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Abstract The spatial distribution of polyphagous

predators may often reflect the integration of aggre-

gative responses to local densities of multiple species of

prey, and as such may have consequences for the

indirect linkages among the prey sharing these preda-

tors. In a factorial field experiment in which we

manipulated local prey densities within a field of alfalfa

in Utah (USA), we tested whether aphidophagous

ladybirds would aggregate not only in response to their

primary aphid prey, but also in response to an abun-

dant alternative prey, the alfalfa weevil (Hypera pos-

tica [Gyllenhal]). Native North American ladybirds

(primarily Hippodamia convergens Guerin and H.

quinquesignata quinquesignata [Kirby]) responded

only to spatial variation in aphid density. In contrast,

the introduced ladybird, Coccinella septempunctata L.,

aggregated also at local concentrations of the weevil

late in the experiment when weevil density was high

and aphid density was relatively low throughout all

experimental plots. The results support the hypothesis

that C. septempunctata is more responsive than are

native ladybirds to the availability of alternative prey

in alfalfa, which may account in part for the displace-

ment of native ladybirds from alfalfa by the introduced

species as aphid numbers have declined. The differing

responses of the native and introduced ladybirds to

spatial patterns of the alternative prey underscore the

importance of extending the study of predator aggre-

gation to understand better how polyphagous preda-

tors distribute themselves in response to spatial

patterns of multiple species of potential prey.

Keywords Alternative prey � Biological control �
Coccinella septempunctata � Hippodamia � Invasive

species � Numerical response

Introduction

The response of natural enemies to spatial variation in

the density of their prey is a long-standing issue of

great interest, with implications for pest control (e.g.,

Murdoch and Briggs 1996; Bonsall et al. 2004).

Arthropod predators frequently aggregate in patches

of high prey density (e.g., Morris 1972; Huffaker et al.

1976; Bryan and Wratten 1984; Harwood et al. 2001,

2003; Horvath et al. 2005). Given that most of these

predators are polyphagous and attack diverse prey

(Hagen et al. 1999), and given the potential for indirect

interactions among prey from sharing these predators

(e.g., Holt and Lawton 1994; Evans and England 1996;

Cardinale et al. 2003; Musser and Shelton 2003; Har-

mon and Andow 2004; Koss et al. 2004; Koch et al.

2005), it is of interest to determine how arthropod

predators respond to varying local densities of multiple

species of prey as they forage within and among hab-

itats.

In this light, it is noteworthy that even broadly

generalist predators may show distinct prey prefer-

ences that influence where they forage (e.g., Ostman

and Ives 2003). Aphidophagous ladybirds (Coleoptera:

Coccinellidae) are an interesting example, in that

their apparent prey preference for aphids is often
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accompanied by generalist tendencies to feed on a

variety of alternative prey as well (Hodek and Honěk

1996; Dixon 2000). Adults of these predators are well-

known to aggregate in response to their aphid prey at a

variety of spatial scales (Ives et al. 1993), ranging from

among individual plants and patches within habitats

(e.g., Frazer et al. 1981; Sakuratani et al. 1983; Turchin

and Kareiva 1989; Obata and Johki 1990; Elliott and

Kieckhefer 2000; With et al. 2002; Schellhorn and An-

dow 2005) to among large-scale habitat units (e.g.,

agricultural fields and orchards) scattered across the

landscape (e.g., Honěk 1982; Evans and Youssef 1992;

Giles et al. 1994; Elliott et al. 2002; Brown 2004). In

general, however, the tendencies of aphidophagous

ladybirds to aggregate also in response to availability of

alternative prey are unknown (but see, e.g., Evans and

Youssef 1992; Giles et al. 1994; Harmon et al. 2000).

Here we assess the aggregative responses of adult

ladybirds to primary versus alternative prey in alfalfa

in the intermountain west of North America. Differ-

ences among species in these responses may play an

important role in the recent replacement of native

ladybirds by the introduced species, Coccinella sep-

tempunctata L., in this habitat (Evans 2000, 2004).

