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Abstract Many predatory arthropods eat both unpara-
sitized herbivores and herbivores that are parasitized and
contain the immature stages of endoparasitoids, a form
of intraguild predation. Thus, the biological control of
herbivorous arthropods can be either enhanced or dis-
rupted by introducing a predator species to an existing
host-parasitoid system. We evaluate the impact of intro-
ducing a predator, the convergent ladybird beetle, Hip-
podamia convergens, on the biological control of the cot-
ton aphid, Aphis gossypii, by the parasitoid Lysiphlebus
testaceipes, under field conditions. Predation on imma-
ture parasitoids by H. convergens was intense: 98-100%
of aphid mummies were consumed by the end of the ex-
periment, and H. convergens substantially reduced im-
mature parasitoid populations. Despite the negative im-
pact of H. convergens on aphid parasitoids, aphid popu-
lation suppression was greatest in treatments containing
both H. convergens and parasitoids. The parasitoid alone
or in combination with H. convergens suppressed cotton
aphids in a density-dependent manner and increased total
plant leaf area and biomass, H. convergens did not sub-
stantially alter the percentage of aphids mummified by
parasitoids and showed a partial feeding preference for
unparasitized aphids over aphid mummies. We conclude
that under conditions where a predator shows both a par-
tial preference for unparasitized hosts and high levels of
predation on unparasitized hosts, we may expect the
predator to improve suppression of herbivores even if it
produces high levels of intraguild predation. While intra-
guild predation is an important ecological interaction in
the early-season cotton agroecosystem, it does not dis-
rupt cotton aphid biological control.
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Introduction

Although the “top-down effects” of predation and para-
sitism are important regulating forces for some terrestrial
herbivore species, for other herbivore species different
regulatory factors may be more important. There are sev-
eral potential reasons why predation and parasitism may
fail to regulate herbivore populations. First, other eco-
logical factors such as the “bottom-up effects” of host
plant resource limitation and the “lateral effects” of com-
petition may limit herbivore populations more than
predation (Karban 1989; Hunter and Price 1992;
Cappuccino and Price 1995; Denno et al. 1995). Second,
complex interactions between the natural enemies of her-
bivores (i.e., higher-order predation, intraguild predation,
and cannibalism) may prevent predators from exerting
strong mortality on herbivore populations (Polis et al.
1989; Rosenheim et al. 1995; Polis and Strong 1996;
Sunderland et al.1997; Rosenheim 1998). Third, preda-
tors and parasitoids may not always display density-
dependent predation and parasitism, a condition neces-
sary for predators to regulate herbivores (Murdoch 1970;
Harrison and Cappuccino 1995). Finally, some ecologists
have argued that herbivore populations may not be
regulated by biotic factors, but that instead their popula-
tions may fluctuate with changing abiotic conditions
(Andrewartha and Birch 1954).

Agroecosystems have traditionally been viewed as
three trophic level communities, consisting of a primary
producer (the crop), primary consumers (pests), and sec-
ondary consumers (natural enemies of pests). Biological
control theory has followed the Hairston et al. (1960)
model for terrestrial communities, which posits that if
predatory species are sufficiently abundant, they will
limit herbivore population size and allow plants to grow
until they are limited by competition. A major assump-
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tion behind this model and some of its later extensions
(Hairston and Hairston 1993, 1997) is that all predators
and parasitoids of herbivores can be lumped into a single
trophic level and that higher-order predation and intra-
guild predation are not sufficiently important to influ-
ence the fundamental structure of most terrestrial com-
munities. If this theory of terrestrial communities also
correctly describes agroecosystems, then increasing the
diversity and abundance of predators and parasitoids
should consistently improve the biological control of
herbivores. This view, that enhancing consumer diversity
improves biological control, has received some empirical
support (Riechert and Bishop 1990; Croft and Slone
1997; Riechert and Lawrence 1997; Riechert et al.
1999). However, there is a growing consensus that the
Hairston et al. (1960) model is not appropriate for many
terrestrial ecosystems; instead, a more flexible model
that includes more than three trophic levels, omnivory,
intraguild predation, and cannibalism, may be more ap-
propriate for both natural terrestrial ecosystems (Polis
1991, 1994; Wise 1993; Polis and Strong 1996) and ag-
roecosystems (Rosenheim et al. 1995; Rosenheim 1998).
The potential for higher-order predators to constrain top-
down control of herbivores has been widely debated in
the case of hyperparasitism, in which one parasitoid spe-
cies uses another parasitoid as a host. Theoretical and
empirical studies have, however, not resolved whether
hyperparasitoids disrupt the biological control of herbi-
vores (reviewed in Rosenheim 1998).

