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EVIDENCE FOR NONADAPTIVE EVOLUTION IN PARASITOID
VIRULENCE FOLLOWING A BIOLOGICAL CONTROL INTRODUCTION
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Abstract. Biological control systems can evolve; founder effects, drift, inbreeding, and
adaptation to new environments can occur during the introduction and establishment of
exotic pests and their natural enemies. It has been hypothesized that successful biological
control agents are those that become locally adapted to their new environment or populations
of hosts. However, there are no explicit comparisons of native and introduced populations
of biological control agents testing for local adaptation. The pea aphid, Acyrthosiphon
pisum, is an introduced pest of legumes. Aphidius ervi, a parasitoid wasp, was introduced
from France to control pea aphids. Using reciprocal transplant experiments, I compared
introduced populations of pea aphids and A. ervi from New York State with native popu-
lations from France. I documented patterns of aphid resistance to parasitism and A. ervi
ability to overcome aphid resistance (virulence) in the two localities and explored whether
the introduced parasitoids are locally adapted to the introduced pea aphids. I found that
parasitoids from native French populations have high rates of parasitism on pea aphids
specialized on clover and on pea aphids specialized on alfalfa, regardless of whether the
aphids are collected from France or New York. Introduced parasitoids from New York have
high rates of parasitism on pea aphids from clover, but low rates of parasitism on pea
aphids from either New York or French alfalfa fields. Thus, there is no evidence that the
introduced wasps have become adapted to their local populations of pea aphid hosts. On
the contrary, the ability of the introduced parasitoids to develop successfully in pea aphids
from alfalfa may have been compromised by the biological control introduction. This
apparently nonadaptive evolution was cryptic until examined experimentally. A better un-
derstanding of the effects of biological control introductions on natural enemies will come
through additional comparisons of native and introduced populations of biocontrol agents.
Such comparisons may provide valuable insights into the role of microevolutionary change
in biological control and suggest useful avenues to enhance the success of biological control
introductions.
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INTRODUCTION

Classical biological control is the introduction of nat-
ural enemies of exotic pests into new areas in an at-
tempt to reduce the population sizes of those pests.
Success rates for biological control are relatively low.
In the biological control of insects and arachnids, 25–
34% of introductions have resulted in establishment of
the control agents (Hall and Ehler 1979, van Lenteren
1983), and only 16% of introductions provided com-
plete control of targeted pest species (Hall et al. 1980).
In the biological control of weeds, from 60 to 63% of
introductions succeeded in establishing phytophagous
insects, but only 10–18% of all introductions have pro-
vided good to complete control (Crawley 1989, Lawton
1990). The underlying causes of these low success rates
are not well understood, although it is clear that many
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factors (e.g., climate-matching and Allee effects) are
involved in the successful establishment of biological
control agents and control of pests (Huffaker and Mes-
senger 1976, Hopper and Roush 1993, Van Driesche
and Bellows 1996). Understanding the circumstances
that contribute to successful biological control is a par-
ticularly vital issue because of the potential dangers of
biological control introductions to non-target organ-
isms (Howarth 1983, Simberloff and Stiling 1996, Lou-
da et al. 1997). Ideally, to minimize these dangers fewer
introductions should be made, while to achieve control
of pest species a greater proportion of introductions
need to be successful. Thus, in order to improve both
the safety and success of biological control, it is vital
to move toward a better understanding of the funda-
mental ecological and evolutionary processes involved.

Biological control represents a basic application of
ecological theory, and relies heavily upon ecological
groundwork in demography and population regulation.
While connections to population ecology are clear, the
role of genetics and of adaptive evolution in the success
of biological control efforts have long been under de-
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bate (Force 1967, Remington 1968, Lucas 1969, Mack-
auer 1972, Messenger et al. 1976, Myers and Sabath
1981, Roush 1990a, b, Hopper et al. 1993, Blossey and
Notzold 1995, Blossey and Kamil 1996, Holt and
Hochberg 1997, Jervis 1997). The main hypothesized
role of genetics comes through the literature on founder
effects and the consequences of bottlenecks in popu-
lations size (e.g., Kerr and Wright 1954, Mayr 1954,
Crow 1964, Baker and Stebbins 1965, Barton and Char-
lesworth 1984). Bottlenecks are known to reduce levels
of genetic variation in neutral loci (Nei et al. 1975),
and this has been implicated in inbreeding depression
(Woodworth et al. 1994, Frankham 1998) and may con-
strain further adaptive evolution. However, bottlenecks
may also increase additive genetic variance in quan-
titative traits (Carson 1990, Goodnight 1987, 1988),
and this may allow a faster response to selection. As
yet there are no data that directly explore the effects
of bottlenecks on the success of biological control.

