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INTERACTIONS BETWEEN SPECIALIST AND GENERALIST NATURAL
ENEMIES: PARASITOIDS, PREDATORS, AND PEA APHID BIOCONTROL
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Abstract. Most biological control systems involve a diverse community of natural
enemies. We investigated how specialist and generalist natural enemies differ as biological
control agents of pea aphids (Acyrthosiphon pisum), and how interactions among natural
enemies affect successful control. In alfalfa, pea aphids are attacked by a specialist parasitoid
wasp, Aphidius ervi, and a guild of generalist predators primarily made up of Nabis and
Orius bugs, coccinellid and carabid beetles, and web-building spiders. In three field ex-
periments, we manipulated the parasitoid, then the generalist predator guild, and finally
both classes of natural enemy, and recorded resulting impacts on pea aphid population
control. The parasitoid caused little immediate reduction in aphid population growth but
caused a large decline after a delay corresponding to the generation time of the parasitoid.
In contrast, the generalist guild caused an immediate decline in the aphid population growth
rate. However, the generalists did not exert density-dependent control, so aphid densities
continued to increase throughout the experiment. The third field experiment in which we
simultaneously manipulated parasitoids and predators investigated the possibility of ‘‘non-
additive effects’’ on aphid control. Densities of parasitoid pupae were 50% lower in the
presence of generalist predators, indicating intraguild predation. Nonetheless, the ratio of
parasitoids to aphids was not changed, and the impact of the two types of natural enemies
was additive.

We constructed a stage-structured model of aphid, parasitoid, and predator dynamics
and fit the model to data from our field experiments. The model supports the additivity of
parasitoid and predator effects on aphid suppression but suggests that longer-term exper-
iments (32 d rather than 20 d) would likely reveal nonadditive effects as predation removes
parasitoids whose response to aphid densities occurs with a delay. The model allowed us
to explore additional factors that could influence the additivity of parasitoid and predator
effects. Aphid density-dependent population growth and predator immigration in response
to aphid density would likely have little influence on the additivity between parasitism and
predation. However, if a parasitoid were to show a strong Type II functional response, in
contrast to A. ervi whose functional response is nearly Type I, interactions with predators
would likely be synergistic. These analyses reveal factors that should be investigated in
other systems to address whether parasitism and predation act additively on host densities.

Key words: Acyrthosiphon pisum; additive effect; Aphidius ervi; biocontrol; coccinellid beetle;
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wasp; specialist natural enemy; spider.

INTRODUCTION

Ecologists interested in biological control have sug-
gested several characteristics of a natural enemy that
are likely to make it an effective control agent. These
characteristics include a high degree of prey specificity,
short development time relative to prey, and high re-
productive potential (e.g., Wardle and Buckle 1923,
Huffaker and Messenger 1976, Debach and Rosen
1991). Among entomophagous arthropods, parasitoid
Hymenoptera and Diptera exemplify these character-
istics, since parasitoids generally attack only a few prey

Manuscript received 26 March 2001; revised 27 June 2001;
accepted 1 January 2002; final version received 11 February
2002. Corresponding Editor: E. Evans.

1 Present address: Department of Entomology, Washington
State University, Pullman, Washington 99164-6382, USA.
E-mail: wesnyder@wsu.edu

species, develop within their prey and thus must have
a generation time comparable to that of the host, and
generally have highly fecund adult females that can
attack many hosts in their lifetime. These character-
istics can allow parasitoids to mount a strong numerical
response when prey outbreaks occur, perhaps leading
to outbreak suppression (Hassell 1980, Hassell and
May 1986, Berryman 1992, Murdoch 1994, Turchin et
al. 1999). Intentional parasitoid introductions have of-
ten led to successful biological control of accidentally
introduced agricultural pests, clearly demonstrating the
ability of these specialists to regulate densities of their
hosts (Debach and Rosen 1991), and examinations of
compiled life tables appear to verify the importance of
parasitoids as natural enemies of herbivorous insects
(Cornell and Hawkins 1995, Hawkins et al. 1997).

In contrast, generalist predators often possess none
of the traits believed to confer effectiveness in biolog-
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ical control. Predatory arthropods often have catholic
feeding habits and long generation times relative to
herbivores, so that even if there is a numerical response
to changes in the density of a single herbivore species
(e.g., Symondson et al. 2002a), the response is unlikely
to occur quickly enough to lead to outbreak suppression
(Hassell and May 1986, DeBach and Rosen 1991). In-
deed, where predator introductions have led to suc-
cessful biological control, the predators have usually
been specialists with life histories more closely resem-
bling parasitoids than typical predators (DeBach and
Rosen 1991). Generalists also commonly engage in in-
traguild predation (Polis et al. 1989, Polis and Holt
1992, Rosenheim et al. 1993, 1995, Rosenheim 1998),
feeding not only on other predators but also on para-
sitoids (Brodeur and Rosenheim 2000, Snyder and Ives
2001). Through strong intraguild predation, predators
can exacerbate prey outbreaks (Rosenheim et al. 1993,
Snyder and Ives 2001, Snyder and Wise 2001) and thus
indirectly increase herbivore damage to plants (Snyder
and Wise 2001). Despite these limitations, generalist
predators have been reported to be successful control
agents in cropping systems as different as vegetable
gardens (Riechert and Bishop 1990, Snyder and Wise
2001) and rice (Settle et al. 1996, Fagan et al. 1998),
leading some authors to question the superiority of spe-
cialist natural enemies (Riechert and Lockley 1984,
Murdoch et al. 1985, Sunderland 1999, Symondson et
al. 2002b). Progress in understanding the relative mer-
its of specialists vs. generalists in biological control
has been hampered by the paucity of field studies that
compare the impact of these two classes of natural
enemies in the same agroecosystem (Chang and Kar-
eiva 1999).

The experiments reported here were designed to ex-
amine the relative impacts of a specialist parasitoid and
a guild of predators on herbivore population dynamics.
We specifically asked whether different types of natural
enemies act additively to control herbivore popula-
tions, or whether they negatively impact each other,
such that the combined effect of multiple types of nat-
ural enemies is less than the sum of effects that each
would achieve by itself. We have been working with
the community of natural enemies that attack pea
aphids (Acyrthosiphon pisum) in alfalfa (Medicago sa-
tiva) fields in Wisconsin. A specialist parasitoid wasp,
Aphidius ervi, frequently reaches high levels of percent
parasitism of pea aphids (Rauwald and Ives 2001), and
a diverse guild of generalist predators attack pea aphids
both in the foliage and on the ground. In a previous
study (Snyder and Ives 2001), we found that predatory
carabid beetles (primarily Pterostichus melanarius) di-
minished pea aphid biological control by feeding on
parasitoid pupae. However, in that earlier study we did
not examine the impact of other predators, so we could
not determine whether predation on herbivores by other
predators in the community might compensate for the
negative effects of carabids.

Of the three field experiments we report here, the
first manipulates parasitoid and aphid densities, the sec-
ond manipulates the entire generalist predator guild in
the absence of parasitoids, and the third simultaneously
manipulates both parasitoids and generalist predators.
The first and third experiments also experienced a fun-
gal epizootic. All experiments were conducted for time
periods corresponding to 2–4 aphid generations, there-
by allowing us to investigate both aphid suppression
and potential nonadditive interactions among natural
enemies on time scales appropriate to observe popu-
lation dynamics. We also developed a stage-structured
population model for aphids, parasitoids, and generalist
predators. By fitting the model to the data from all
experiments, we were able to examine in more detail
the importance of intraguild interactions on pea aphid
control.