Intraguild predation (IGP hereafter), in which poten-
tial competitors also engage in predator-prey interactions
(Polis et al. 1989; Polis and Holt 1992), occurs in many
terrestrial arthropod communities (Polis et al. 1989;
Spiller and Schoener 1990, 1994, 1996; Hurd and Eisen-
berg 1990; Diehl 1993; Rosenheim et al. 1993). IGP can
have several important influences on herbivore regula-
tion. If an intraguild predator preferentially preys on pri-
mary predators rather than herbivores (functioning pre-
dominantly as a secondary predator) or if the intraguild
predator is inefficient at exploiting herbivores, primary
predator populations may be suppressed and herbivore
populations allowed to expand (i.e., a trophic cascade).
IGP of this type can sometimes disrupt biological control
of herbivores (Rees and Onsager 1982; Croft and
MacRae 1992; Rosenheim et al. 1993, 1999; Rosenheim,
in press). Alternatively, if an intraguild predator is effi-
cient at exploiting the herbivore prey and/or preferential-
ly feeds on herbivores over intermediate predators, then
herbivore regulation could be either unchanged or en-
hanced by IGP (Diehl 1993; Spiller and Schoener 1996).
Although theoretical analyses have suggested that this
type of IGP may cause populations of intermediate pre-
dators to be excluded from the system (Polis et al. 1989;
Holt and Polis 1997), many empirical studies have ob-
served both reductions in herbivore (or shared resource)
abundance and persistence of the intermediate predator
(reviewed in Diehl 1993). Therefore, it appears that IGP
is capable of producing diverse impacts on biological
control of herbivorous pests.
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We studied the effects of IGP in a beetle-parasitic
wasp-aphid system. The cotton aphid, Aphis gossypii
Glover (Homoptera: Aphididae), is an important herbi-
vore of cotton species worldwide (Leclant and Deguine
1994), and a common pest in commercially grown up-
land cotton, Gossypium hirsutum L., in the San Joaquin
Valley of California (Head 1992). The cotton aphid is
primarily associated with two groups of natural enemies
during early-season cotton in the San Joaquin Valley: a
parasitic wasp Lysiphlebus testaceipes (Cresson)
(Hymenoptera: Braconidae) and a complex of coccinel-
lid beetles (primarily Hippodamia convergens Guérin-
Méneville; Coleoptera: Coccinellidae). Most insect her-
bivores are attacked by both predators and parasitoids,
creating abundant opportunities for IGP when predators
consume parasitized hosts (Kot 1971; Brodeur 1994).
The larval and pupal stages of aphid parasitoids, such as
L. testaceipes, develop within aphids, causing the aphid
to swell up, change color, and die; the swollen exoskele-
ton of the dead aphid containing the parasitoid prepupa
or pupa is called a “mummy” When a predator attacks an
aphid mummy, the parasitic wasp inside is generally
consumed. There are several examples in the literature of
parasitized aphids being consumed by many different
aphid predators even after mummification (Wheeler et
al. 1968; Frazer and van den Bosch 1973; Frazer and
Gilbert 1976; Wheeler 1977; Nowierski 1979; Brodeur
and McNeil 1992; Ferguson and Stiling 1996; Rosen-
heim et al. 1997).

The primary question we address is: what are the eco-
logical consequences of IGP on immature parasitoids by
coccinellid beetles? We performed a manipulative field
experiment with natural densities of predators and para-
sitoids to examine how IGP by coccinellids influences
aphid and parasitoid population dynamics and plant
performance. We further conducted a laboratory prey-
preference experiment to examine the mechanism under-
lying IGP on immature parasitoids.

We examined several aspects of IGP by H. converg-
ens on the parasitoid L. testaceipes. Specifically, we ex-
amined: (1) the number of aphid mummies in the ab-
sence and presence of H. convergens, (2) the percentage
of aphid mummies consumed by H. convergens, (3) the
influence of hyperparasitoids on the population dynam-
ics of L. testaceipes wasps, (4) the degree of aphid sup-
pression produced by the parasitoid L. restaceipes alone
and in combination with H. convergens, to determine if
IGP disrupts aphid suppression, (5) the proportion of
aphids parasitized by L. testaceipes wasps in the absence
and presence of H. convergens, (6) the influence of ini-
tial aphid density on predation and parasitism, (7) the in-
direct influence of aphid predators and parasitoids on
plant biomass, and (8) the preference of coccinellid
adults when given the choice between feeding on un-
parasitized aphids and aphid mummies.
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Materials and methods

Field site, materials, and treatments

To evaluate the interaction between coccinellid beetles and paras-
itoids, we conducted an inclusion/exclusion experiment in the
field. As described in detail below, we used cages with “windows”
that allowed free movement of natural enemies into and out of the
cages, thereby ensuring that densities of natural enemies inside the
cages were similar to naturally occurring densities. This design
differs from many manipulative experiments in which there is a
fixed and sometimes higher than natural density of natural ene-
mies confined within the enclosure. The experiment was conduct-
ed from 26 April to 17 June 1994 in a 1150-m? plot of G. hirsutum
cv. “Maxxa” surrounded by zucchini, grapevines, and fallow fields
at the University of California Student Experimental Farm, Davis,
Yolo County, California.

On 26 April, cotton plants at the cotyledon stage were manual-
ly cleaned of all insects and inoculated with adult cotton aphids
(4 aphids/seedling) from a laboratory colony that had been main-
tained under abiotic conditions similar to April field conditions
(temperature: 18°C, 13 h light per day). Forty cone-shaped cages
with stainless steel sheet-metal bases, steel wire frames, and fine
polyester mesh netting (cage dimensions: diameter of bottom,
32 cm; diameter of top, 20 cm; height, 30 cm; “Fibe-Air Sleeve”,
Kleen Test Products, Milwaukee, Wis., USA) were placed over
groups of aphid-inoculated plants (3-7 seedlings per cage). The
cage mesh had an irregular fine weave, with pores small enough to
prevent insect migration yet large enough to allow air flow. The
aphid populations were then allowed to increase for 18 days free
of natural enemies and other herbivores. All contaminant species
of herbivores and natural enemies were manually removed every
4-5 days.

On 13 May, ten cages were randomly allocated to each of four
treatments: (1) aphids-only, with fine mesh cages retained to pre-
vent insect migration and to allow aphid population growth unreg-
ulated by natural enemies; (2) aphids plus L. testaceipes wasps,
with fine mesh cages containing two “windows” (dimensions:
2 cm width, 15 cm length) covered with a medium-mesh screen
(pores 1.5 mmx1.5 mm), which allowed L. restaceipes and hyper-
parasitic wasps to move in and out of cages, but which excluded
H. convergens; (3) aphids plus L. testaceipes plus H. convergens,
with fine mesh cages containing two windows (dimensions: 2 cm
width, 15 cm length) covered with a coarse-mesh screen (pores
8 mmx8 mm), which allowed both L. restaceipes and H. converg-
ens to move in and out of cages; and (4) no-cage controi, to deter-
mine if the presence of the mesh cage influenced aphid population
growth, natural enemy efficacy, or plant growth. Replicates were
blocked by initial aphid density to control statistically for any in-
fluence of aphid abundance on treatment effects.

