
causes of treatment effects (Shipley 2000). Typically
manipulations that are realistic are likely to affect
more than just the target variable. For these reasons,
we combined our experimental approach with path
analysis to test hypothesized pathways of treatment ef-
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Table 1. Species richness (top numbers) and abundance (bottom numbers)
of herbivores and natural enemies in pre-experimental swept and unswept
plots for WCRC and MSC alfalfa fields. All sweeps for estimates of species
richness and abundance were conducted 24 hours after the sweeps. Mean ±
1 SE (N = 5) are shown for all values.

WCRC MSC
––––––––––––––––––––––– ––––––––––––––––––––––
Herbivores Enemies Herbivores Enemies

Sweep: Richness 5.6 ± 1.1 5 ± 1 7.2 ± 1.1 3 ± 1.4
Abundance 8.4 ± 1.1 9.8 ± 1.6 86.8 ± 9.7 3.6 ± 0.2

*No Sweep: Richness 5.2 ± 1.3 5.2 ± 1.7 6 ± 1.4 2.4 ± 1.1
Abundance 12 ± 1.8 23 ± 2.9 97.8 ± 7.4 7 ± 0.8

*All no-sweep plots were subjected to the sham treatment of sweeping with
a hoop only.



fects and relationships between response variables.
The results of each experiment were analyzed sepa-

rately using similar statistical methods. Initially,
MANCOVAs were used to analyze the direct effects of
manipulations on arthropod diversity in both experi-
ments, with the species richness and abundance of her-
bivores and natural enemies as dependent variables
and fertilizer, shade, and sweep treatments as indepen-
dent variables. To control for preexisting variation in
diversity among plots the initial measures of abun-
dance and species richness per plot were included as
covariates. When covariates and their interactions
were insignificant, they were dropped from the model.
Profile analysis was subsequently used to test the null
hypothesis that abundance and species richness mea-
sures did not differ in their responses to the treatments
(Tabachnik & Fidell 1996). Similar ANCOVAs were
used to assess the impacts of independent variables on
plant biomass and microbial abundance, with initial
measurements included as covariates. To investigate
how particular herbivore and enemy groups respond-
ed to our manipulations, we conducted additional
ANOVAs of abundance for the three most common
herbivores and enemies in each experiment. All abun-
dance variables were log-transformed to meet assump-
tions of normality.

We used path analysis (Mitchell 2001) to further ex-
plore the effects of treatments and diversity within
trophic levels on the interactions among them. Stan-
dardized correlation coefficients between variables
(SAS institute, CALIS procedure) and eta2 values were
calculated and plotted as path coefficients on path dia-
grams constructed for each experiment. Structural
equation modeling (SEM) was then used to differenti-
ate between alternate causal hypotheses for the ob-
served data (Ullman 1996). Due to the low species rich-
ness and strong effects of treatments on herbivore and
enemy abundance in MANCOVA models, path analy-
sis of the first experiment focused on abundance. In the
second experiment we focused our path analysis on
herbivore and enemy species richness due to the domi-
nance of abundance measures by one small-bodied her-
bivore, Acyrthosiphon pisum (Aphididae). All analyses
were performed using SAS (SAS Institute Inc.1989).

Results

Arthropod abundance and species richness differed be-
tween the heavily managed WCRC alfalfa agroecosys-
tem, and the less intensively managed MSC experi-
mental fields (Fig. 1). The average abundance of her-
bivorous arthropods in the intensively managed fields
was less than 5% that of the weedy MSC fields. In
contrast, enemies (predators and parasitoids) were

more diverse and abundant in the intensively managed
fields (Fig. 1). In both experiments we found no signif-
icant relationship between initial measures of depen-
dent variables (alfalfa biomass, arthropod abundance
and species richness) and those recorded after treat-
ments were applied; thus these covariates were exclud-
ed from ANCOVA and MANCOVA models. 

Experiment One

In the WCRC experimental plots, both the shade and
arthropod removal treatments had a significant impact
on the alfalfa arthropod community (Table 2). The
presence of shade structures increased enemy densities
and decreased herbivore densities. Species richness
was either lower in shaded plots (herbivores [X ± SE]:
4.60 ± 0.245 versus 6.25 ± 0.315 in open plots) or was
unaffected (enemies; see profile analysis Table 2).
Arthropod removal (via sweeping) had a negative ef-
fect on herbivore densities, but did not significantly af-
fect predators and parasitoids. Experimental treat-
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Fig. 1. Mean arthropod abundance (top) and species richness (bottom; ±
SE) for herbivores and Natural enemies in the Western Colorado Research
Center (WCRC) fields and Mesa State College fields (MSC). For each field, N
= forty 1.5 m2 plots.



cially under high light levels. The arthropod removal
treatment significantly decreased soil microbe abun-
dance (Table 3). Interactions between arthropod
removal and both fertilizer and shade also tended to
affect soil microbe number, though these effects were
not significant.