MATERIALS AND METHODS

Pea aphids and their specialist parasitoid

Pea aphids, Acyrthosiphon pisum (Harris) (Homop-
tera: Aphididae), are phloem-feeders that attack a va-
riety of legumes. Pea aphids were introduced into North
America from Europe sometime in the last century (Ha-
gen et al. 1976, Mackauer and Kambhampati 1986).
Pea aphids develop quickly, with development from
first instar to reproducing adults occurring in as little
as 10 d (Hutchinson and Hogg 1984, 1985, Thiboldeaux
1986). During the summer, reproduction is asexual
(Blackman and Eastop 1984). The parthenogenic fe-
males produce as many as four nymphs per day, and
nymphs go through four juvenile instars in ;7 d at
normal summer temperatures (Hutchinson and Hogg
1984, 1985, Thiboldeaux 1986).

Aphidius ervi

The parasitoid Aphidius ervi Haliday (Hymenoptera:
Braconidae), also native to Europe, was released in
North America in the 1960s in an attempt to control
pea aphids (Gonzalez et al. 1978). Aphidius ervi pop-
ulations are tightly coupled to those of their host. Fe-
male wasps deposit a single egg into an early instar
aphid. The A. ervi develops within the host for ;8 d,
then kills the aphid and pupates within its former host’s
exoskeleton, the mummy, for ;6 d. In Wisconsin al-
falfa fields, pea aphids are A. ervi’s only host. Estimates
of the egg load for female A. ervi range from 96.4
(Thiboldeaux 1986) to 567 eggs (Mackauer 1971),
leading to high potential lifetime fecundity. Thus, A.
ervi possesses the traits believed to characterize a good
biological control agent, with generations of similar
duration to the pest, strong prey specificity, and a high
reproductive potential. However, although pea aphid
outbreaks have become less common following the in-
troduction of A. ervi, densities of the aphids still can
reach damaging levels in alfalfa and pea crops (Harvey
et al. 1972, Harper and Kaldy 1982, Maiteki and Lamb
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1985, Soroka and MacKay 1990, White and Eigenbrode
2000).

The generalist predator guild

Alfalfa fields in Wisconsin also contain a diverse
community of predators that vary in their degree of
prey specificity. We will discuss these predators in or-
der of their prey specificity, with the more specialized
generalists considered first. Ladybird beetles, lace-
wings, and syrphid flies all have larvae (and, in the
case of ladybirds, adults) that prey largely on aphids.
However, all of these predators also feed opportunis-
tically on other prey. For example, the ladybird beetle
Harmonia axyridis Pallas (Coleoptera: Coccinellidae),
one of the most abundant predators during our field
experiments (Table 1), feeds not only on aphids
(LaMana and Miller 1996) but also on other herbivores
(Cottrell and Yeargan 1998a, b) and other predators
(Cottrell and Yeargan 1999), including conspecifics
(Wagner et al. 1999, Snyder et al. 2000). Indeed, these
beetles can complete larval development on a diet of
intraguild prey (Phoofolo and Obrycki 1998).

Also common in our fields are Nabis spp. (Hemip-
tera: Nabidae) and Orius spp. (Hemiptera: Anthocor-
idae), and a diverse group of spiders (primarily Lin-
yphiidae and Tetragnathidae). These polyphagous pred-
ators feed on aphids (Sunderland 1975, Wheeler 1977,
Sunderland and Vickerman 1980, Frazer et al. 1981,
Flinn et al. 1985, Ekbom 1994, Giles et al. 1994) and
also attack a wide variety of other insects, including
other predators (Wheeler et al. 1968, Braman and Year-
gan 1989). Even more broadly polyphagous are the
carabid beetles. Pterostichus melanarius (Illiger) (Co-
leoptera: Carabidae), the most common carabid at our
site (Snyder and Ives 2001), feeds not only on insects
(Hagley et al. 1982) but also small vertebrates (Ovaska
and Smith 1987), mollusks (Symondson et al. 1996),
and seeds (Hagley et al. 1982). All of the most common
predators at our study site have been reported to feed
on pupae of the parasitoid A. ervi (Wheeler et al. 1968,
Snyder and Ives 2001).

The predators have egg-to-adult development times
5 (coccinelids, lacewings, syrphids) to 20 times (many
spiders, carabid beetles) longer than pea aphids. Thus,
the community of predators in alfalfa share the traits
thought to yield ineffective biological control agents,
with moderate to very high degrees of polyphagy and
long developmental times relative to aphids.

Fungal pathogen

Pea aphids are episodically attacked by fungal path-
ogens. Fungal epizootics require a combination of high
host density and favorable moisture and temperature
conditions that allow spore germination (Latge and Pa-
pierok 1988, Pickering and Gutierrez 1991, Milner
1997). In the final stages of fungal infection the aphid
is killed, and a mass of fungal hyphae forms within
the hosts’ exoskeleton (a ‘‘cadaver’’). In Wisconsin,

when aphid density is high, fungal infection of pea
aphids can reach .50% (Hutchinson and Hogg 1985).
Hutchinson and Hogg (1985) identified Erynia sp. as
the main fungal pathogen attacking pea aphids in Wis-
consin.

Field experiments

We conducted three field experiments in which we
manipulated natural enemies to determine their impact
on pea aphid population dynamics. Our field experi-
ments were conducted in alfalfa fields located on the
University of Wisconsin’s Arlington Research Farm in
south-central Wisconsin. Our experimental units were
twelve 2 3 2 3 2 m cages, covered on all sides but
the bottom with 32 3 32 mesh Lumite screening (open-
ing size 530 mm; Bioquip, Gardena, California, USA).
The bottom edges of the cages were buried beneath 10
cm of soil to block movement of arthropods. Cages
were randomly assigned to treatments. Each experi-
ment also included three 2 3 2 m open reference areas
where no arthropod manipulations were made.

Field experiment 1: aphid and parasitoid manipu-
lation.—In the first experiment, we manipulated aphid
and parasitoid abundances within cages in a 2 3 2
factorial design of ambient vs. supplemented aphid
density, and ambient vs. supplemented parasitoid den-
sity, leading to four treatments: ambient aphids and
parasitoids (treatment Control); aphids added, ambient
parasitoids (1Aphid); ambient aphids, parasitoids add-
ed (1Para); and aphids and parasitoids added
(1Aphid1Para). The alfalfa field was harvested on 11
June 1993, and cages were set up on 15 June when the
alfalfa was just beginning to develop new leaves. Care
was taken not to disturb the sites, so the cages contained
ambient densities of aphids and natural enemies. Three
randomly selected 2 3 2 m sites were marked as open
references. The experiment was started on 16 June.
Aphid densities were supplemented by distributing
;1000 aphids evenly throughout the cage. These
aphids had been reared in the field in sleeve cages that
were inoculated with unparasitized aphids on 16 May,
so they were acclimated to field conditions. Parasitoid
densities were supplemented in six cages by adding 10,
10, 10, and 8 mated females to cages on days 2, 5, 8,
and 12 of the experiment (16 June is day 0). These
female parasitoids were raised in a greenhouse and mat-
ed before release.