Sampling techniques

Non-destructive sampling techniques were used to estimate
the number of nymphal and adult cotton aphids, the number
of aphid mummies intact, the number of aphid mummies con-
sumed (mummies that were severely damaged from coccinellid
chewing but that were not dislodged from the leaf), and the total
leaf area in each cage. In cages harboring moderate aphid popula-
tions (<1500 aphids/cage), we did a complete count of all
nymphal, adult, and mummified aphids on the upper and lower
surfaces of all leaves. If aphid numbers were extremely high
(>1500 aphids/cage), we subsampled each leaf by counting
aphids located on either the left or the right half of the leaf (cho-
sen randomly). Aphids were sampled every 3-5 days for 24 days.

Coccinellid beetles were collected from the field and identified
throughout the experiment. Any natural enemies that were found
within treatments from which they were supposed to be excluded
were removed; thus, aphid mummies, parasitic wasps, and coc-
cinellid beetles were removed from the aphids-only treatment, and
coccinellid beetles were removed from the aphids plus wasps

treatment. Ants, including the pavement ant, Tetramorium
caespitum, and the thief ant, Solenopsis molesta, were prevented
from tending aphids by placing toxic ant bait into cages (Grants’
Kills Ants, Grants Laboratories Inc., San Leandro, Calif., USA) in
which ants were found.

The proportion of mummies hyperparasitized and the propor-
tion of mummies that successfully yielded the primary parasitoid
L. testaceipes were estimated by collecting mummies from cages
in the aphids plus L. restaceipes treatment on days 11-36 (mummy
numbers were too low in other treatments to obtain adequate sam-
ples). Mummies were placed singly in gelatin capsules and reared
at room temperature in the laboratory. All emerging wasps were
identified.

Leaf area was estimated by collecting a sample of leaves
(n=43) from the cages, measuring their lengths and widths, and
then measuring leaf areas using a LICOR LI-3000 area meter.
Multiple linear regression was applied to obtain the relationship
between leaf area and leaf length and width [total leaf area=
-9.67+3.88(leaf width)+1.70(leaf length); R?=0.938]. Total leaf
area per cage was then estimated by counting the number of leaves
per cage and measuring the length and width of five randomly
selected leaves.

After termination of the experiment (on day 36), the above-
ground parts of all of the cotton plants within each cage were col-
lected, dried to a constant weight, and weighed.

H. convergens preference study

The purpose of this investigation was to determine if H. converg-
ens show a feeding preference when given equal densities of two
prey items: unparasitized aphids and aphid mummies. We define
prey preference as a tendency to eat more of a prey type than
would be expected based on its abundance in the habitat (Chesson
1983). This experiment was conducted in the laboratory on 1-17
June 1994 after the termination of the field cage experiment. Feed-
ing preference was measured by placing adult beetles on cotton
leaves infested with equal numbers of unparasitized aphids and
aphid mummies. Infested leaves were obtained with the following
steps

1. Leaves infested with mummies were obtained from the
aphid+L. restaceipes treatment.

2. All aphids not mummified on these leaves were removed.

3. Unparasitized adult aphids were obtained from aphid-infested
leaves that came from the aphid alone treatment (to ensure that
the aphids were not parasitized) and then were added to the
mummy-infested leaves.

4. Mummies were removed and aphids added to obtain an equal
number of mummies and aphids. Only adult aphids were used
to minimize the size difference between unparasitized aphids
and mummies, although mummies are generally larger than
aphid adults. In 9 of the 24 replicates the initial number of
aphids and mummies per leaf varied (44-165 of each prey type
per leaf), and in the remainder of the replicates (15/24) leaves
were initiated with 50 aphids and 50 mummies. Adult beetles
were hand-collected from aphid-infested weeds at our field site
and starved for 4 h before preference trials were initiated. Bee-
tles were confined on a single leaf in fine polyester mesh cages
(20 ¢mx20 cm). Leaf petioles were inserted into wetted flo-
rist’s foam to keep the leaves turgid. After 24 h, final aphid
abundance was quantified by counting living aphids on both
sides of a given leaf plus the inside of the cage, and final mum-
my abundance was quantified by counting undamaged mum-
mies still attached to the leaf surface.

Monitoring of an unmanipulated aphid population

To determine if the high levels of predation on mummified aphids
observed in the field cage experiment might have been an artifact
of our experimental procedures, we sampled an unmanipulated
aphid population at the same field site (a 0.2-ha plot of G. hirsu-
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tum cv. “Maxxa” at the University of California Student Experi-
mental Farm, Davis, Yolo County, California) on 25 August and
3 September 1999. We censused the aphid population by sampling
a single mainstem leaf located five nodes below the apex of the
plant from 100 randomly chosen plants. Aphids and aphid mum-
mies were counted and aphid mummies categorized as intact,
emerged, or consumed.

Analysis

The abundance of aphids and mummies and the percentage of
mummified aphids [(mummies intact)(100%)/(mummies in-
tact+aphids)] for the last four sampling dates were analyzed using
two-factor, repeated-measures ANOVA tests (JMP Statistical Soft-
ware for the Macintosh; SAS Institute Inc., Cary, N.C., USA) with
treatment and block as main effects. Average percentage of mum-
my predation [(mummies consumed)(100%)/(mummies con-
sumed+mummies emerged+mummies intact)] for the last four
sampling dates, and final plant biomass were analyzed using two-
factor ANOVA with treatment and block as main effects. The
Greenhouse-Geisser probabilities corrected for sphericity were
also calculated. To meet the requirements necessary for the
ANOVA models, abundance data were either log or square-root
transformed and percentage data were arcsine transformed.
Planned paired comparisons for the above response variables were
performed using two-factor ANOVA and two-factor, repeated
measures ANOVA tests. The experiment-wise alpha error rate was
maintained at 0.05 by adjusting the critical P value for the number
of paired comparisons being conducted using the sequential
Bonferroni method. Coccinellid beetle prey preference was ana-
lyzed using a paired ¢ test. Effects of initial aphid abundance and
different treatments on aphid population growth rates were ana-
lyzed by: (1) regressing aphid densities against census dates (four
final samples) and calculating the slope of the population growth
(i.e., average aphid population growth rate), and then (2) regress-
ing initial aphid densities against aphid population growth rates
for each treatment. Regression models were chosen by maximiz-
ing the adjusted coefficient of multiple determination R?,;; (Neter
et al. 1990).