Aided by USDA redistribution efforts following its

establishment in eastern North America in the 1970s

(Angalet et al. 1979; Schaefer et al. 1987), C. septem-

punctata rapidly dispersed westward and arrived in

alfalfa fields of Utah in the early 1990s (Evans and

Swallow 1993). Historically, these alfalfa fields have

harbored many native ladybirds (e.g., Parks 1913;

Evans and Richards 1997). Upon its arrival, C. sep-

tempunctata rose rapidly in numbers, while numbers of

native ladybirds declined. Thus, in recent years,

C. septempunctata has become consistently the most

common ladybird occupying this habitat (Evans 2004;

see also Turnock et al. 2003).

Both C. septempunctata and native ladybirds feed

primarily on the pea aphid (Acyrthosiphon pisum

[Harris]) in Utah’s alfalfa fields, although they also

consume other prey as well (Hussain 1975; Ouayogode

and Davis 1981). Pea aphids occurred in high numbers

in these fields at the time of C. septempunctata’s arrival

in the early 1990s, but they have occurred only in low

(economically insignificant) numbers since that time

(Evans 2004). A frequent alternative prey of ladybirds

is the larva of the alfalfa weevil (Hypera postica [Gyl-

lenhal]); this is the most important pest insect of alfalfa

in Utah, and it continues to occur every year in very

large numbers in most fields (Evans and England 1996).

Native adult ladybirds aggregate strongly in re-

sponse to locally high densities of the pea aphid in

alfalfa fields in Utah (Evans 2004). The decline in

numbers of native ladybirds in recent years in this

habitat may hence reflect that these species have

abandoned alfalfa fields to forage and reproduce else-

where as aphid numbers have dropped. In contrast, the

newly dominant C. septempunctata may continue to

persist in this habitat, even in the presence now of only

low numbers of aphids, because it is more responsive to

the availability of alternative prey such as weevils. An

initial set of field experiments, in which local aphid

(but not weevil) densities within alfalfa fields were

manipulated intentionally, supported this general

hypothesis (Evans 2004). In these experiments, inten-

tional alterations of aphid numbers (achieved by cag-

ing) were confounded with unintentional alterations of

weevil numbers. Therefore, to assess ladybird foraging

patterns further, here we have manipulated indepen-

dently the local densities of alfalfa weevil larvae and

pea aphids within an alfalfa field, and measured the

aggregative responses of the introduced and native

ladybird adults. The central question addressed in the

field experiment presented here is the degree to which

these predators (especially C. septempunctata) may

respond to spatial variation in density not only of their

primary prey (i.e., aphids), but also to that of the

abundant alternative prey, alfalfa weevils.

Materials and methods

A field experiment was conducted by creating thirty-

two square plots, each 2 m2, in a grid in an alfalfa field

near Logan, Utah, in spring 2002, with 15 m between

adjacent plots. Numbers of weevil larvae or aphids

were manipulated in these plots, in a 2 · 2 factorial,

completely randomized design, such that there were

eight plots each of the following four treatments: high

numbers of both aphids and weevils (HaHw), high

numbers of aphids and low numbers of weevils

(HaLw), low numbers of aphids and high numbers of

weevils (LaHw), and low numbers of both aphids and

weevils (LaLw).

The field was naturally infested with high numbers

of weevils and low numbers of aphids (see Results

below). Low numbers of weevil larvae hatching and

maturing in the plots were achieved by placing

screened cages (1.4 · 1.4 · 0.75 m3) over plots for

3 weeks (from mid April through early May) to protect

the plots, thereby reducing the number of ovipositing

females of the weevils during this time period (some

females had migrated into plots before the plots were

caged). Although such caging also prevented aphid

predators from colonizing the plots, any reduction in

the low numbers of aphids present in the plots at this
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time was temporary, and by the start of the experiment

(in late May) aphid numbers in these plots were similar

to those that had remained uncaged (see Results be-

low). High numbers of aphids were achieved in plots by

rearing aphids in the greenhouse and adding them to

plots in large numbers on May 23 (approximately 7,500

aphids of mixed ages were added per plot). The alfalfa

stood 40–50 cm tall and was nearly mature at this time;

it was cut for hay in early June at the conclusion of the

experiment.

Upon the addition of aphids, all 32 plots were

censused over the next 8 days for weevils, aphids, and

ladybird adults. To assess prey densities, samples of 25

alfalfa stems were taken from each plot twice during

the experiment. On May 24, the stems were cut at the

base and inverted and shaken in a large plastic bucket;

the aphids and weevils shaken from the stems were

collected and frozen for later counting. On May 31,

similarly cut stems were placed into a plastic bag and

frozen. Subsequently, aphids and weevils were counted

from these frozen samples. On the mornings of May 24,

25, 29, 30, and 31, each of the 32 plots was searched

visually for ladybirds in systematic fashion for 2 min.