Aphid and parasitoid densities were monitored by
counting the number of aphids and mummies on 50–
200 haphazardly selected stems on days 0, 8, 14,18,
22, and 26 of the experiment in both cages and open
reference plots. In most samples 200 stems were count-
ed, but 100 and 50 stems were counted if there were
.5 and 10 aphids per stem, respectively. In one cage
in the 1Aphid treatment, a female ladybird Coccinella
septempunctata laid eggs, and we removed .100 coc-
cinellid larvae. Despite removing larvae, high aphid
mortality occurred, and this cage differed markedly
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from the other two cages in the same treatment. There-
fore, we excluded the cage from analysis. Cadavers
caused by fungal infections were counted, and in cages
that reached high aphid densities, these cadavers made
up 10–18% of the total aphid population. In the open
reference plots where aphid densities remained low,
cadavers from fungal infection made up 0.5% of the
aphid population. No assessment of other natural en-
emies was made.

Field experiment 2: predator manipulation.—In the
second experiment, we manipulated the entire gener-
alist predator guild, both ground- and foliar-dwelling
predators, by removing predators from all 12 cages and
then re-introducing predators to just six of the cages
(Control), and not the other six (2Pred). The experi-
ment was conducted in a field where parasitoids were
naturally at low densities (a total of one aphid was
parasitized in two collections of 25 aphids each), al-
lowing us to isolate the impact of the generalists. Ma-
nipulations (described below) were initiated 2 wk after
cutting, when alfalfa plants were about ;10 cm tall.

We manipulated predators in the foliage using a D-
vac suction sampler (D-vac Company, Ventura, Cali-
fornia, USA). We suctioned each cage twice, with each
suction period lasting ;4 min. We used a separate col-
lection bag for each suction period for each cage. After
collection, we placed collection bags in a cooler, and
returned all samples to the laboratory for sorting. We
carefully hand-searched each D-vac bag three times,
collecting all predators into individual plastic 33.3-mL
(9-dram) vials (Bioquip, Gardena, California, USA).
We then pooled the predators collected from all cages,
returned to the field, and released these predators into
the Control treatment cages. After predators were re-
moved, all nonpredatory insects (including aphids) in
the D-vac samples from each cage were also returned
to the field and released into the cage from which they
had been collected. Thus, we standardized the number
and species composition of foliage predators released
into each predator addition cage, but did not alter den-
sities or species composition of other foliage arthro-
pods.

We manipulated ground predators using pitfall traps
made out of plastic cups (see Snyder and Wise 1999
for design). We placed one pitfall trap in each corner
of each cage. Traps were covered with plastic plates
suspended on a piece of wire; these plates block aphids
from falling into the traps and also prevent traps from
filling with rainwater (Snyder and Ives 2001). In pred-
ator removal cages, pitfall traps were left open for the
duration of the experiment, and predators were col-
lected from traps every 2 d. In the other cages traps
were opened for 24 h to census ground predator den-
sities at the beginning and end of each experiment.
Nonpredatory arthropods were immediately released
back into the cages.

We sampled aphids by counting the number of aphids
and mummies on 200 haphazardly selected alfalfa

stems in each cage and in the open reference plots. We
counted aphids and mummies on days 5, 8, and 12 (day
0 was 28 June 2000). We terminated the experiment
after 13 d, at which time we measured densities of
foliage predators by suctioning each cage, as before,
and thrice hand-searching each D-vac sample for pred-
ators.

Field experiment 3: predator and parasitoid manip-
ulation.—In the third experiment we manipulated pred-
ators and parasitoids within the same experiment. This
allowed us to compare directly the dynamical impact
of each natural enemy on pea aphids, and also to look
for interactions between generalists and the parasitoid.
Our 2 3 2 factorial design yielded the following treat-
ments: both predators and parasitoids removed
(2Pred2Para); predators present, parasitoids removed
(2Para); parasitoids present, predators removed
(2Pred); and predators and parasitoids both present
(Control). Each cage treatment was replicated three
times. We also established three open reference plots.

Our methodology for manipulating ground and fo-
liage predators was the same as in experiment 2. How-
ever, unlike in experiment 2, we standardized the num-
ber of aphids added to all cages. We placed all aphids
collected from the D-vac samples (the same samples
from which we removed predators) into a single plastic
tray and allowed them to intermingle for ;10 min. We
removed 12 groups of 200 aphids from this pooled
collection and added one allotment to each field cage.
At the time of the experiment, aphid densities in the
field were high, and these allotments of 200 aphids/
cage represented ;20% of the original aphid density.
Adult parasitoids were not added to the cages, but rath-
er parasitoids were manipulated by removing any ob-
served mummy from the parasitoid removal cages dur-
ing 5-min searches conducted every other day through-
out the experiment. Percentage parasitism of the aphids
we released in the cages was 8.0 6 2.7% (N 5 two
collections of 50 aphids each), so that each cage re-
ceived about 16 parasitoids as larvae within aphids.

Arthropod densities were measured as in experiment
2. We counted aphids and mummies on day 3, 7, 10,
14, 17, and 21 (day 0 was 17 July 2000). We measured
activity densities of ground-dwelling predators on
days-3 and 21. We terminated the experiment on day
21 by suctioning to collect foliage-dwelling predators.

Laboratory experiments

We conducted a laboratory feeding trial designed to
test whether the two most common foliage-dwelling
predators, ladybird beetle larvae and nabid bugs, pref-
erentially fed on aphids or mummies. In previous work
we found that selective predation on mummies allowed
carabid beetles to diminish biological control by A. ervi
(Snyder and Ives 2001), and we wanted to test whether
the foliage-dwelling predators acted similarly. We
transplanted ;10 cm tall alfalfa plants collected at our
study site into 18 cm diameter 3 15 cm tall pots. The
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arenas were housed in a glasshouse (14:10 L:D, tem-
perature 228–278C) for 2 wk to allow the plants to
acclimate. Plants were enclosed with 18 cm diameter
3 30 cm tall Mylar plastic tubes, covered on top with
fine mesh and with the bottom twisted into the soil
until the lower edge fit snugly against the sides of the
pot.

We glued five field-collected mummies onto the al-
falfa plants using small drops of Elmer’s glue (Borden,
Columbus, Ohio, USA). The glue drops are entirely
covered by the mummies and do not affect predator
choice (Snyder and Ives 2001; W. E. Snyder and A. R.
Ives, unpublished data). We then released 10 field-col-
lected aphids into each arena. We gave the aphids 24
h to acclimate, and then recounted aphids and mum-
mies. We added a single fourth-instar larva of the la-
dybird beetle Harmonia axyridis or an adult of the
hemipteran Nabis spp. We established 12 replicates for
each predator, and also 12 control arenas without a
predator. After 24 h of exposure to predation we count-
ed aphids and mummies. Nabis spp. feed with piercing–
sucking mouthparts that do not always leave a clear
sign of mummy predation. Therefore, we collected the
mummies from all arenas, placed them in petri dishes,
and allowed 2 wk for parasitoid emergence to verify
that mummies we initially scored as alive after the 24-
h predator exposure period indeed contained a viable
parasitoid larva.

Statistics

We analyzed dynamical data for aphids and parasit-
oid mummies from field experiments 1–3 using mul-
tivariate repeated measures analysis in SYSTAT (SPSS
1999) or SAS (SAS 1996). The data from experiment
1 were more complicated, because there were differ-
ences among treatments in the dynamics of aphids and
parasitism. Therefore, we performed a profile analysis
that compares the effects of treatments on changes in
the dependent variables between successive samples
(von Ende 1993). Aphid densities were log-trans-
formed, and the proportions of parasitoids parasitized
and infected were arcsine square-root transformed be-
fore analysis to reduce heterogeneity of variances. The
aphid-mummy choice experiments were analyzed using
paired t tests.