Results
Natural enemy species

The only species of adult coccinellid beetle collected
was the convergent ladybird beetle, Hippodamia con-
vergens. L. testaceipes was the only primary parasitoid
that emerged from the mummies collected. Two species
of hyperparasitoids emerged: the commoner Pachyneu-
ron siphonophorae, and the rarer Alloxysta bakeri. Other
predators that were observed at very low densities in-
cluded green lacewing eggs (Chrysopidae) and hover fly
larvae (Syrphidae).

Population dynamics of cotton aphids

The abundance and population growth rate of cotton
aphids differed greatly between treatments (Figs. 1, 2,
Table 1). Aphid abundance in the aphids-only treatment
increased relatively rapidly throughout the duration of
the experiment. Aphid densities in the wasps treatment
also increased throughout the experiment, but at a con-
sistently slower rate. There was a significant difference
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Fig. 2 Mean (+SE) per capita aphid population growth across the
full duration of the 24-day field experiment. Paired comparisons:
aphids-only vs. aphids+wasps, F=6.5, P=0.032; aphids-only vs.
aphids + wasps + beetles, F=765.1, P<0.0001; aphids + wasps vs.
aphids + wasps + beetles, F=308.1, P<0.0001; aphids + wasps +
beetles vs. no cage, £=0.02, P=0.89

between the wasps treatment and aphids-only treatment
for the entire time series (F=5.6, P=0.042). There were
even greater differences in aphid abundance between the
aphids-only treatment and the wasps+beetles treatment
(F=99.6, P<0.0001). H. convergens reduced aphid num-
bers to near zero by the end of the experiment (day 24,
mean aphids per cage in the wasps+beetles treatment,
1.1+0.6, mean+SE; no-cage treatment, 0.2+0.2). Aphid
suppression was significantly stronger in the treatment
with both beetles and wasps compared to the treatment
with just wasps (F=100.8, P<0.0001). Thus, in this
system adding an intraguild predator to an existing host-
parasitoid interaction led to enhanced top-down control
of the target herbivore population.

The presence of the mesh cage caused the abundance
of aphids to decline more gradually in the wasps+beetles
treatment in comparison to the dramatic decline in aphid
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Table 1. Repeated measures

two-way analysis of variance Species Source daf F P G-G
for effects of treatment (preda- ]
tor community) and block (ini- Aphids Treatment 3 67.37 <0.0001
tial aphid density) on aphid Block 4 3.85 0.019
populations and aphid mummy TreatmentxBlock 12 3.37 0.009
(pupating parasitic wasp) popu- Error 38
lations in the field experiment. Sampling date 3 10.19 <0.0001 0.0012
The Greenhouse-Geisser (G-G) DatexTreatment 9 25.34 <0.0001 <0.0001
probabilities corrected for DatexBlock 12 4.58 <0.0001 0.0024
sphericity are also presented DatexTreatmentxBlock 36 1.56 0.066 0.142
Error 155
Aphid mummies Treatment 3 24.75 <0.0001
Block 4 3.07 0.0412
TreatmentxBlock 12 1.36 0.2665
Error 38
Sampling Date 3 0.863 0.466 0.432
DatexTreatment 9 5.66 <0.0001 0.0002
DatexBlock 12 492 <0.0001 0.0003
DatexTreatmentxBlock 36 2.02 0.0087 0.0247
Error 155
abundance seen in the no-cage control, which led to 1004 0 ) ohids + Wasps ZEEEEEEEE Breener i
overall lower aphid numbers in the no-cage control - §
(F=14.2, P=0.0037). However, aphid abundance was ZE g5 O AphidesWagse
similar in the wasps+beetles treatment and the no-cage fé eme- No Cage
control by the end of the experiment (day 24, F=1.4, 23 so-
P=0.267). The significant treatmentxblock interaction g8
(Table 1) indicates that treatment effects were influenced =3 4

by initial aphid density. This result is discussed further in
the section on the effect of initial aphid abundance and
predation on aphid population growth.

Aphid mummy predation and population dynamics

Predation on aphid mummies was intense in treatments
containing H. convergens (Fig. 3), reaching 98-100% of
the mummies consumed by the end of the experiment.
Some mummy predation was observed in the wasps-
alone treatment due to natural enemies gaining access in-
to cages from which we were trying to exclude them.
However, the wasps+beetles treatment had substantially
higher average levels of mummy predation than the
wasps treatment (F=17.6, P=0.0023). Mummy predation
increased to very high levels approximately one week
earlier in the no-cage control compared to the wasps +
beetles treatment (Fig. 3). Attacked mummies sustained
damage that indicated they had been attacked by preda-
tors with chewing mouthparts: mummies had large rag-
ged-edged holes chewed into their dorsal or lateral sur-
faces. This observation suggests that coccinellid beetles,
the only common predators in early-season cotton with
chewing mouthparts, were responsible for the mummy
predation we observed in this system.