The most abundant herbivores in the plots, mirid
bugs (primarily Lygus spp.), were affected significantly
by both shading and arthropod removal, with higher
numbers in plots with shade structures (shade: 20.7 ±
1.10, no shade: 14.3 ± 1.145; F1,32 = 19.96, P < 0.001)
and in plots subjected to arthropod removal (removal:
19.70 ± 1.44, no removal: 15.3 ± 1.00; F1,32 = 9.43,
P = 0.004). Aphids, also relatively abundant, exhibited
a more complex response, responding positively to
shading only in the absence of fertilizer (light x fertiliz-
er interaction; F1,32 = 11.14, P = 0.002). Anthocorids
(primarily Geocoris sp.), the most abundant predators,
responded strongly to the presence of shade structures
(no shade: 3.75 ± 0.542, shade: 10.8 ± 0.996; F1,32 =
37.8, P < 0.0001), and a similar response was also sug-
gested for spiders (no shade: 0.35 ± 0.150, shade:
0.85 ± 0.232; F1,32 = 3.70, P = 0.0632). In contrast, the
abundance of chalcid wasps (parasitoids) in shaded
plots was less than half that found in open plots
(6.55 ± 0.61 vs 17.75 ± 1.80; F1,32 = 3.70, P = 0.0632).
No other factors significantly affected these herbivore
and enemy taxa.

Path analysis of the relationships between alfalfa
biomass, herbivore and enemy abundance, and treat-
ments provides some insight into the causes of these
patterns (Fig. 2). The strong direct effects of shade on

ments also affected alfalfa biomass and microbial di-
versity (Table 3). Shade resulted in a large decrease in
alfalfa biomass relative to unshaded plots ([X ± SE]:
18.2% ± 5.3), as would be expected if rates of photo-
synthesis were limited. Also, rather than enhancing
alfalfa productivity, nutrient addition was observed to
have no significant direct effect on alfalfa biomass
(Table 3; but see path analysis below for direct versus
indirect effects). Contrary to expectations, the arthro-
pod removal treatment, which decreased herbivore
abundance, also decreased alfalfa biomass relative to
no removal plots (14.3% ± 6.7). Fertilizer addition
significantly increased soil microbe abundance, espe-
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Table 2. Arthropod diversity results from MANCOVA and profile analyses for
Experiment 1 conducted in the low diversity WCRC fields. In all analyses co-
variates (initial measurements of variables) were non-significant and dropped
from the models. Degrees of freedom for all analyses are (F1,32). P-values less
than 0.10 are accentuated in bold; the alpha for hypotheses tests was 0.05.

MANCOVA Profile Analysis
–––––––––––––––––– –––––––––––––––––––––––

Factor F P F P

Herbivores Abundance vs. Richness

Shade 19.20 0.000 14.22 0.001
Nutrients 0.59 0.446 1.83 0.186
Sweep 8.26 0.007 8.95 0.005
Shade x Nutrients 0.04 0.835 0.28 0.598
Shade x Sweep 1.26 0.270 1.22 0.277
Sweep x Nutrients 1.03 0.317 0.97 0.333
Shade x Sweep x Nutrients 0.77 0.387 0.67 0.418

Enemies Abundance vs. Richness

Shade 3.55 0.069 6.88 0.013
Nutrients 0.26 0.611 0.37 0.549
Sweep 2.55 0.121 1.86 0.182
Shade x Nutrients 0.29 0.595 0.03 0.855
Shade x Sweep 0.22 0.645 0.44 0.513
Sweep x Nutrients 0.62 0.435 0.48 0.495
Shade x Sweep x Nutrients 0.00 0.977 0.13 0.719

Table 3. Results from ANCOVA analyses of alfalfa biomass and soil microbe
abundance for Experiment 1 conducted in the low diversity WCRC fields. In
all analyses covariates (initial measurements of variables) were non-signifi-
cant and dropped from the models. Degrees of freedom for all analyses are
(F1,32). P-values less than 0.10 are accentuated in bold; the alpha for hy-
potheses tests was 0.05.