RESULTS

Field experiments

Experiment 1: aphid and parasitoid manipulation.—
This experiment manipulated initial aphid and parasitoid
abundances within cages in a 2 3 2 factorial design,
leading to four treatments: ambient aphids and parasitoids
(treatment Control); aphids added, ambient parasitoids
(1Aphid); ambient aphids, parasitoids added (1Para);
and aphids and parasitoids added (1Aphid1Para). There
was a highly significant effect of aphid addition on aphid
densities (F1,7 5 63.3, P , 0.001), with aphid densities

in cages initially supplemented with 1000 aphids reaching
much higher densities than in cages without supplemental
aphids (Fig. 1A). Conversely, initial supplementation with
parasitoids reduced aphid densities, although this effect
was weaker (F1,7 5 3.82, P , 0.10). Analysis of the
contrasts between consecutive samples shows a signifi-
cant effect of parasitoid addition on changes in aphid
density between the samples at day 14 and 18 (F1,7 5
6.91, P , 0.05); this timing corresponds to the emergence
of the first generation of parasitoids that would have been
produced by the experimentally added adults. Cages with
ambient aphid densities and supplemented parasitoid den-
sities matched closely the densities observed in the open
references.

By the end of the experiment, parasitoid densities (as
measured by mummies) were higher in the treatments
with supplemental aphids (1Aphid and 1Aphid1Para
treatments) than in treatments with ambient initial aphid
densities (Control and 1Para treatments) (F1,7 5 27.4, P
, 0.002, Fig. 1B), even though parasitoids did not ap-
preciably suppress aphid densities in the treatments with
supplemental aphids. This is because, even though par-
asitoid densities at the end of the supplemental aphid
treatments were higher, the numbers of parasitoids relative
to aphids were lower than in treatments with ambient
aphid densities. This is shown in Fig. 1C where we use
the ratio mummy/(mummy 1 aphid density) as a measure
of the severity of parasitism. This measure is related to
% parasitism (i.e., the probability an aphid is parasitized
over its lifetime), although it differs because mummies
represent only the pupal stage of the parasitoid’s life cycle.
There was a significant negative main effect of experi-
mental aphid addition on parasitism (F1,7 5 7.18, P ,
0.05). Profile analysis revealed significant increases in
parasitism between samples on days 14 and 18 (F1,7 5
6.32, P , 0.05), when treatments receiving additional
aphids had relatively lower increases in parasitism. None-
theless, the main effect of parasitoid addition was not
significant (F1,7 5 1.63, P . 0.20).

The severity of fungal infection, measured by the
ratio cadaver/(cadaver 1 aphid density), differed
among treatments, being highest in the Control treat-
ment and lowest in the 1Aphid1Para treatment and in
the open reference plots (Fig. 1D); the main effects of
aphid supplementation and parasitoid supplementation
on the proportion of cadavers were both not statistically
significant. Unlike parasitism, there was no consistent
relationship between the severity of fungal infection
and the maximum aphid density in treatments. Fur-
thermore, there was high heterogeneity in the preva-
lence of fungal infection within treatments. For ex-
ample, in the Control treatment, the ratios of cadaver/
(cadaver 1 aphid density) calculated by summing ca-
daver and aphid densities across all samples were 0.04,
0.082, and 0.20 in the three replicates.

Although the experimental parasitoid addition did
not have a strong effect on aphid densities, parasitism
is still implicated in aphid suppression. Lack of a strong
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FIG. 1. (A) Aphid and (B) mummy densities, and proportions of (C) parasitism (mummy/(mummy 1 aphid density)) and
(D) fungal infection (cadaver/(cadaver 1 aphid density)) through time for experiment 1. Initial aphid and parasitoid densities
were manipulated to yield the following treatments: ambient aphids and parasitoids (Control); aphids added, ambient para-
sitoids (1Aphid); ambient aphids, parasitoids added (1Para); aphids and parasitoids added (1Aphid1Para); and uncaged
plots where aphids and parasitoids were not manipulated (Open).

parasitoid treatment effect was caused by heterogeneity
among replicates within treatments and high back-
ground levels of parasitism (e.g., more mummies oc-
curred in the Control treatment than in the 1Para treat-
ment, Fig. 1B). The most compelling argument for the
importance of parasitism in suppressing aphid popu-
lations can be made from the effect of parasitism on
aphid population growth rates. The per capita aphid
population growth rate between days 0 and 18 (Fig.
2A) and between days 14 and 26 (Fig. 2B) of the ex-
periment against parasitism on days 18 and 26 of the
experiment, respectively, as measured by the ratio
mummy/(mummy 1 aphid density), are shown in Fig.
2. Using mummy densities at the end of these periods
rather than the beginning is appropriate, because mum-
mies form roughly 8 d after aphids are parasitized.
Therefore, mummy densities at the end of the periods
measure parasitism of still-living aphids over the pe-
riods. Fig. 2 shows a strong relationship between mum-
my/(mummy 1 aphid density) and aphid population
growth and decline, particularly in the second half of
the experiment.

Field Experiment 2: predator manipulation.—Orius
spp., Nabis spp., and spiders were the most abundant
foliage-dwelling predators, each making up 20–30% of
the total D-vac catch at the beginning of each exper-
iment (Table 1). As we found previously (Snyder and
Ives 2001), carabid beetles dominated the community
of ground-dwelling predators, representing almost 90%
of total pitfall trap catch (Table 1).

Densities of ground and foliage predators did not
differ between treatments before predator manipulation
(F1,10 5 0.466, P . 0.5, F1,10 5 1.40, P . 0.2, for
ground- and foliage-dwelling predators, respectively,
Fig. 3A, C), but at the end of the experiment ground
predator densities were 75% lower (F1,10 5 105.31, P
, 0.001; Fig. 3C), and foliage predator densities were
60% lower (F1,10 5 22.89, P , 0.001; Fig. 3A) in re-
moval cages. Final ground predator densities were low-
er in predator cages than in open controls (F1,7 5 14.91,
P , 0.007), while final foliage predators in predator
cages and open controls could not be distinguished (F1,7

5 0.50, P . 0.5).
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FIG. 2. Per capita aphid population growth vs. proportion
parasitism (mummy/[mummy 1 aphid density]) in field cages
from experiment 1. Per capita aphid population growth was
calculated as the difference in log aphid abundance between
(A) days 0 and 18 (samples 1 and 4) and (B) days 14 and 26
(samples 3 and 6) of the experiment. Proportion parasitism
was calculated for the last sample in each of the panels. Sym-
bols denote treatments as in Fig. 1.

TABLE 1. Proportion of different predator taxa collected by
either D-vac (foliage predators) or pitfall traps (ground
predators) at day 0 for experiments 2 and 3.

Category Taxon
Experiment

2
Experiment

3

Foliage Nabis spp.
Orius spp.
Coccinellidae
Araneae
Chrysopidae
Opiliones
Staphylinidae
Syrphidae
Geocoris spp.

0.342
0.208
0.033
0.325
0.033
0.000
0.033
0.021
0.000

0.299
0.225
0.222
0.196
0.012
0.016
0.016
0.009
0.003

Ground Carabidae
Araneae
Staphylinidae
Opiliones
Chilopoda

0.879
0.013
0.081
0.027
0.000

0.870
0.010
0.000
0.109
0.010

Note: Total number of predators collected: Foliage, 240 in
experiment 2, 311 in experiment 3; Ground, 223 in experi-
ment 2, 193 in experiment 3.