The presence of H. convergens also had a large nega-
tive influence on aphid mummy abundance (Fig. 4,
Table 1). The wasps-alone treatment had greater num-
bers of aphid mummies than the wasps+beetles treatment
(F=27.3, P=0.0005). Also, aphid mummies remained
abundant throughout most of the experiment in the
wasps-alone treatment, while mummy abundance re-
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Fig. 3 Mean (£SE) percentage of aphid mummies consumed by
H. convergens in the natural-enemy treatments. Percentage con-
sumed=(number consumed)/(number consumed+number intact+
number emerged)x100%

mained low in the wasps+beetles treatment. The pres-
ence of the mesh cage increased overall mummy abun-
dance (F=45.5, P<0.0001), perhaps because mummy
predation was delayed in the wasps+beetles treatment
compared to the no-cage control (Fig. 3). The aphids-on-
ly treatment was largely successful in excluding wasps,
as indicated by a significantly lower overall mummy
abundance in the aphids-only treatment compared to the
aphids+wasps treatment (F=30.1, P=0.0004). It is also
important to note that when the percentage of mummies
that had been attacked by coccinellid beetles increased
rapidly (days 14-19), the total number of mummies on
the leaves actually decreased, indicating that beetles dis-
lodge many mummies while attacking them (Figs. 3, 4).
The negative effect of H. convergens on mummy
abundance could be derived from either of two sources:
predation of mummies (a direct effect), as shown above,
or competition for aphids (an indirect effect). To deter-
mine if competition for aphids is also a means by which
beetles affect wasps negatively, an additional analysis
was performed comparing the three treatments in which
parasitoids were present. We used two-factor repeated
measures ANCOVA tests with treatment and block as
main effects, average aphid number over the final five
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sampling dates as the covariate, and square-root-trans-
formed mummy abundances for the final four sampling
dates as the response variables. The analysis showed that
average mummy abundance did not covary with aphid
abundance (F=1.2, P=0.29), suggesting that competition
for aphids was not an important mechanism by which
beetles suppressed mummy densities. The effect of
H. convergens remained significant with the addition of
the covariate (F=28.8, P<0.0001), indicating that mum-
my predation itself had an important effect on mummy
abundance.

The highest rate of parasitism was observed in the
wasps-alone treatment (Fig. 5); however, even in this
treatment parasitism levels remained low, never exceed-
ing 10%. Parasitism rates were consistently but not sig-
nificantly lower in the wasps+beetles treatment com-
pared to the wasps-alone treatment (F=3.1, P=0.129).

Effect of initial aphid abundance and predation on aphid
population growth

Our primary analysis of aphid dynamics (Table 1) re-
vealed a strong main effect of block (i.e., initial aphid
abundance) and treatmentxblock interactions on final
aphid abundance. To understand these effects of initial
aphid densities, we regressed average aphid population
growth rates (calculated as the slope of the linear regres-
sion of aphid abundance against time over the final four
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Fig. 6 Relationship between average aphid population growth rate
(aphids day-!) and initial aphid density, in A the aphids-only treat-
ment (y=135.8+4.44x-0.0073x2), B the aphids+wasps treatment
[y=76.6+6315.4(1/x)] and C the two treatments where beetles
were present (aphids+wasps+beetles treatment and the no-cage
control replicates combined; y=5.32-0.118x). Dashed line shows
the location of zero population growth

sampling dates) against initial aphid abundance for each
of the treatments (note: no-cage control data were com-
bined with the wasps+beetles treatment for this analy-
sis). Initial aphid abundance influenced average aphid
population growth rates differently in the three treat-
ments (Fig. 6A-C). In treatments with H. convergens,
aphid population growth rates declined linearly with in-
creasing initial aphid abundance (r=0.84, F=44.3,
P<0.0001) and most aphid growth rates were negative.
In the treatment with wasps alone, aphid population
growth rates declined as the reciprocal of the initial
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aphid abundance (r=0.73, F=7.8, P=0.027). In the aphids
alone treatment, the relationship between average aphid
population growth and initial aphid density was best
described using second order polynomial regression
(r=0.77, F=5.2, P=0.042); aphid growth rates were high-
est at intermediate initial aphid densities. The observa-
tion that aphid population growth rates declined with in-
creasing initial aphid densities in the natural enemies
treatments indicates that predators and parasitoids had a
greater impact at higher aphid densities (i.e., behaved in
a density-dependent manner).

To determine if aphid populations experienced densi-
ty-dependent mortality (the requisite for a factor to regu-
late a population), we examined the relationship between
initial aphid abundance and the per capita rate of aphid
population growth (aphids day-! initial aphid-!). As we
had observed with the absolute aphid population growth
rate, initial aphid abundance influenced proportional
aphid population growth differently in the three treat-
ments (Fig. 7A-C). First, in treatments with H. converg-
ens, proportional aphid population growth rates declined
linearly with increasing initial aphid abundance
(r=0.469, F=5.1, P=0.037) and most growth rates were
negative. Thus, the per capita aphid mortality was great-
er for populations with higher initial abundance. Second,
in the wasps-alone treatment, proportional aphid popula-
tion growth rates declined as the reciprocal of the initial
aphid abundance (r=0.946, F=60.0, P<0.0001) and
growth rates were near or below zero for high initial
aphid abundance. Consistent with this pattern, propor-
tional aphid population growth rates declined with in-
creases in the percentage of aphids mummified (r=0.72,
F=9.8 P=0.016, Fig. 8A) and the percentage of aphids
mummified increased with increases in initial aphid
abundance (r=0.67, F=6.0, P=0.049, Fig. 8B) in the
wasps only treatment. Finally, in the aphids-only treat-
ment, proportional population growth rates declined with
increases in initial aphid abundance (=0.912, F=39.8,
P=0.0002), but growth rates were all above zero
(Fig. 7A). This relationship was most likely due to the
population growth being limited by the plant resources.
Indeed, in the aphids-only treatment, final plant biomass
declined with increases in initial aphid abundance
(r=0.927, F=49.6, P<0.0001, Fig. 8C).