The role of adaptive microevolution in the success
of biological control is even less clear. It has been
suggested that successful biological control agents are
those that evolve to become locally adapted to their
target pest population or new environment (DeBach
1964, Messenger and van den Bosch 1971, Peschken
1972). However, Murray (1985) and Lawton (1990)
both point out that most evidence for local adaptation
of natural enemies to their new environment is anec-
dotal; when biological control agents stay at low den-
sities for several generations after their introduction,
and then their populations grow rapidly, they are pre-
sumed to have become adapted to the new environment.
While this pattern of population growth may indicate
short-term adaptive evolution to local conditions (Baz-
zaz 1986), it also can arise from Allee effects (Lewis
and Kareiva 1993, Grevstad 1999a, b), or from the
practical difficulty of detecting a small, dispersed pop-
ulation at a release site before it grows to a sufficiently
large size (Shigesada and Kawasaki 1997, Grevstad
1999a, b).

There is some experimental evidence that biological
control agents can become adapted to hosts in their
new range. Bathyplectes curculionis (Hymenoptera:
Ichneumonidae) was introduced from Europe to south-
ern California to control the alfalfa weevil (Hypera
postica), and it was also observed to attack a related
species in the new range, H. brunneipennis. Survival
in H. brunneipennis initially was low due to encap-
sulation of the parasitoid eggs by host defensive cells.
The same population was studied 15 yr after the release,
and the parasitoid was encapsulated only 5% of the
time by H. brunneipennis, suggesting that the parasit-
oid population had adapted to the physiological im-
mune response of its new host (van den Bosch 1964,
Salt and van den Bosch 1967). Cotesia glomerata (Hy-
menoptera: Braconidae) was introduced to the United
States from Great Britain. Lemasurier and Waage
(1993) compared an introduced U.S. population with

a native British population. The main host of the U.S.
population is Pieris rapae, while the main host of the
British population is P. brassicae. They found that the
introduced population has higher rates of parasitism on
P. rapae than the British population, suggesting that
the introduced population has adapted to P. rapae since
its introduction.

Both these examples provide strong evidence for ad-
aptation of a parasitoid to its new range. However, to
test explicitly for local adaptation to host in the new
range, comparisons should be made of replicate pop-
ulations of the biological control agent from the native
and introduced range, on replicate populations of the
native and introduced hosts.

Here, I examine whether populations of an intro-
duced biological control agent, Aphidius ervi (Hyme-
noptera: Braconidae), have become adapted to local
populations of their host, the pea aphid, Acyrthosiphon
pisum (Hemiptera: Aphididae). Aphidius ervi is con-
sidered to be a successful biological control agent (Ha-
gen et al. 1976, Gonzalez et al. 1995) and therefore
seems a suitable system with which to explore the hy-
pothesis that successful control is associated with local
adaptation. I employ a reciprocal transplant design that
allows me to test experimentally for local adaptation
of the introduced parasitoids. This design also enables
me to examine more generally how this aphid–para-
sitoid system may have evolved since the introductions
of the aphid and parasitoid to North America from Eu-
rope with respect to two quantitative traits: physiolog-
ical resistance to parasitism in the aphids, and the abil-
ity of wasps to overcome resistance, or virulence.

MATERIALS AND METHODS

Study system

The pea aphid is a pest of herbaceous legumes. Red
clover (Trifolium praetense) and alfalfa (Medicago sa-
tiva) grown by dairy farmers for hay are two of its
main host plants. Pea aphids are cyclically partheno-
genetic: they reproduce asexually during the summer,
going through 8–10 clonal generations in temperate
areas. This clonal reproduction can be maintained in
the laboratory by long photoperiods making it possible
to replicate experiments with clonal individuals. In the
field, sexual forms develop in the fall and produce eggs
that overwinter on the host plant (Lamb and Pointing
1972). Pea aphids are native to Europe, and they were
first noted as pests in North America in the 1870s (An-
galet and Fuester 1977). Despite this recent introduc-
tion, large amounts of genetic variation (quantitative
genetic and at several allozyme loci) exist in North
American populations of pea aphids (Via 1991a, 1994,
1999, Henter and Via 1995, Via and Shaw 1996).