Aphid densities increased through time in both treat-
ments (Wilks’ lambda 5 0.061, F2,9 5 69.7, P , 0.001;
Fig. 4). The impact of predators was consistent through
time, so that the treatment 3 time interaction was not
significant (Wilks’ lambda 5 0.699, F2,9 5 1.942, P .
0.2). Generalist predators significantly reduced mean
aphid densities (F1,10 5 5.037, P , 0.05).

Field Experiment 3: predator and parasitoid manip-
ulation.—In experiment 3 we manipulated both pred-
ators and parasitoids yielding four treatments: both
predators and parasitoids removed (2Pred2Para);
predators present, parasitoids removed (2Para); para-
sitoids present, predators removed (2Pred); predators
and parasitoids both present (Control). The composi-
tion of foliage-dwelling predators was similar to that
found in experiment 2, although coccinellid beetles
were more common, equaling 22% of the predators
collected (Table 1). The community of ground-dwelling
predators was similar to that in experiment 2 (Table 1).

Densities of ground and foliage predators did not
differ between treatments before predator manipulation
(F1,8 5 0.960, P . 0.35 for both ground and foliage
predators; Fig. 3B, D). At the end of the experiment
ground predator densities were significantly reduced
by our predator removal (F1,8 5 20.331, P 5 0.002;
Fig. 3D), but were not impacted by parasitoid manip-
ulation (F1,8 5 0.27, P . 0.6; Fig. 3D). Similarly, final
foliage-dwelling predator densities were lowered by
our predator removal procedure (F1,8 5 23.515, P 5
0.001; Fig. 3B), but densities were not impacted by
parasitoid manipulation (F1,8 5 1.156, P . 0.3). Final
ground- and foliage-dwelling predator densities did not
differ between open plots and treatments without pred-
ator removal (2Para and Control) (F1,7 5 1.086, P 5
0.332; F1,7 5 0.10, P 5 0.761 for ground- and foliage-
dwelling predators, respectively).

Pea aphid dynamics were affected by both predators
and parasitoids. Predators had an immediate but ap-
parently density-independent impact, while parasitoids
had a delayed impact on aphids (Fig. 5A). Aphid den-
sities changed through time, first increasing and later
decreasing after 14 d (Wilks’ lambda 5 0.003, F 5
285.79; P , 0.001). Predators significantly reduced pea
aphid densities (F1,8 5 34.12, P , 0.001), and this
effect was consistent through time, resulting in a non-
significant predator 3 time interaction (Wilks’ lambda
5 0.129; F5,4 5 0.64, P 5 0.064). The generalist pred-
ator guild immediately lowered the rate of aphid in-
crease, with this impact nearing statistical significance
at day 3 (two-way ANOVA at 3 d; predator effect; F1,8

5 3.79, P , 0.09), and then remaining statistically
significant through the end of the experiment (P , 0.03
for all subsequent sample dates). Parasitoids also re-
duced aphid densities (F1,8 5 96.411, P , 0.001), but
the strength of the parasitoid effect increased through
time, leading to a significant treatment 3 time inter-
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FIG. 3. Generalist predator densities at the beginning (‘‘Initial’’) and at the end (‘‘Final’’) of field experiments 2 and 3:
(A) foliage predators in experiment 2, (B) foliage predators in experiment 3, (C) ground predators in experiment 2, and (D)
ground predators in experiment 3. Foliage-dwelling predators were collected with a D-vac suction sampler; ground-dwelling
predators were collected using pitfall traps. Experiment 2 treatments: predators reduced (2Pred); predators present (Control);
and uncaged open reference areas (Open). Experiment 3 treatments: both predators and parasitoids removed (2Pred2Para);
predators present, parasitoids removed (2Para); parasitoids present, predators removed (2Pred); predators and parasitoids
both present (Control); and uncaged open reference areas (Open).

action (Wilks’ lambda 5 0.019, F5,45 42.39, P ,
0.001). Parasitoids only weakly depressed aphid pop-
ulation growth early on, but later exerted strong de-
pression of aphids. Parasitoids significantly reduced
aphid densities from day 7 through the end of the ex-
periment (P , 0.001 for samples on days 7–21). The
impacts of the two classes of natural enemy were ad-
ditive throughout, as indicated by the absence of either
a significant predator 3 parasitoid interaction (F1,8 5
0.003, P 5 0.956) or a predator 3 parasitoid 3 time
interaction in profile analysis (Wilks’ lambda 5 0.556,
F5,4 5 0.64, P 5 0.686). Our analyses were conducted
on log-transformed data, but interaction effects also
were not statistically significant with untransformed
data (i.e., both multiplicative and additive interactions
were not significant [Wooton 1994, Sih et al. 1998]).

Experimental removal of mummies reduced mummy
densities by more than an order of magnitude by the
end of the experiment (F3,8 5 90.53, P , 0.001; Fig.
5B). Comparing the treatments without mummy re-
moval (treatments Control and 2Pred), predators
caused a twofold decrease in mummy density (F1,4 5
23.33, P , 0.008; Fig. 5B). This could be due to pred-
ators feeding directly on either mummies or parasitized
aphids. Despite the reduction in the density of mum-
mies, there was no effect of predators on parasitism,
measured by the ratio mummy/(mummy 1 aphid den-
sity) (F1,4 5 4.91, P . 0.09, Fig. 5C). This suggests
that predators did not disrupt parasitism.

Finally, even in the 2Pred2Para treatment, aphid
densities declined at the end of the experiment (Fig.
5A). This was caused by a fungal epizootic that caused
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FIG. 4. Aphid densities through time from experiment 2,
predator manipulation. Treatments: predators removed
(2Pred); predators added (Control); and uncaged open ref-
erence areas (Open).

FIG. 5. (A) Aphid and (B) mummy population dynamics,
and (C) parasitism (mummy/[mummy 1 aphid density])
through time from field experiment 3, where we manipulated
both predators and parasitoids. Treatments: both predators
and parasitoids removed (2Pred2Para); predators present,
parasitoids removed (2Para); parasitoids present, predators
removed (2Pred); predators and parasitoids both present
(Control); and uncaged open reference areas (Open).

a similar decline is aphid density in the surrounding
field (open treatment). The decline in the surrounding
field occurred before that observed in the cages. This
is probably because we reduced aphid densities in the
cages at the start of the experiment relative to the sur-
rounding field. Since fungal infection is density de-
pendent, reducing initial aphid density delayed the on-
set of the epizootic. An additional factor that could
have led to aphid decline is the phenology of the plants.
In contrast to experiment 1, which was initiated im-
mediately following harvesting, experiment 3 was ini-
tiated 14 d following harvest, and by the end of the
experiment the plants were close to the onset of flow-
ering. The maturity of the plants could thus have low-
ered aphid population growth rates (e.g., White and
Eigenbrode 2000).

Laboratory experiment

In the controls, 0.25 6 0.31 aphids and 0.33 6 0.14
mummies disappeared, and the mummy–aphid ratio did
not change (0.413 6 0.022 and 0.411 6 0.029 at 0 and
24 h, respectively; t1,11 5 0.140, P 5 0.891; paired t
test), over 24 h. In cages containing larvae of the la-
dybird beetle Harmonia axyridis, 4.8 6 0.81 aphids
and 1.0 6 0.19 mummies disappeared. This differential
effect on aphids and mummies significantly increased
the ratio of mummies to aphids after 24 h (0.436 6
0.019 and 0.738 6 0.068 at 0 and 24 h, respectively;
t1,10 5 24.255, P , 0.002). Nabids had a similar, al-
though weaker, impact, reducing the numbers by 3.8
6 0.61 aphids and 1.9 6 0.43 mummies, respectively,
and increasing the ratio of mummies to aphids (0.452
6 0.016 and 0.649 6 0.082 at 0 and 24 h, respectively;
t1,9 5 22.597, P , 0.03; not significant with Bonferroni
correction for three comparisons).