Wasp emergence and hyperparasitism

The percentage of mummies from which adult L. testa-
ceipes successfully emerged in the aphids+wasps treat-
ment ranged from 73.3 to 90% on days 11-26 (Fig. 9).
However, L. testaceipes emergence declined to 9.1-
38.3% during days 29-36, and the decline in L. testacei-
pes emergence over the duration of the experiment was
significant (Spearman’s r=—0.93, P=0.0025). Hyperpara-
sitism increased throughout the experiment (Spearman’s
r=0.82, P=0.023), reaching 40-65.2% during days 29-36.
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Fig. 7 Relationship between proportional aphid population
growth rates (aphids day-! per initial aphid) and initial aphid den-
sity in A the aphids-only treatment [(1/v)=0.019+0.0021x], B the
aphids+wasps treatment [y=-1.63+368.8(1/x)], C the two treat-
ments with beetles (y=-0.046-0.00012x). Dashed line shows the
location of zero population growth

Plant biomass and leaf area

Plant biomass and leaf area differed significantly across
treatments (plant biomass, F=7.5, P=0.0006; leaf area,
F=79, P=0.0012; Fig. 10). Plant biomass and total leaf
area were significantly greater in the wasps treatment
and the wasps+beetles treatment compared to the aphids-
alone control (Fig. 10). Plant traits did not differ, howev-
er between the wasps treatment and the wasps+beetles
treatment. The presence of the cage also did not affect
plant biomass or leaf area. No correction was made for
differences in the number of plants per cage.
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Fig. 8 Relationship between A proportional aphid population
growth rates and the percentage of aphids mummified [v=
-2.0340.26(1/x)] in the aphids+wasps treatment. B percentage of
aphids mummified and initial aphid abundance {y=-0.056+
0.03[In(x)]} in the aphids+wasps treatment and C final plant bio-
mass and initial aphid abundance (Box-Cox transformed y=87.2
-0.024x) in the aphids-only treatment. Dashed line shows the loca-
tion of zero population growth

H. convergens prey preference

Prey preference trials showed that H. convergens prefer-
entially fed on unparasitized aphids over mummified
aphids (t=-2.38, P=0.013, Fig. 11), although the prefer-
ence was not particularly strong and beetles commonly
fed on both prey items: during the 24-h trial period,
H. convergens on average consumed 21.9+3.6 mummies
and 32.9+4.6 unparasitized aphids.
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Fig. 10 Mean (+SE) of A dry plant biomass per cage (g) and B to-
tal leaf area (cm?) at the termination of the experiment. Different
letters above the bars indicate significant differences between
treatments with experimentwise o=0.05

Monitoring of an unmanipulated aphid population

We sampled a natural field population of cotton aphids
whose densities were collapsing under strong combined
impacts of parasitoids and coccinellid beetles. Aphid
densities declined from 12.2 to 1.3 per leaf, and mummy
densities declined from 4.5 to 0.8 per leaf. At the same
time, coccinellid populations increased from 2 juveniles
(larvae and pupae) to 10 juveniles per 100 leaves. The
percentage intact mummies decreased between sampling
dates, whereas the percentage consumed mummies in-
creased to high levels, similar to those observed in our
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Fig. 12 Intraguild predation on aphid mummies in an unmanipu-
lated field population being suppressed by coccinellid beetles.
Percentage of aphid mummies intact, emerged, and consumed on
25 August and 3 September 1999

manipulative experiment (Fig. 12). Aphids in this popu-
lation were very patchily distributed, with some plants
harboring thousands of aphids and most plants harboring
fewer than 100 aphids. Many of the aphid colonies were
tended by Argentine ants (Linepithema humile) and
pavement ants (Tetramorium caespitum), which were un-
usually abundant at the site. These results are noteworthy
because they show that aphid and mummy population
dynamics that are similar to those in our experiment can
be observed under unmanipulated conditions and later in
the season.

Discussion

Our field experiment used natural densities of aphid
parasitoids and coccinellid beetles to determine the di-
rect impact of IGP on aphid mummies and the indirect
influence of IGP on aphid population suppression. We
found that H. convergens consumed nearly all of the
aphid mummies present on plants, thereby greatly reduc-
ing the aphid mummy population. However, despite this
devastating effect of coccinellid beetles on aphid paras-
itoids, aphid population suppression improved with the
addition of H. convergens. Natural enemies suppressed

aphid populations in a density-dependent manner across
the full range of aphid densities studied. Aphid suppres-
sion by coccinellid beetles and parasitoids led to greater
total leaf area and above-ground plant biomass compared
to plants without natural enemies.

Aphid mummy predation and population dynamics

Predation by H. convergens on aphid mummies was in-
tense at the end of the experiment as beetles suppressed
aphid densities to very low levels. Beetles caused
98-100% mortality in the prepupal and pupal stage of
L. testaceipes, which are found in mummified aphids.
Thus, IGP by H. convergeny can be a major factor limit-
ing L. testaceipes population growth in the cotton agro-
ecosystem. These estimates of L. restaceipes mortality
caused by H. convergens are conservative for two rea-
sons. First, some aphid mummies fall off leaves when
coccinellid beetles feed on them. Our predation estimates
include only mummies that remained on leaves after be-
ing attacked. Second, our analyses do not include L. tes-
taceipes larvae that were killed when H. convergens fed
on parasitized aphids that were not yet mummified. High
levels of aphid mummy predation have been observed in
unmanipulated early-season cotton fields throughout
California’s Central Valley (Rosenheim et al. 1997) as
well as later in the cotton-growing season in the Sacra-
mento Valley (Fig. 12); thus, the results observed in our
manipulative experiment may be quite general for the
cotton agroecosystem. IGP can occur on either parasiti-
zed hosts, in which both the host and the parasitoid are
living, or on mummified hosts, in which the host has
already been killed by the parasitoid. In either case, the
result is that the immature parasitoid is killed. This type
of IGP, where predators prey on parasitized hosts and
mummified hosts, is common (Rosenheim et al. 1995;
Sunderland et al. 1997; Rosenheim 1998). A diverse
group of predators, including syrphid larvae, chrysopid
larvae, coccinellid beetles, ants, reduviids and others, are
known to consume parasitized and mummified aphids
(Wheeler et al. 1968; Frazer and van den Bosch 1973;
Frazer and Gilbert 1976; Wheeler 1977; Nowierski
1979; Brodeur and McNeil 1992; Ferguson and Stiling
1996; Rosenheim et al. 1997). The proportion of aphid
mummies attacked by predators can be very high in
other agroecosystems as well; Nowierski (1979), for ex-
ample, observed that predation on mummies of the wal-
nut aphid, Chromaphis juglandicola, harboring Trioxys
pallidus increased continuously across the growing sea-
son and peaked at 81%.