Alfalfa Biomass Soil Microbes
––––––––––––––––––– ––––––––––––––––––

Factor F P F P

Shade 5.18 0.030 1.59 0.216
Nutrients 0.69 0.413 9.67 0.004
Sweep 3.65 0.065 55.5 0.014
Shade x Nutrients 2.10 0.157 6.74 0.000
Shade x Sweep 0.09 0.763 3.98 0.055
Sweep x Nutrients 0.55 0.464 3.81 0.060
Shade x Sweep x Nutrients 0.77 0.387 1.44 0.240

Fig. 2. Path diagrams of interactions for WCRC fields. Thickness of lines is
proportional to the magnitude of the effect. Numbers beside lines represent
path coefficients (*P < 0.05, **P < 0.01, **P < 0.001). Arrowheads indicate
a positive effect, circle-heads indicate a negative effect. Absence of an ar-
rowhead indicates no effect was detected.



each trophic level are evident. However, several indi-
rect effects are also apparent, including the negative
effects of shade and nutrients on alfalfa biomass, act-
ing through soil microbe abundance (combined eta2 =
0.13), and the indirect impact of shade on alfalfa
biomass, through its direct effects on herbivores (eta2 =
0.15). SEM revealed that the positive effect of herbi-
vore abundance on alfalfa biomass was mediated
through the strongly correlated variable of herbivore
species richness (the indirect pathway is a significantly
better fit than the direct pathway; χ2 = 12.3, DF = 4,
P < 0.001; Fig. 3). Because we sampled insects from
the entire plot and sampled all plots equally, the corre-
lation between abundance and species richness is un-
likely to have been produced solely by sampling ef-
fects.

Experiment Two

Treatment effects in the MSC fields differed from the
first experiment (Table 4). No effect of shade was ob-
served on the abundance or diversity of any trophic
level. Arthropod removal also had no effect on herbi-
vores, enemies, or alfalfa biomass, except in its interac-
tions with nutrient level and shade (Table 4). Nutrient
addition appeared to increase herbivore abundance
and diversity, though this relationship was marginally
non-significant in the MANCOVA (P = 0.066). No sig-

nificant effects were identified for predators in the
MANCOVA model, however the profile analysis indi-
cated that responses to nutrients and shade (interac-
tion) differed for abundance and richness measures;
the abundance of enemies was elevated in fertilized
plots not subject to arthropod removal (12.5 ± 1.38
individuals compared to 9.85 ± 0.69 for all plots), but
species richness differed only slightly. Alfalfa biomass
exhibited an especially complicated relationship with
treatment variables (Table 5). Under conditions of low
light availability, arthropod removal increased alfalfa
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Table 4. Results from ANCOVA, MANCOVA, and profile analyses for Experi-
ment 2 conducted in the high diversity MSC fields. In all analyses covariates (ini-
tial measurements of variables) were non-significant and dropped from the
models. Degrees of freedom for all analyses are (F1,32). P-values less than 0.10
are accentuated in bold.

ANCOVA/MANCOVA Profile Analysis
––––––––––––––––––––––– –––––––––––––––––––––––

Factor F P F P

Alfalfa biomass (ANCOVA)

Shade 0.55 0.465 - -
Nutrients 0.17 0.685 - -
Sweep 0.05 0.817 - -
Shade x Nutrients 0.05 0.827 - -
Shade x Sweep 0.19 0.558 - -
Sweep x Nutrients 0.77 0.387 - -
Shade x Sweep x Nutrients 3.99 0.054 - -

Herbivores (MANCOVA) Abundance vs. Richness
Shade 0.14 0.713 0.06 0.808
Nutrients 3.62 0.066 0.41 0.526
Sweep 0.66 0.423 0.74 0.396
Shade x Nutrients 0.88 0.355 0.38 0.544
Shade x Sweep 0.45 0.508 0.01 0.942
Sweep x Nutrients 2.18 0.150 0.30 0.585
Shade x Sweep x Nutrients 3.03 0.091 0.39 0.537

Enemies (MANCOVA) Abundance vs. Richness
Shade 0.35 0.561 0.51 0.480
Nutrients 1.5 0.230 3.35 0.077
Sweep 0.6 0.443 2.40 0.131
Shade x Nutrients 1.84 0.185 0.06 0.818
Shade x Sweep 0.68 0.415 0.68 0.415
Sweep x Nutrients 2.57 0.119 6.87 0.013
Shade x Sweep x Nutrients 0.28 0.600 0.00 0.969

Table 5. The effects of fertilizer addition, and arthropod removal on alfalfa
biomass (X g/plant ± SE), herbivore abudance (number per sweep, X ± SE),
and enemy abundance in Experiment 2 (MSC field). Alfalfa biomass figures
are under low light (15% ambient) conditions.