Aphidius ervi is a solitary endoparasitoid: the female
wasp lays a single egg inside an aphid, the egg hatches
and the larva feeds on the aphid’s internal tissues, even-
tually killing it. Thus, death of the aphid is a necessary
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consequence of development of the parasitoid. The par-
asitoid pupates inside the dried exoskeleton of the dead
aphid, or mummy. Aphidius ervi was introduced into
the United States in 1959 to control the pea aphid. Since
its release, A. ervi has become the dominant parasitoid
of pea aphids in North America (Angalet and Fuester
1977).

The importation of A. ervi to North America con-
sisted of about 1,000 individuals that were shipped
from France to the United States Department of Ag-
riculture (USDA) in Maryland. Of these, 800 were col-
lected as pupae in mummies from alfalfa fields in
France, and 200 were from a French lab culture (USDA
Beneficial Insects Research Laboratory second quarter
report 1959, USDA European Parasite Laboratory sec-
ond quarter report 1959, Halfhill et al. 1972, Mackauer
and Campbell 1972, Angalet and Fuester 1977). In ad-
dition, in 1965 scientists at the University of California,
Berkeley imported a small colony of A. ervi from Leb-
anon and subsequently released it in Glenn County,
California (Mackauer and Finlayson 1967). Theoreti-
cally, with this many individuals few detrimental ef-
fects due to drift and inbreeding are expected, and very
little of the genetic variation present in the French pop-
ulations should have been lost during the introduction.
However, it is not known from how many fields the
parasitoids were collected in France, how many of the
field-collected mummies were hyperparasitized, how
many of the unparasitized individuals survived ship-
ment to found the laboratory population, whether the
laboratory culture fluctuated in size before release, how
many individuals were released into the field, or what
proportion of those released successfully reproduced.
Thus, even with a collection of 1000 individuals, it is
not safe to assume there to be no detrimental effects
of the introduction process.

Pea aphids collected from clover and alfalfa are spe-
cialized on their host plants and are locally adapted
(Via 1991a, b, 1994, Sandstrom 1994a, b, 1996). Pea
aphids from both crops are also differentiated at allo-
zyme loci and there is little gene flow across crops,
even when fields of clover and alfalfa are adjacent to
each other (Via 1999), thus it seems warranted to call
these host-plant specialists ‘‘host-races’’ (sensu Bush
1969). The most recent key (Eastop 1973) classifies the
alfalfa host-race and the red clover host-race within the
subspecies A. pisum pisum.

Aphids specialized on alfalfa are known to be ge-
netically variable in resistance to A. ervi (Henter and
Via 1995). The resistance is physiological: resistant
aphids are attacked by the parasitoid, but the parasitoid
egg does not develop successfully (Henter and Via
1995). The exact mechanism of resistance is unknown,
but it appears to be humoral (Henter 1995, Henter and
Via 1995), rather than a cellular encapsulation response
(see Vinson 1990 and Strand and Pech 1995 for reviews
of insect defenses against parasitism).

In New York and Maryland, the alfalfa host-race of

pea aphids is about two times more resistant to para-
sitism by local A. ervi than is the clover host-race (Huf-
bauer and Via 1999, Hufbauer 2001a). This striking
difference in susceptibility to parasitism between al-
falfa and clover specialists is genetically based, and is
due to differences in aphid physiology rather than to
indirect effects of the plants or to differences in par-
asitoid behavior on the two host plants (Hufbauer and
Via 1999).

Introduced A. ervi are genetically variable in their
ability to overcome pea aphid resistance (Henter 1995).
The ability of a parasitoid to overcome physiological
host defenses is called virulence in the literature on
insect–parasitoid interactions (Godfray 1993, Kraai-
jeveld et al. 1998). This usage is somewhat problematic
because a parasitoid can not be avirulent in the sense
that other types of parasites can, as the death of the
host is a necessary consequence of successful parasit-
oid development (but see Karban and English-Loeb
[1997] for an unusual exception). Nonetheless, the term
virulence is a useful way to discuss the ability of par-
asitoids to overcome host immune responses. This ter-
minology has been used in experimental systems, par-
ticularly Drosophila parasitoids and A. ervi (e.g., Car-
ton and Nappi 1991, Henter 1995, Hufbauer and Via
1999, Kraaijeveld and Godfray 1999, Green et al.
2000), and in verbal and mathematical models of host–
parasitoid interactions (e.g., Holt and Hochberg 1997,
Kawecki 1998, Sasaki and Godfray 1999, Tuda and
Bonsall 1999, Fellowes and Travis 2000). Typically,
relative rates of parasitism in laboratory assays are used
to gauge both host resistance, and parasitoid virulence,
but in the Drosophila system, researchers are coming
closer to characterizing traits that can be measured in-
dependent of the rate of parasitism (e.g., Russo et al.
2001).