Intraguild predators can negatively affect intraguild
prey in two ways: by directly consuming them and by
competing with them for a shared resource. In this
system, coccinellid beetles have the potential to affect
parasitic wasps negatively in both of these ways, because
they readily feed on both unparasitized and parasitized
aphids. We found that beetles greatly reduced aphid
mummy abundance. Although the presence of beetles
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strongly suppressed aphid populations, competition for
aphids did not appear to be an important means by which
beetles negatively influenced mummy abundance; direct
predation on mummies appeared to be the more impor-
tant mechanism. As a caveat, it is possible that our anal-
ysis was simply unable to detect competition between
beetles and parasitoids. In systems with IGP, it is fre-
quently difficult to tease apart statistically the effects of
competition and predation, because the intensity of both
of these forces may be mediated by the availability of
the shared resource (Schoener 1983; Polis et al. 1989).

IGP and aphid population dynamics

The presence of beetles enhanced aphid population sup-
pression compared to the treatment with only parasitoids.
The strong decrease in absolute mummy density caused
by beetles (Fig. 4) was not associated with an equally
strong decrease in the percentage of aphids that were
mummified (Fig. 5). Beetles may not have affected the
per capita aphid mortality caused by parasitism. Coc-
cinellid beetles and parasitoids together drove aphid pop-
ulations to near local extinction. The effective control of
the cotton aphid in early season cotton by a community
of natural enemies dominated by coccinellid beetles and
the parasitoid L. testaceipes is commonly observed in
California’s cotton ecosystems, despite the fact that bee-
tles consume a high proportion of immature parasitoids
(Rosenheim et al. 1997).

In other agroecosystems, IGP has been found to have
variable effects on biological control. Heinz and Nelson
(1996) studied a system of IGP with dynamics broadly
similar to those we have observed in cotton. They stud-
ied a greenhouse system that includes the whitefly Be-
misia argentifolia, two parasitoids, Encarsia formosa
and Encarsia pergandiella, and the coccinellid beetle
Delphastus pusillus. The addition of D. pusillus consis-
tently improved whitefly control, even though D. pus-
illus did not discriminate between unparasitized white-
flies and those harboring parasitoid eggs or young larvae
(Hoelmer et al. 1993; Heinz et al. 1994). However, there
are two examples where the addition of an intraguild
predator to a host — parasitoid system did disrupt biologi-
cal control. First, Press et al. (1974) observed that the
predator Xylocoris flavipes consumed both the moth Plo-
dia interpunctella and the immature stages of the ecto-
parasitoid Bracon hebetor. When the predator X. flavipes
was added to this host — parasitoid system, biological
control was disrupted and moth densities nearly doubled.
A less extreme example involves the study of the aphid
Dactynotus sp., the parasitoid Aphidius floridaensis, and
the coccinellid beetle Cycloneda sanguinea in a field
cage experiment (Ferguson and Stiling 1996). In this
case, the parasitoid was a superior biological control
agent and aphid densities slightly increased when the
beetle C. sanguinea was added to the aphid-parasitoid
complex. However, the positive indirect effect that bee-
tles had on aphids was only significant during part of the
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experiment. It appears-that the addition of predators to
host-parasitoid systems will either enhance or disrupt bi-
ological control. Predator preference for unparasitized
versus parasitized hosts may be one of the important fac-
tors shaping the net effect of predation in these systems.

H. convergens prey preference

The predatory coccinellid H. convergens preferred un-
parasitized aphids over aphid mummies when given the
opportunity to feed on equal numbers of both prey types.
The preference was, however, not particularly strong.
Preference for aphid mummies versus unparasitized
hosts can be quite variable for other predator species;
predators may attack only unparasitized hosts, only para-
sitized hosts, or may show a partial preference (reviewed
in Fritz 1982; Rosenheim et al. 1995; Sunderland et al.
1997). Generally, predators consume both unparasitized
and newly parasitized hosts without preference, but dis-
criminate increasingly against parasitized prey as the
parasite develops (Quezada and DeBach 1973; Kindl-
mann and Ruzicka 1992; Hoelmer et al. 1993; Heinz et
al. 1994). In the cotton aphid system, we expect that the
partial preference for unparasitized hosts weakens the
suppression of immature parasitoid populations and
strengthens the suppression of aphid populations. Under
conditions where a predator shows both a partial prefer-
ence for unparasitized hosts and high levels of predation
on unparasitized hosts, we may expect to observe im-

proved suppression of herbivores even with high levels
of IGP.