All adults observed were identified to species and re-

corded, but otherwise the ladybirds and the plots were

left undisturbed.

Densities of aphids, weevils, and adults of C. sep-

tempunctata and native ladybirds were each compared

among treatments by two-way analysis of variance

(ANOVA), both early (i.e., May 24 for prey, and May

24–25 [combined censuses] for ladybirds) and late in

the experiment (May 31 for prey, and May 29–31

[combined censuses] for ladybirds). Because only

modest numbers of native ladybirds occurred in the

plots, and because patterns for individual native spe-

cies were similar, the collective response to treatments

of native ladybirds (i.e., of all native species combined)

was analyzed statistically along with the responses of

sufficiently abundant individual native species. To

equalize variances among treatment combinations (as

tested by the Fmax test), densities (i.e., count data) were

square-root transformed prior to analysis (Sokal and

Rohlf 1981). Densities are expressed below as the

number of prey per stem or the number of adult

ladybirds per m2.

Results

Overall, adults of the introduced species, C. septem-

punctata, outnumbered adults of all native ladybird

species combined in the plots throughout the experi-

ment (Figs. 1, 2). Individuals of Hippodamia conver-

gens Guerin and H. quinquesignata quinquesignata

(Kirby) represented 64% and 28% of all native adults

recorded in plot censuses (other, less abundant species

included H. sinuata crotchi Casey, Coccinella trans-

versoguttata richardsoni Brown, and H. apicalis Casey/

H. expurgata Casey [these two sibling species can only

be distinguished by examination of male genitalia;

Gordon 1985]).

At the outset of the experiment, plots with aphids

added harbored 13· more aphids than the low numbers

of aphids occurring naturally in plots to which aphids

had not been added, and plots that had been unpro-

tected from ovipositing weevil females earlier in the

spring harbored more than twice as many weevil larvae

as did protected plots (there was no significant
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Fig. 1 Top The mean number (±1 standard error) of pea aphids
and alfalfa weevil larvae per stem at the outset (24 May) of a
field experiment in which plots of alfalfa were manipulated to
have high numbers of both aphids and weevils (HaHw), high
numbers of aphids and low numbers of weevils (HaLw), low
numbers of aphids and high numbers of weevils (LaHw), or low
numbers of both aphids and weevils (LaLw). Bottom The mean
number (+1 standard error) of adults per m2 of the introduced
ladybird, C. septempunctata, and of native ladybirds (all species
combined) in these same plots (on 24–25 May)
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interaction among treatments for either aphids or

weevils; Fig. 1 and Table 1). Adults of both C. sep-

tempunctata and native ladybirds responded very

strongly to experimentally increased numbers of aphids

at this time, but did not respond to differences in local

weevil density (Fig. 1; Table 1). Thus, most ladybirds

occurred in plots with aphids added.

By the conclusion of the experiment a week later,

the ladybirds and other predators had reduced greatly

the number of aphids present in plots to which aphids

had previously been added. Nonetheless, significantly

more aphids remained in these plots than in plots to

which aphids had not been added (Table 1). Overall,

plots with aphids added harbored twice as many aphids

as plots to which aphids had not been added (and in

which little change in density had occurred from one

week earlier; Fig. 2).

During the course of the experiment, populations of

larval weevils in the plots increased greatly (Fig. 2).

While much of the increase apparent in Fig. 2 resulted

from large numbers of eggs hatching, the increase also

reflected in part the more thorough assessment of stem

samples late versus early in the experiment. Thus,

whereas all instars were censused fully by examining

frozen stems in the laboratory late in the experiment,

very young weevil larvae were not censused well early

in the experiment, when stems were sampled by

shaking them in a bucket in the field (young larvae fed

in protected locations on the plant from which they

were not dislodged readily by shaking). More impor-

tantly, however, the sampling effort did not vary

among plots on either occasion. Weevil densities in-

creased in all plots, and plots unprotected from weevil

adults earlier in the spring continued to harbor signif-

icantly more (1.6· as many) weevil larvae as plots that

had been protected (Table 1; Fig. 2).