The exact mechanism by which A. ervi overcomes
host resistance is unknown, however it appears to in-
volve teratocytes, cells that dissociate from the wasp
embryo, enlarge, and float free in the host haemolymph
(Falabella et al. 2000). The heritable variation in A.
ervi virulence found by Henter (1995) suggests that the
evolution of local adaptation in the introduced wasps
to the physiology of their host aphids is possible.

Experimental overview

In this paper, I explore how pea aphid resistance to
parasitism and A. ervi virulence may have evolved
since the introductions of the aphids and wasps to North
America, by comparing introduced and native popu-
lations. I ask two main questions: (1) Are introduced
wasps in New York locally adapted to the introduced
pea aphids with respect to their ability to overcome
aphid immune responses and develop successfully? (2)
More generally, what are the patterns of aphid resis-
tance and parasitoid virulence in introduced New York
and native French populations? Comparing the intro-
duced and native aphid populations may provide in-
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FIG. 1. Diagram of aphid and wasp collection locations,
and the number of aphid clonal lineages initiated from each
source field.

sights into the intriguing difference in susceptibility to
parasitism between the alfalfa and clover host races.
For example, if the greater resistance of pea aphids
specialized on alfalfa relative to those on clover that
is found in the northeastern U.S. is also present in
native French populations, then the host-races of aphids
may have colonized North America separately, already
differing in resistance.

I performed two experiments that jointly address
both questions. In the first experiment, I set up two
reciprocal transplants simultaneously. I subjected pea
aphids from French alfalfa and clover to wasps from
French alfalfa and clover to examine the pattern of
aphid resistance and wasp virulence in the native
French populations. To directly relate my findings to
results from New York, I performed a simultaneous
reciprocal transplant, using aphids and wasps from
New York alfalfa and clover. This experiment allowed
me to compare the patterns of resistance and virulence
within France with those within New York. This ex-
perimental design also permitted me to assess whether
wasps were adapted to aphids from their home crop
within either France or New York.

In the second experiment I performed a reciprocal
transplant in which I subjected aphids collected from
alfalfa and clover from both France and New York to
wasps from alfalfa and clover from both France and
New York. Thus, in this experiment, aphids from both
countries and crops were subjected to parasitoids from
both countries and crops. This allowed me to test for
adaptation of the introduced wasps to the introduced
aphids, and to assess whether any differences in pat-
terns of resistance and virulence revealed in the first
experiment were due to differences between the native
and introduced aphid populations, to differences be-
tween the native and introduced wasp populations, or
both.

Insect collections for experiments

Pea aphids and A. ervi were collected from Tompkins
County, New York in late June 1997, and from the Loire
River Valley between the towns of Poitier and Thouars
in France in early July 1997. In both regions, aphids
were collected from two red clover fields and two al-
falfa fields within 30 km of each other. From each field
a single parthenogenetic female was sampled every for-
ty paces, for a total of ;45 aphids per field. This sam-
pling design decreases the chances that individuals of
a single clonal genotype would be sampled more than
once. With the parthenogenetic females collected from
the field, I initiated from 10 to 15 clonal lineages of
aphids from each field and maintained them in labo-
ratory facilities at Cornell University in Ithaca, New
York (Fig. 1). I had a total of 59 distinct clonal lineages
of aphids from New York (30 from alfalfa and 29 from
clover), and 49 clonal lineages from France (24 from
alfalfa and 25 from clover). Pea aphid clones origi-
nating from clover were individually maintained on

potted red clover plants (Trifolium praetense var. Me-
dium Red), and those from alfalfa were individually
maintained on potted alfalfa plants (Medicago sativa
var. Oneida VR). These varieties are typically grown
in the upstate New York area, and the French aphids
fed and grew successfully on them.

Aphidius ervi were collected both as pupae (in mum-
mies) and as larvae (in parasitized immature aphids)
to initiate wasp colonies from each of the four New
York and four French source fields. Wasp colonies from
New York populations were initiated with at least 50
individuals, while colonies from French populations
were initiated with 10–20 individuals. All eight wasp
colonies were maintained on two pea aphid clones from
New York, one alfalfa specialist and one clover spe-
cialist. Neither of these aphid clones was used in any
experiments. After the first experiment, wasp colonies
from the same country and crop that did not differ in
virulence (see Results) were merged. All experiments
with these wasps took place within three months of
collection, or ;6 generations.