THE MODEL

We constructed a model to investigate the interac-
tions between parasitoids and predators, and how these

interactions affect pea aphid control. We have four in-
terrelated objectives. First, field experiment 3 dem-
onstrated additivity between the effects of parasitoid
and predators. Nonetheless, mortality from the fungal
epizootic was high. In the absence of the fungus, would
parasitism and predation be additive? Second, field ex-
periment 3 was run for 21 d, at which time the aphid
densities within cages had peaked. The duration of the
experiment was therefore appropriate for determining
the effect of biological control on peak aphid densities
within a harvesting cycle. Nonetheless, the average in-
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terval between harvests is longer (roughly 32 d), and
the population size of aphids at the end of the har-
vesting cycle will influence both the dispersal of aphids
to other fields and the number of aphids at the start of
the following harvest cycle. How did the duration of
experiment 3 affect our conclusion about the additivity
of parasitism and predation? Third, the cages excluded
movement of predators in response to aphid densities
that is likely to occur in open field conditions (Evans
and Youssef 1992). Would aphid-density-dependent
migration of predators affect the additivity between
parasitism and predation? Fourth, although our exper-
iments involved the specific system of pea aphids in
alfalfa, we are interested in the broader question of
whether additive interactions should be expected in
other host–parasitoid–predator systems. This requires
understanding the underlying processes leading to ad-
ditivity. What potential processes could lead to non-
additivity in our aphid–parasitoid–predator system and
other similar systems?

To address these four objectives, we designed a sys-
tem-specific model, striking a balance between includ-
ing enough detail to describe the dynamics of the sys-
tem, and excluding enough detail to limit the number
of parameters that need to be estimated. We first es-
timated parameter values for aphid and parasitoid dy-
namics using data from the first two experiments. Using
these values, we then fit the model to the data from
experiment 3. This allowed us to determine whether
the model could correctly describe the dynamics of
experiment 3, in particular, the additivity of parasitoid–
predator effects on pea aphid control, when parame-
terized using independent data. The full model and fit-
ting procedure are presented in the Appendix, while
we give a brief description below.

We restricted the model by not including movement
of aphids and parasitoids. Movement of aphids or adult
parasitoids could reduce any nonadditive effects of pre-
dation if movement decoupled the dynamics of aphids
and parasitoids. For example, if adult parasitoids moved
readily among fields, then any decline in parasitoids
caused by predation could be replenished by immigra-
tion. However, this would require a pool of parasitoids
outside the field to provide immigrants. If fields were
harvested asynchronously, such a pool might exist, but
if fields were harvested synchronously, such that all
fields had roughly equal abundances of adult parasitoids,
a pool of immigrants would not necessarily be available.
This example illustrates that incorporating aphid and
parasitoid movement would introduce a suite of issues
involving the metapopulation dynamics of dispersal-
connected subpopulations (fields), making the problem
quite complex (e.g., Ives 1992, Murdoch et al. 1992).
Furthermore, although we have measured the movement
rate of A. ervi within fields (Olson et al. 2000), we have
no information about movement at larger, among-field
scales. Therefore, we do not explicitly consider aphid
and parasitoid movement in the model.

Model structure.—The model explicitly includes
stage structure of the aphid population, dividing the
population into five instars. Aphid dynamics are mod-
eled using a Leslie matrix (Caswell 1989) in which
density-independent survivorship of all aphid stages is
given by the parameter sa, and adult fecundity is f.
Because generalist predators acted in a density-inde-
pendent manner, we do not model predator dynamics
explicitly, but instead implicitly incorporate predation
by decreasing the stage-specific survival of aphids (and
larval parasitoids within still-living aphids). Because
we have no information about the mechanisms of trans-
mission and infection of the fungal pathogen from our
experiments, we treat the epizootic as a delayed den-
sity-dependent source of mortality on aphids. Delayed
density-dependent aphid population growth could also
be caused by aphid-density-dependent declines in plant
quality, and we make no attempt to separate this from
the effects of the fungal pathogen on aphid dynamics.
We performed preliminary analyses investigating den-
sity-dependent time delays of 0, 2, 4, and 6 d, and the
best-fitting model with a 4-d time delay fit the data
better than the best-fitting models with other delays.
Thus, we let the overall survivorship of aphids be sa(1
1 kx(t 2 4))21, where x(t 2 4) is the density of all
aphid instars 4 d previously, and k measures the
strength of density dependence, with larger k corre-
sponding to stronger density dependence.

Parasitoids are assumed to have a Type II functional
response and show a preference for different aphid in-
stars according to the experimental results of Ives et
al. (1999); these experiments showed that A. ervi pref-
erentially attacks second- and third-instar pea aphids.
Letting y denote the density of parasitoid adults, the
proportion of aphids in instar i that are parasitized is
given by 1 2 exp(2ariy(t)/(1 1 gax(t))), where a is
the overall attack rate (searching efficiency), ri is the
relative preference for aphids in instar i, and g governs
the rate of deceleration of parasitism, with g 5 0 giving
a Type I functional response, and the functional re-
sponse becoming more strongly Type II as g increases.
Parasitoid larvae kill their hosts and form mummies in
8 d, during which time they suffer density-dependent
survivorship equal to that of unparasitized aphids (Rau-
wald and Ives 2001). Mummies remain for 6 d, during
which time they experience survivorship sm, and they
then emerge as adults and experience survivorship sw.

Parameter estimation.—We first estimated parame-
ter values using the data from experiments 1 and 2.
Using the values of the parameters governing parasit-
ism rates (a and g) from experiment 1, we then esti-
mated the remainder of the model parameters for data
from experiment 3 (Table 2). Fig. 6 shows the fit of
the model to data for one randomly selected cage from
each of the four experimental treatments in experiment
3. For model fitting, we assumed that all differences
between model and data were due to measurement er-
ror, thereby allowing a total least-squares fitting pro-
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TABLE 2. Parameters for the model investigating how interactions between parasitoids and predators affect pea aphid control.

Parameter Description

Values

Experiment
1

Experiment
2

Experiment
3

a
g
f
sa

k
sm

sw

parasitoid searching efficiency
type of functional response
aphid fecundity
density-independent aphid survival

density-dependent aphid survival
mummy-stage parasitoid survival

adult parasitoid survival

146†
0.0011†

8
0.94†

0.01†
0.62†

0.8

···
···
8

no pred: 093†
pred: 0.85†

0.00†
···

···

146
0.0011

8
no pred: 1.0†
pred: 0.95†

0.16†
no pred: 0.96†

pred: 1.0†
removal: 0.57†

0.8

† Parameters estimated from the data; other values were fixed inputs into the model (see The model: Model structure).