Again, native ladybirds responded very strongly to

aphid numbers but not to weevil numbers (Fig. 2; Ta-

ble 1). In contrast, a significant interaction occurred in

the response of C. septempunctata adults to aphid and

weevil density (Table 1). Overall, adults of C. septem-

punctata responded positively to aphid numbers in the

plots, but they also responded positively to weevil

numbers in plots with low (but not high) numbers of

aphids (Fig. 2). Thus, relatively large numbers of

C. septempunctata adults were found in plots with low

aphid numbers but high weevil numbers.

Discussion

It is important to determine how polyphagous preda-

tors respond to individually varying local densities of

multiple prey species, as such may have consequences

for the interlinking of population dynamics of the

individual prey species sharing the predators (Holt and

Lawton 1994). Predator aggregations in response to

local prey densities develop from the collective actions

of individual predators, whose foraging behavior typi-

cally is strongly influenced by the rate and nature of

prey encounter (e.g., Nakamuta 1982, 1991; Kareiva

and Odell 1987; Kareiva 1990; Yasuda and Ishikawa

1999; but note also Hemptinne et al. 1992; Kindlmann

and Dixon 1993; Dixon 1997). Adult ladybirds foraging

in alfalfa fields readily consume larvae of alfalfa wee-

vils as well as pea aphids (Essig and Michelbacher

1933; Yakhontov 1934; Evans and England 1996).
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Fig. 2 Top The mean number (±1 standard error) of pea aphids
and alfalfa weevil larvae per stem at the conclusion (31 May) of
the field experiment in which plots of alfalfa were manipulated to
have high numbers of both aphids and weevils (HaHw), high
numbers of aphids and low numbers of weevils (HaLw), low
numbers of aphids and high numbers of weevils (LaHw), or low
numbers of both aphids and weevils (LaLw). Bottom The mean
number (+1 standard error) of adults of the introduced ladybird,
C. septempunctata, and of native ladybirds (all species combined)
in these same plots (on 29–31 May)
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Local densities of these two major ladybird prey in this

habitat vary independently of each other (Evans and

Youssef 1992; E.W. Evans, unpublished results). The

field experiment presented here was conducted to

determine the extent of aggregation of adult ladybirds

in response to manipulation of local densities of these

prey species.

The experimental results reveal that native ladybirds

(primarily H. convergens and H. quinquesignata), and

the introduced ladybird, C. septempunctata, aggregated

strongly in response to high aphid density within alfalfa

plots. This was true both at the outset (when aphids

numbers were vastly higher in plots to which they had

been added than in control plots with background

levels of aphids reflective of the field at large), and at

the conclusion of the experiment (when the difference

in aphid density between treatments had narrowed

considerably, such that relatively low numbers of

aphids occurred even in ‘‘high density’’ plots). The

ladybirds’ strong aggregative response to aphids is

similar to results in previous studies (e.g., Frazer et al.

1981; Honěk 1982; Sakuratani et al. 1983; Elliot and

Kieckhefer 2000).

Native ladybird adults did not respond to spatial

variation in alfalfa weevil density throughout the

experiment. Adults of C. septempunctata similarly did

not respond when densities of their primary prey, pea

aphids, were high in treated plots at the outset. How-

ever, as overall densities for all plots combined de-

clined for aphids and increased for weevils as the

experiment proceeded, adults of the introduced pred-

ator occurred in relatively high numbers in plots with

high weevil numbers but low aphid numbers. Thus, it

appears that the introduced predator was distinctive in

its responsiveness to high local availability of the

alternative prey, alfalfa weevil larvae, when the avail-

ability of the primary prey, pea aphids, was low

throughout the habitat. It is not clear why C. septem-

punctata differs from native ladybirds in its response to

weevils. Native ladybirds may be especially dependent

upon aphid-specific cues in choosing where to forage

(e.g., Evans and Richards 1997). The difference be-

tween the ladybirds may also reflect the long history of

association of C. septempunctata and the alfalfa weevil

in the Old World (e.g., Yakhontov 1934; Honěk 1985).