Experimental protocols and analysis

Aphids used in the reciprocal transplant experiments
were clonally produced offspring of the parthenoge-
netic females collected from the field. In both experi-
ments, I formed experimental composite populations
of aphids in the lab to represent field populations, and
then I subjected them to parasitism. To create the ex-
perimental populations, I combined 30 second-instar
aphid nymphs from different clones to obtain a genet-
ically variable group of aphids that represented a field
population. The exact composition of these experi-
mental populations differed in the two experiments as
described below, but in other respects the experimental
protocols were the same. The nymphs comprising an
experimental population were placed on their appro-
priate host plant in a test cage and allowed to settle for
24 h, and were then subjected to parasitism by a single
parasitoid wasp. The wasp was held in the test cage
with the aphids for 24 h, and then removed. All wasps
used in these experiments had eclosed 2–4 d prior to
the trial and were maintained with a supply of honey
and water, to minimize variance in parasitism rates due
to wasp age and nutritional status. When mummies
formed, ;10 d after parasitism, the aphids from the
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original experimental population were scored as either
living, dead, or successfully parasitized. The aphids
that survived parasitism gave birth to offspring within
the experimental cages, however trials were scored be-
fore the offspring reached adulthood, making it easy
to distinguish the offspring from the experimental sub-
jects.

In these bioassays, both aphids and wasps were free
to move around the cages. Thus, behavioral factors
could affect the rate of successful parasitism in addition
to resistance of the aphids and virulence of the wasps.
However, previous experiments document that neither
the behavior of aphids or wasps on the two host plants,
nor effects on the aphid physiology of feeding on dif-
ferent host plants (i.e., induced resistance or altered
nutritional quality) affect parasitism rate significantly
in these trial arenas (Hufbauer and Via 1999). Thus,
parasitism rate in these standardized assays reflects the
resistance of the aphids, and the virulence of the par-
asitoids (Hufbauer and Via 1999, Hufbauer 2001a).

Aphid resistance and parasitoid virulence are inti-
mately related. Because there is not yet an absolute
measure of pea aphid resistance or A. ervi virulence,
these traits can only be measured relative to each other
in the assays I performed. Low rates of parasitism in-
dicate that the aphids are relatively resistant to the par-
ticular parasitoids attacking them, and that the para-
sitoids are not successful at overcoming aphid immune
responses (i.e., low virulence). High rates of parasitism
indicate that the aphids are relatively susceptible to the
particular parasitoids attacking them, and that the par-
asitoids are relatively virulent.

The proportion of aphids successfully parasitized
within each test enclosure was calculated as (number
of mummies)/(number of mummies 1 living aphids).
This is preferable to calculating parasitism rates as
(number of mummies)/(initial number of aphids) be-
cause parasitism itself can sometimes kill an aphid out-
right without resulting in successful reproduction of
the wasp. Analyses using (number of mummies)/(initial
number of aphids), and thus including death due to
parasitism without parasitoid reproduction, gave the
same qualitative results and are not presented here.
Adult wasps emerged from almost all mummies, and
no differences in emergence rates from aphids collected
from the two host plant species were noted. Parasitism
data were natural log-transformed [ln(proportion par-
asitized 11)] for analysis to improve the normality of
the residuals.

I analyzed the data using a mixed linear model
(PROC MIXED, SAS Institute, Incorporated 1997) that
is designed explicitly for use with models containing
both fixed and random effects. In the Mixed Procedure,
the significance of each random effect is tested using
likelihood ratio tests (Littell et al. 1996). The signifi-
cance of fixed effects is tested with F tests that account
for both the variance from the random effects and the
error variance. I used the Satterthwaite approximation

to calculate appropriate degrees of freedom for the F
tests (Neter et al. 1990, Littell et al. 1996), and thus
degrees of freedom may be fractional. A consequence
of using PROC MIXED is that the complex mean
square denominators traditionally associated with
mixed models are not employed or reported (Littell et
al. 1996, SAS Institute Incorporated 1997).

Experiment 1: Levels of resistance and virulence
within countries.—Aphids from both fields of the two
crops within France were subjected to wasps from those
same four fields in a fully reciprocal design. The ex-
perimental populations of aphids were formed to rep-
resent each of the four fields from which I collected in
France. For the field from which I had 15 clonal rep-
resentatives, the experimental populations of 30 aphids
were composed of two nymphs from each clone. For
the field with 14 clonal representatives, three nymphs
rather than two were taken from two randomly chosen
clones, to obtain 30 individuals. For the two fields with
10 clonal representatives, three aphid nymphs from
each clone were used, for a total of 30 individuals.
Using the same protocols, I set up assays for New York
aphids and wasps simultaneously, so that rates of suc-
cessful parasitism in the French and New York assays
could be compared directly.