FIG. 6. For field experiment 3, fit of the model to aphid (upper panels) and mummy (lower panels) densities in four cages
randomly selected from each of the four experimental treatments: (A) predators and parasitoids both present (Control), (B)
parasitoids present, predators removed (2Pred), (C) predators present, parasitoids removed (2Para), and (D) both predators
and parasitoids removed (2Pred2Para). Data are shown as 3’s, and model output is shown as solid lines. Parameter values
of the fitted model are given in Table 2.

cedure (Ludwig and Walters 1989, Hilborn and Walters
1992, Ives et al. 1999). We calculated least-squares
differences between observed and predicted log den-
sities rather than absolute densities, thereby making the
assumption that the coefficient of variation of the mea-
surement error is independent of mean aphid and par-
asitoid densities.

Two sets of parameters were difficult to fit simul-
taneously. First, estimates of aphid fecundity, f, and
aphid survival, sa, strongly covaried, with the statistical
fitting procedure poorly distinguishing between the
cases of high fecundity and low survival vs. low fe-
cundity and high survival. This is a common problem
in fitting stage-structured models (Wood 1994). There-
fore, we fixed fecundity at f 5 8, which is the maximum
2-d fecundity for pea aphids obtained in laboratory
experiments (Thiboldeaux 1986). Second, estimates of
adult parasitoid survival, parasitoid searching efficien-
cy, and mummy survival all covaried. Therefore, we
set adult parasitoid survival, sw, to 0.8, and then fit the
other two parameters.

Model analysis.—The analyses of the model are sum-
marized in Fig. 7. Each panel gives the aphid density at
the end of a simulated experiment vs. the predation rate
measured by (1 2 sa). The thin line corresponds to the
case in which there are no parasitoids. There are three
lines for the case when parasitoids are present. The gen-
eralist predators in our study range from those that attack
mummies rarely compared to aphids (see Laboratory
experiment) to those that attack mummies similar to
aphids (carabids; Snyder and Ives 2001). These two cas-
es are bounded by the thick solid and thick dashed lines
in Fig. 7. The thick solid line is calculated assuming
that predators attack parasitized aphids at the same rate
they attack unparasitized aphids, but they do not attack
mummies. The thick dashed line assumes that predators
attack mummies at the same rate as they attack unpar-
asitized and parasitized aphids. We have added the third
case in which predators do not attack parasitized aphids
(thick long-and-short dashed lines), because for this case
there is no direct intraguild predation. Experiment 3 was
initiated 14 d following alfalfa harvesting. Previous
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FIG. 7. Log aphid densities at the end of simulated experiments (20 or 32 d) demonstrating the intraguild effects of
parasitoids and predators on aphids (see The model: Model analysis). The horizontal axis gives the predation rate on aphids,
measured by 1 2 sa (aphid survivorship). The thick solid line gives the case in which unparasitized and parasitized aphids
have the same survivals; the thick dashed line gives the case in which mummies and aphids have the same survivals; and
the thick long-and-short dashed line gives the case in which only unparasitized aphids are depredated, and survivals of
parasitized aphids and mummies are 1. The thin line gives the case of no parasitoids present. For (A) and (B), parameter
values are a 5 146, g 5 0.0011, f 5 8, k 5 0.01, and sw 5 0.8 (see Table 2). Parameter values are the same for (C) and
(D), but a fungal epizootic is included by increasing the delayed aphid-density dependence to k 5 0.16, as estimated in
experiment 3 (Table 2). In (E) and (F) aphid-density-dependent immigration by predators is simulated by assuming that aphid
mortality is given by exp[2(1 2 sa)x(t)], with other parameter values as in (A) and (B). In (G) and (H) the functional response
of parasitoids is more strongly Type II, with g 5 0.11 and other parameter values as in (A) and (B).
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work (Snyder and Ives 2001) showed that carabids be-
come less effective mummy predators on taller alfalfa
stems (Snyder and Ives 2001), and hence the foliar pred-
ators are likely to be more important in this experiment.
Therefore, we consider the case of predators attacking
aphids but not mummies as closest to the reality of ex-
periment 3.

Additive effects on log aphid density are equivalent
to additive mortality rates imposed by different natural
enemies (Wooton 1994, Sih et al. 1998). Because aphid
densities are graphed on a log scale, additivity occurs
when the lines generated with (thin line) and without
(thick lines) parasitoids are parallel. Panels on the left
give cases of simulated experiments lasting 20 d (cor-
responding to experiment 3), while the right panels give
cases of experiments lasting 32 d (roughly the average
interval between harvesting).

The first objective of the model is to determine how
the additivity of parasitism and predation on aphid con-
trol observed in experiment 3 could have been influ-
enced by fungal pathogens. Fig. 7A shows the simu-
lation corresponding to experiment 3 assuming there
are no strong fungal epizootics, in which the parameter
governing the delayed density dependence in aphid dy-
namics is k 5 0.01. Fig. 7C shows the case with an
epizootic, with k 5 0.16 as estimated from experiment
3. In both cases, parasitism and predation are additive,
provided predators attack parasitized and unparasitized
aphids, but not mummies (thick solid line). Thus, the
model increases our confidence in the result of exper-
iment 3, because the model shows that additivity of
parasitism and predation occurs regardless of delayed
density dependence in aphid population dynamics.

The second objective of the model is to ask whether
the additivity of parasitism and predation depend upon
when aphid densities are measured. Fig. 7B is the same
as 7A, except the simulated experiment is 32 d long
rather than 20 d. In Fig. 7B, if predators attack para-
sitized and unparasitized aphids, but not mummies
(thick solid line), the interaction between parasitism
and predation is no longer additive; as predation in-
creases, parasitoids become relatively less effective in
reducing aphid density. This is not surprising, because
intraguild predation occurs as predators consume par-
asitized aphids. If predators only attacked unparasitized
aphids (long-and-short dashed line), then parasitism
and predation would be additive. This begs the question
of why in the 20-d simulated experiment (Fig. 7A)
parasitism and predation are additive when predators
attack parasitized and unparasitized aphids (thick solid
line). At the 20-d time point, percentage parasitism is
increasing rapidly, yet the effect of predation on par-
asitized aphids only affects the aphid dynamics in the
following parasitoid generation. Therefore, there is a
delay of roughly two parasitoid generations before the
effects of predation on parasitized aphids (and the at-
tendant nonadditivity) are observed in the aphid dy-
namics. We conclude that, while additivity was ob-

served at the time scale of experiment 3, at the longer
time scale of harvest intervals, nonadditivity is likely.
Note that at these longer time periods, however, aphid
densities have already peaked (e.g., experiment 1 Con-
trol, Fig. 1A), and therefore the nonadditive effects do
not influence peak aphid densities.

Our third objective was to address the consequences
of predator migration in response to aphid density.
Predators such as ladybird beetles and nabids respond
strongly to aphid densities, with aphid density a strong
predictor of predator density at the scale of whole fields
(Hagen 1976, Ives 1981, Evans and Youssef 1992; A.
R. Ives, unpublished data). Our enclosure cages con-
tained fixed densities of predators and hence did not
allow for aphid-density-dependent predator immigra-
tion. To incorporate this into the model, we assumed
that predator abundance was proportional to aphid den-
sity, x(t), and therefore that the predator-dependent sur-
vivorship of aphids was governed by exp[2(1 2
sa)x(t)]. Although predator immigration changes the
shape of the relationship between aphid density and
predation (measured by 1 2 sa), it does not change our
previous conclusions about the additivity of parasitism
and predation (Fig. 7E and F).