These results are consistent with previous results of

experiments in which only the local abundance of

aphids (and not that of weevils) was manipulated in

alfalfa fields, and from which it appeared that adults of

the native ladybirds are more responsive than is

C. septempunctata to spatial variation in aphid numbers

(Evans 2004). In those experiments, native ladybirds

aggregated strongly at high aphid density plots, but

dispersed rapidly when aphid densities dropped to the

same low levels characteristic of the fields at large (see

also Ives 1981). Adults of C. septempunctata persisted

in the alfalfa fields, but shifted their attentions from

local areas formerly harboring large densities of aphids

to local areas in which alfalfa weevils occurred in high

numbers. However, as an inadvertent consequence of

the experimental design (initial caging in experimental

plots to protect aphid populations), these local areas

with high weevil density were the control (i.e., un-

caged) plots with low numbers of aphids throughout

Table 1 P values (for associated F1, 28 values for effects of aphid or weevil density manipulation and their interaction) in two-way
analyses of variance for square-root transformed counts of prey (pea aphids and alfalfa weevil larvae) and predators (adults of
C. septempunctata and native ladybirds) in experimental plots of alfalfa

Date(s) Species Effect

Aphid Weevil Interaction

Early
May 24 Pea aphid <0.0001 NS NS
May 24 Alfalfa weevil NS 0.003 NS
May 24–25 C. septempunctata <0.0001 NS NS
May 24–45 Native ladybirds <0.0001 NS NS
May 24–25 H. convergens <0.0001 NS NS
May 24–25 H. quinquesignata <0.01 NS NS
Late
May 31 Pea aphid <0.001 NS NS
May 31 Alfalfa weevil NS 0.0006 NS
May 29–31 C. septempunctata <0.001 0.031 0.043
May 29–31 Native ladybirds <0.0001 NS NS
May 29–31 H. convergens <0.0001 NS NS
May 29–31 H. quinquesignata <0.005 NS NS

Analyses are presented both for all individuals of native ladybirds combined, and for numbers of individuals of the two most common
native species, H. convergens and H. quinquesignata

NS not significant (P > 0.05)
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the experiment, and thus the interpretation of the

experimental results was not fully clear (Evans 2004).

The consistency of the results of the present experi-

ment (in which a two-way factorial design was used to

separate the effects of varying aphid and weevil den-

sity) with those of the previous experiments supports

the hypothesis that C. septempunctata has replaced

native species as the dominant ladybird in alfalfa at

least in part because it is relatively responsive to the

availability of alternative prey such as weevils in the

absence of high aphid numbers in this habitat. Native

ladybirds, in contrast, appear to have largely aban-

doned alfalfa fields in recent years as the numbers of

aphids in these fields have declined (Evans 2004).

The results reveal relatively subtle differences

among closely related predators (i.e., among species of

aphidophagous Coccinellini) in their aggregative re-

sponses to primary versus alternative prey. Such may

have interesting consequences for the population

dynamics of the prey. In the case of native ladybirds,

the vulnerability of the alternative prey, alfalfa weevil

larvae, appears to be strongly influenced by the co-

occurrence of these larvae with individuals of the pri-

mary prey, pea aphids. Thus, adult native ladybirds

appear to concentrate their foraging especially where

aphids occur in high numbers, and may eat alternative

prey incidentally as they encounter them (see also

Evans and England 1996; Ostman and Ives 2003). On

the other hand, adults of C. septempunctata may at

times (e.g., early in the season in alfalfa) be influenced

in where they forage by the local density of the alter-

native prey (alfalfa weevil larvae), thereby contributing

through predation of co-occurring aphids to keeping

numbers of the primary prey in such areas at low

density. In this way, these introduced predators may

act in alfalfa fields more as generalist predators that

contribute to preventing initially small populations of

aphids from growing to economically significant levels

(e.g., Flaherty 1969; Ehler and Miller 1978; Edwards

et al. 1979; Riechert and Bishop 1990; Settle et al. 1996;

Ives and Settle 1997; Chang and Kareiva 1999; Sy-

mondson et al. 2002; Harwood et al. 2004). In contrast,

native ladybirds may act more nearly as specialist

predators that track their primary prey populations

more closely across space and time. Introduced and

native species therefore may interact synergistically in

influencing the population dynamics of alfalfa insect

pests (e.g., Pimentel 1961; Murdoch et al. 1985). Such

possibilities underscore the importance of expanding

the study of predator aggregation to better understand

how polyphagous arthropod predators respond to

individually varying local densities of the multiple prey

species that they attack.
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