Influence of hyperparasitism on L. testaceipes
emergence

L. testaceipes populations also experienced substantial
immature mortality from hyperparasitism. Rates of hy-
perparasitism by Pachyneuron siphonophorae and All-
oxysta bakeri averaged 31.5% and reached as high as
65.2%. The mortality caused by the combination of pre-
dation and hyperparasitism on immature L. testaceipes
populations may help to explain why this parasitoid is
often absent from the cotton agroecosystem during the
middle and late seasons (mid-June through October),
even when cotton aphid populations are at outbreak lev-
els (J.A. Rosenheim and R.G. Colfer, unpublished work).
A polyphenism in aphid populations, in which aphids
shift from an early-season form that is large and dark,
and which is highly susceptible to parasitism, to a later-
season small and yellow form, which appears to be less
susceptible to parasitism, may also help to explain this
pattern (J.A. Rosenheim, unpublished work). We do not
know if hyperparasitism reduced the impact of L. testa-
ceipes on aphid populations, because our treatment ma-
nipulations did not affect hyperparasitoids. There is,
however, both theoretical and empirical evidence that
hyperparasitism can disrupt biological control (Burton
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and Starks 1977; Shi 1986; Goergen and Neuenschwander
1992; Briggs 1993; Sunderland et al. 1997; Rosenheim
1998). A final point about hyperparasitoids is that they,
like L. testaceipes, probably experienced high levels of
immature mortality due to coccinellid attacks on aphid
mummies. Thus, coccinellid beetles in this system prob-
ably commonly consume prey from three different tro-
phic levels: the cotton aphid, the primary parasitoid
L. testaceipes, and the hyperparasitoids P. siphonoph-
orae and A. bakeri.

Ant tending and mummy predation

We did not experimentally evaluate how ant tending of
aphids might influence the interactions between coc-
cinellid beetles, primary parasitoids, hyperparasitoids,
and aphids. Because cotton is an annual row crop with
cultural practices that cause frequent disturbance, it is
likely that ant tending has less of an impact compared to
more permanent systems (Volkl 1992, 1997). Also, we
observed a strong decline in aphid populations and an in-
crease in the percentage of mummies consumed at an un-
manipulated site (Fig. 12) at which many aphid colonies
were being tended by ants. How ants mediate interac-
tions between coccinellid beetles and aphid parasitoids
requires further research.

Density-dependent predation by aphid natural
enemies

For natural enemies to regulate herbivore populations,
the mortality that they exert must increase with increas-
ing herbivore densities (“density-dependent” mortality).
In this study, we present evidence that predators and
parasitoids reduced aphid population growth more in
aphid populations with high initial densities than in those
with low initial densities. It is important to distinguish
between a predator that behaves in a density-dependent
manner and a predator that causes density-dependent
mortality to its prey. While it is necessary for predators
to behave in a density-dependent manner to cause densi-
ty-dependent mortality to their prey, it is not sufficient.
Thus, not all predators that increase their rates of preda-
tion with increasing prey densities will cause top-down
density-dependent regulation of their prey populations.
In this study, we present evidence that predators and
parasitoids behave in a density-dependent manner and
that these predators and parasitoids are capable of caus-
ing density-dependent mortality to cotton aphid popula-
tions. Suppression of aphid population growth was par-
ticularly pronounced in treatments that contained both
H. convergens and L. testaceipes wasps, where aphid
populations decreased at rates that were more than
25 times greater in populations with high initial densities
compared to low initial aphid densities (Fig. 6C). These
results show that H. convergens and L. festaceipes wasps
behaved in a density-dependent manner. This pattern is

in contrast to that seen in the aphid populations free of
natural enemies (Fig. 6A), where aphid population
growth rates were greatest at intermediate initial densi-
ties, as predicted for population growth by the logistic
growth model.

Treatments with L. testaceipes wasps alone and in
combination with H. convergens reduced per capita
aphid population growth more strongly with increases in
initial abundance (Fig. 7B,C). Also, percentage of aphids
mummified was positively correlated with increases in
initial aphid abundance and negatively correlated with
proportional aphid population growth rates (Fig. 8).
These results demonstrate that L. festaceipes wasps and
H. convergens produced density-dependent mortality in
aphid populations. Thus, these predators may be impor-
tant top-down regulating factors for cotton aphid popula-
tions. In the aphids-only treatment, our results suggest
that aphid population growth was being limited by plant
resource availability (i.e., bottom-up effects; Fig. 7A,
Fig. 8C).

Density-manipulation experiments have shown that
not all natural enemies of herbivores show direct density
dependence (Harrison and Cappuccino 1995). Direct
density dependence, inverse density dependence, and
density independence have all been observed for natural
enemies of herbivores (Cronin and Strong 1985;
Cappuccino 1987; Gould et al. 1990). In our experiment,
it is unclear whether density-dependent predation was
observed because predators reproduced in response to
abundant prey (numerical response), increased their for-
aging efficiency (functional response), or immigrated to
areas of high prey density (spatial response). If spatial
responses were responsible for the pattern we observed,
it is unclear whether this would lead to temporal aphid
population regulation (Harrison and Cappuccino 1995).
However, spatial responses by natural enemies may be
an important means by which they control herbivorous
pests (Murdoch et al. 1985).

Terrestrial trophic cascade

Despite the occurrence of IGP by coccinellid beetles,
trophic links between natural enemies and aphids and be-
tween aphids and the cotton plants were sufficiently
strong to produce cascades from natural enemies to cot-
ton plant biomass. Above-ground dried plant biomass
and total leaf area were nearly doubled in communities
with natural enemies compared to communities free of
natural enemies. This study adds to a growing body of
experimental literature reporting that terrestrial predators
lead to improved plant performance and changes in the
plant community (e.g., Gomez and Zamora 1994;
Schmitz 1994, 1998; Carter and Rypstra 1995; Chase
1996, 1998; Moran et al. 1996; Agrawal and Karban
1997; Letourneau and Dyer 1998). Although some forms
of early-season herbivory can lead to reductions in cot-
ton plant yields (Wilson et al. 1987; Wilson 1993), cot-
ton plants appear to compensate fully for early-season
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