The fourth objective of the model is to explore what
potential factors could break down the additivity be-
tween parasitoids and predators on pea aphid control.
As discussed above, predation on parasitized aphids
will lead to nonadditivity, but only at longer time scales
(compare Fig. 7A and B). Conversely, delayed aphid
density dependence does not affect the pattern of ad-
ditivity (compare Fig. 7C and D with A and B); the
same is true for direct (rather than delayed) aphid den-
sity dependence (results not shown). Also, aphid-den-
sity-dependent movement of predators into fields does
not affect additivity (compare Fig. 7E and F with A
and B). We have assumed that there is not a time delay
in the movement response of predators to aphid density;
however, a delayed response also does not affect ad-
ditivity (results not shown), as found for the case of
delayed aphid density dependence.

A final key property is the parasitoid’s functional
response (Fig. 7G and H). The estimated functional
response for A. ervi was very weakly Type II. The
estimated value of g 5 0.0011 implies that the reduc-
tion in parasitoid attack rate at the maximum aphid
density observed in experiment 3 is ,10%. To deter-
mine the importance of this weak Type II functional
response, we simulated experiment 3 with g 5 0.11,
which gives a reduction in the parasitoid attack rate by
;50% at the maximum aphid density observed in ex-
periment 3. Fig. 7G and H show that a strong Type II
functional response leads to strong nonadditivity.
When there is a strong Type II functional response,
parasitoids are more effective on a per capita basis
when aphid density is low. Therefore, predators and
parasitoid act synergistically to control aphid density,
as predators help to keep aphids at low densities where
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the parasitoids are more effective. This result suggests
that in systems in which parasitoids show strong Type
II functional responses, synergistic interactions with
predators are expected.

DISCUSSION

The specialist parasitoid Aphidius ervi and generalist
predators both reduced pea aphid densities in our ex-
periments, although the dynamics they created differed.
A. ervi exerted only weak suppression of pea aphid
population growth early, with stronger suppression be-
coming visible after ;21–28 d. In contrast, the gen-
eralist predator guild caused an immediate decrease in
the aphid population growth rate that remained constant
throughout the experiments. When both specialist and
generalist natural enemies were present, aphid popu-
lation dynamics reflected the impacts of both types of
natural enemy; initial aphid increase was slowed, and
aphid densities then peaked and decreased. When pres-
ent together, generalist predators decreased parasitoid
densities by 50%. However, despite evidence of intra-
guild predation, the impacts of the predators and par-
asitoids on pea aphid densities were additive.

To disentangle the joint effects of the natural enemies
on aphid suppression, we fit a stage-structured model
to the data from our field experiments. The model re-
produced the additivity between parasitism and pre-
dation that we observed in experiment 3 when param-
eters for aphid–parasitoid interactions were indepen-
dently estimated. We then used the model to ask what
factors could potentially lead to nonadditivity either in
our system or in other host–parasitoid–predator sys-
tems. In the model, detecting nonadditive interactions
depended strongly on the time scale. Nonadditive ef-
fects occurred after longer periods (32 d), except in
cases in which predators attacked unparasitized, but not
parasitized aphids. Because peak densities in experi-
ment 3 were reached by 21 d, our model results about
additivity at longer time intervals does not affect the
success of biological control within a harvesting cycle.
Nonetheless, the longer term success of biological con-
trol will depend on the density of aphids throughout
the harvesting cycle, since the number of aphids at the
end of the harvesting cycle influences the number of
aphids and parasitoids at the start of the following cycle
(Rauwald and Ives 2001). Our results provide a caution
for other experiments on nonadditive effects among
natural enemies. If one or more natural enemies have
dynamics tightly coupled to the prey, nonadditive ef-
fects may only become visible after several genera-
tions.

The model demonstrated that additivity between par-
asitism and predation was relatively insensitive to ei-
ther delayed density dependence in the aphid dynamics
(such as occurred due to the fungal epizootic), or aphid-
density-dependent immigration of predators. In con-
trast, additivity was affected by the type of functional
response of the parasitoid, with a strong Type II func-

tional response leading to a synergistic effect of par-
asitoids and predators. The functional response esti-
mated for A. ervi in our experiments was only weakly
Type II, as was also found using direct observations
of A. ervi foraging (Ives et al. 1999). Nonetheless,
many parasitoid species exhibit pronounced Type II
functional responses (Hassell 1978), and these will
likely be strong candidates for synergistic effects with
predators.

Our model could be faulted for being either too sim-
ple to capture all processes involved in aphid–parasit-
oid–predator interactions, or too complex to allow gen-
eral conclusions about additivity in parasitoid–predator
systems. We selected a level of detail for the model so
that it had few parameters that needed to be estimated,
yet included enough detail to successfully capture the
dynamics of our experiments (Fig. 6). Although many
factors were left out, and the model represents only a
caricature of the real system, it nonetheless gives a tool
with which we can probe the aphid–parasitoid–predator
interactions to tell us how informative our experiments
were likely to be. As we showed, although the model
also demonstrated additivity between parasitoid and
predators under the conditions of experiment 3, under
other conditions additivity should not be expected. This
simultaneously gives us greater confidence in our re-
sults and cautions against claiming that parasitoid–
predator effects on pea aphids are likely to be additive
under all conditions.

Conversely, we have not tried to use the model to
make broad conclusions about the additivity of all
host–parasitoid–predator systems, because we do not
think it is possible to derive any rules that have no
exceptions. When addressing the additivity of natural
enemies in a particular system, researchers can specify
what natural enemies they are interested in, what time
scale is appropriate, what spatial scales are important
for the interactions, etc. Because these factors will in-
fluence whether parasitoid–predator effects are addi-
tive, there is no single answer to the question of ad-
ditivity. Rather than try to make broad conclusions
about additivity of parasitoid–predator effects, instead
we have used the model to illustrate what types of
factors might be important.

Intraguild predation and biocontrol
by predator guilds

Snyder and Ives (2001) examined the impact of the
carabid beetle Pterostichus melanarius on pea aphid
population dynamics. Carabids had little direct impact
on pea aphids, apparently because aphids actively
avoided carabids climbing in foliage. However, cara-
bids could capture the immobile parasitoid mummies,
so that the net effect of carabids was to disrupt aphid
biological control by parasitoids. If other predators in
alfalfa also had a stronger indirect impact on aphids
through mummy predation, then the predator guild
should act together to disrupt biological control. Con-
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sistent with this, the predator guild reduced parasitoid
abundance. Nonetheless, the high rate of intraguild pre-
dation by generalists on the specialist parasitoid did
not reduce the impact of the complete complex of nat-
ural enemies on pea aphids. Furthermore, even under
conditions simulated with the model that lead to non-
additive interference between parasitoid and predators,
control by both types of natural enemies together was
more effective than either alone, except in cases in
which predators strongly attacked mummies (Fig. 7).

Conclusions

Based on the experiments presented here, it is dif-
ficult to single out one class of natural enemy as the
most effective biological control agent. Parasitoids
were able to suppress aphid densities, but the effect
occurred with a time delay so that aphids still reached
high densities before the decline initiated. The gener-
alist predator guild had an immediate effect on aphid
population dynamics, but only reduced the rate of aphid
increase. Thus, aphids still reached high densities when
generalists were the only abundant natural enemy. Be-
cause specialists and generalists contributed additively
to aphid biological control over the time scale of our
experiments, biological control was the most effective
when both types of natural enemy were present.
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APPENDIX

A detailed description of the model for interactions between specialist and generalist natural enemies: parasitoids, predators,
pathogens, and pea aphid (Acyrthosiphon pisum) biocontrol is available in ESA’s Electronic Data Archive: Ecological Archives
E084-002-A1.