Fertilizer Arthropod Alfalfa Herbivores Enemies
removal biomass

(g/dry plant) (N/sweep) (N/sweep)

Yes No sweep 51.82 ± 2.45 827.1 ± 101.5 12.5 ± 1.4
Yes Sweep 39.89 ± 4.40 568.2 ± 57.3 8.4 ± 1.7
No No sweep 37.36 ± 6.40 576.4 ± 70.1 8.6 ± 1.1
No Sweep 52.90 ± 10.1 694.1 ± 139.5 9.9 ± 1.1

Fig. 3. Relationship between herbivore abundance and alfalfa biomass in
WCRC fields. See Fig. 2 for explanation. The gray arrow indicates the path-
way not supported by structural equation modeling. Absence of an arrow-
head indicates no effect was detected.



enemy species richness (Fig. 4a,b). Path analysis re-
vealed that nutrient addition had a positive effect on
herbivore and enemy diversity. It also reveals the
strong interaction between nutrients and arthropod re-
moval; in the absence of arthropod removal the abun-
dance and diversity of herbivores increased with fertil-
izer addition, but with arthropod removal fertilizer ad-
dition tended to decrease herbivore abundance
(Table 5). Enemy abundance and diversity follow the
same pattern of increasing with fertilizer addition in
plots not subject to arthropod removal. Any positive
effects of nutrients on alfalfa biomass appear to be
counteracted by significant negative effects due to her-
bivores, which increase in diversity and abundance in
response to nutrient addition. 

Discussion

Our experiments and analyses demonstrated that
even in “simple” agricultural systems, complex inter-
actions may have significant impacts on basic com-
munity properties. For example, in the low diversity
WCRC fields we found that alfalfa biomass increased
with herbivore abundance, a seemingly nonsensical
proposition that might usually be explained by com-
pensatory growth. However, path analysis and struc-
tural equation modeling revealed that herbivore
abundance is highly correlated with herbivore diver-
sity, and that this pathway (from herbivore diversity
to alfalfa biomass) fits the observed data significantly
better than the hypothesis that increased herbivory is
responsible for the increase in alfalfa biomass. In-
creased alfalfa biomass may be associated with herbi-
vore diversity because less diverse herbivore commu-
nities tend to be dominated by one or a few highly in-
jurious species and few enemies, whereas more di-
verse communities are composed a broader array of
species (including potential omnivores) whose effects
are more dispersed across plant structures and species
(Tilman 1982, Strong et al. 1984, Hunter & Price
1992). 

Shade structures and light availability

The strong effects of shade on enemy and herbivore
abundances in the WCRC experimental fields are likely
due in part to an increased number of enemies, which
appeared to be attracted to the shade structure. This
explanation is supported by the direct effect of shade
on enemies, the positive effect of crates and other habi-
tat manipulations on spider and other predators de-
scribed in other studies conducted in agricultural sys-
tems (e.g., Carter & Rypstra 1995, Landis et al. 2000),
and the lack of an effect of shade on enemies or herbi-

biomass in the absence of fertilizer, and decreased it in
the presence of fertilizer. 

By far the most abundant herbivores in the MSC
fields, aphids (93% of all herbivores on average), did
not respond significantly to any of the experimental
treatments. The large variation in aphid abundance
among plots probably swamped potential effects of
treatments on other herbivore species. Alfalfa weevil
adults (Hypera postica) also showed no response to
treatments. The third most abundant herbivore
group, various Lygus species (Miridae; esp. L. hespe-
rus), was also not significantly affected by any treat-
ment, except for a complicated three-way interaction
between shading, fertilizer, and arthropod removal
(F1,32 = 4.41, P = 0.044), which is difficult to interpret.
The most abundant enemies, Coccinellidae, Chalcidi-
dae, and Pteromalidae, showed no response to any
treatment.

The complicated responses of the diverse MSC al-
falfa arthropod community to experimental manipula-
tions are more easily understood with an examination
of the path diagram incorporating herbivore and
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Fig. 4. Path diagrams of interactions in MSC fields for control (A) and
arthropod removal (B) treatments. Thickness of lines is proportional to the
magnitude of the effect. Numbers beside lines represent path coefficients
(*P < 0.05, **P < 0.01, **P < 0.001). Arrowheads indicate a positive effect,
circle-heads indicate a negative effect. Absence of an arrowhead indicates
no effect was detected.



vores in the MSC experiment. In the latter case, all
plots contained shade structures and only the degree of
shading was manipulated. That two of the most abun-
dant herbivores (Miridae, Aphididae) responded posi-
tively to shade suggests that the overall negative effect
of shade on herbivores was a community effect, not the
response of single abundant species. The effects of
shade on alfalfa biomass (Experiment 1) appear to rep-
resent the combined direct effect of shade on lowering
photosynthesis levels and the indirect negative effect
acting through a reduction in herbivore diversity. The
hot sunny environment of these experiments, in which
shade may be beneficial for many organisms, and the
absence of an effect of light level in the second experi-
ment, suggest that much of the detrimental effect of
shade on alfalfa may be due to indirect causes.

Nutrients

The addition of fertilizer did not increase alfalfa
biomass in either of the agricultural systems we exam-
ined, and in the first experiment, alfalfa biomass was
reduced. In the low diversity WCRC fields, this ap-
peared to be a due to strong positive effects of fertilizer
on the microbial community, which then may have
competed with the alfalfa plants for other limiting nu-
trients (Jonasson et al. 1996, Scheu 2001). In the di-
verse MSC fields, the interactions were even more
complicated. We did not detect indirect effects of nu-
trient additions via altered alfalfa biomass on herbi-
vores and enemies, and it is unlikely that there was a
direct effect of nutrients on arthropods. However, the
MSC fields contained a diverse and vigorous popula-
tion of weedy plant species in addition to the alfalfa
crop. Although we did not measure changes in pro-
ductivity or composition of the weed community, the
positive effect of nutrient addition on primary and sec-
ondary consumers was likely mediated by direct ef-
fects of fertilizer on weed productivity and perhaps di-
versity. The lack of a direct effect of fertilizer on alfalfa
biomass may be explained by competition between al-
falfa and the productive community of weed species,
many of which lack the symbiotic relationship with ni-
trogen-fixing bacteria found in alfalfa. The strong in-
teraction of nutrient addition with arthropod removal
suggests that the repeated removal of herbivores from
the plots prevented them from responding reproduc-
tively or through immigration to the more vigorous
weed community. Although increases in enemy abun-
dance and diversity were due in part to the changes in
herbivore populations, they may also be positively af-
fected directly by weed species due to increased food
resources (e.g. pollen, nectar, honeydew; Jervis et al.
1993) or increased structural habitat diversity (Andow
1991, Siemann et al. 1998). 

Effects of diversity within trophic levels

In contrast to the predictions of several models (e.g.,
Abrams 1995) that diversity should increase with pro-
ductivity, herbivore diversity was not affected by alfal-
fa productivity (biomass) in either experimental field.
However, the reverse (top-down) pathway of herbi-
vore species richness affecting alfalfa productivity, was
significant. In the MSC plots where herbivore abun-
dance and diversity were high, this effect was negative,
whereas in the intensively managed WCRC fields it
was positive. The positive influence of higher herbi-
vore diversity on alfalfa may be attributed to the asso-
ciated decreased abundance of two particularly dam-
aging herbivores, mirid plant bugs and aphids. 

Several relationships supported the donor-control
perspectives of Hunter & Price (1992) and Polis &
Strong (1996). First, the highly significant negative ef-
fect of arthropod removal on soil microbe abundance
suggests that the soil community may strongly depend
upon arthropod abundance and perhaps diversity
through feces cascades, honeydew production, and/or
arthropod corpses (Scheu & Setälä 2002). Second,
enemy diversity tended to be dependent on bottom up
forces of herbivore diversity and abundance, especially
in the MSC field. Finally, in neither experiment did we
find strong evidence that enemy diversity or biomass
influenced the diversity of herbivorous arthropods. 

In summary, our manipulations of resource avail-
ability and arthropod abundance in this relatively sim-
ple alfalfa dominated ecosystem have exposed a com-
plex set of interactions encompassing both bottom-up
and top-down effects. The most prominent of these are
the strong effects of shade and/or shade structures on
alfalfa, its herbivores, and their enemies, the overall
lack of positive effects of nutrients on alfalfa biomass,
and the hypothesized antagonistic interactions between
alfalfa and weedy plant species mediated through the
herbivore trophic level. At first blush, these complicat-
ed interactions may suggest that even in simple systems
trophic cascades are unlikely to be strong due to the
prevalence of horizontal connections that buffer the
system. Nevertheless, it is clear from both experiments
that a variety of complex indirect effects are responsi-
ble for large-scale changes in alfalfa biomass and the
associated arthropod community. Several lines of evi-
dence suggest that the trophic interactions described
here are community wide responses rather than just
species-level cascades (Polis et al. 2000), including: the
strong effect of treatments on herbivore and predator
species richness, the effects of species richness within
these groups on other trophic levels, and community
wide response of herbivore abundance to treatments in
the first experiment. These indirect effects are not lim-
ited to the classic trophic cascades that have been the
subject of intense recent investigation. 
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