One replicate of each of the 32 distinct aphid source–
wasp source combinations (16 French aphid–French
wasp combinations, and 16 New York aphid–New York
wasp combinations) was performed in each of four tem-
poral blocks, for a total of four replicates. The data for
France and New York were first analyzed together. The
country being tested and the crop from which the
aphids and wasps were collected (country, aphid crop,
and wasp crop) were treated as fixed effects. The spe-
cific fields from which the aphids and wasps were col-
lected (aphid field and wasp field) were considered to
be random effects, and were nested within aphid crop
and wasp crop, respectively. Each field was labeled
with a unique name, making additional nesting within
country unnecessary. Block was treated as a random
effect. Interactions with block were tested and none
were significant, so they were dropped from the model.

Experiment 2: Test for local adaptation between
countries.—Pea aphids from France and New York
were subjected to wasps from France and New York
in a reciprocal lab transplant. The design was depen-
dent upon some of the results from the first experiment;
within each country, aphids from the two fields of each
crop did not differ significantly in resistance (see Re-
sults). Thus, aphids from the same crop and country
were pooled together in the second experiment to create
four distinct groups: aphids from alfalfa in New York
(30 clones), aphids from clover in New York (29
clones), aphids from alfalfa in France (24 clones),
aphids from clover in France (25 clones). The exper-
imental populations representing these four sources of
aphids consisted of a single aphid nymph from each
clone, with a second nymph chosen randomly from the
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TABLE 1. Mixed-model ANOVA for proportion of pea aphids from alfalfa and from clover
in France successfully parasitized by Aphidius ervi from France, and for proportion of pea
aphids from alfalfa and clover in New York successfully parasitized by A. ervi from New
York.

Source Type III F df P

Fixed effects
Aphid crop
Wasp crop
Country
Aphid crop 3 wasp crop
Aphid crop 3 country
Wasp crop 3 country
Aphid crop 3 country

47.69
0.44
0.15
0.03

59.80
0.01
0.21

1, 39.4
1, 3.96
1, 4.06
1, 4.07
1, 3.94
1, 3.96
1, 4.07

0.002
NS

NS

NS

0.002
NS

NS

Source
Likelihood

ratio df P

Random effects
Block
Aphid field(aphid crop)
Wasp field(wasp crop)
Aphid crop 3 wasp field(wasp crop)
Wasp crop 3 aphid field(aphid crop)
Country 3 aphid field(aphid crop)
Country 3 wasp field(wasp crop)
Aphid field(crop) 3 wasp field(crop)
Country 3 aphid field(crop) 3

wasp field(crop)

7.13
0.03

15.69
0
0.01
0
0
0
0

1
1
1
1
1
1
1
1
1

0.004
NS

,0.0001
NS

NS

NS

NS

NS

NS

Note: Replicate experimental populations of aphids were tested in two simultaneous recip-
rocal transplants as described in Materials: Experimental overview.

clones of a group so that all experimental populations
had a total of 30 nymphs.

The first experiment also showed that the wasps from
the two fields of each crop within each country did not
differ significantly in virulence with one exception;
wasps from one French clover field were more virulent
than wasps from the other French clover field (see Re-
sults). Thus, the wasps were pooled where appropriate
to create five groups: wasps from alfalfa in New York,
wasps from clover in New York, wasps from alfalfa in
France, wasps from clover field 1 in France, and wasps
from clover field 2 in France. All four test groups of
pea aphids were subjected to parasitism by all five
groups of wasps in a fully reciprocal lab transplant.

Two replicates of each of the 20 aphid source–wasp
source combinations were performed in each of two
temporal blocks for a total of four replicates. In the
analysis, wasp country, wasp crop, aphid country, and
aphid crop were treated as fixed effects. Block, and a
dummy variable that distinguished between wasp col-
onies from the two French clover fields were treated
as random effects. All interactions of fixed and random
effects were treated as random; none were significant
and so they were dropped from the final model.

RESULTS

Experiment 1: Levels of resistance and virulence
within countries.—The initial analysis of the data from
the within-country reciprocal transplants showed a
strong interaction between the crop and the country
from which the aphids were collected (aphid crop 3

country effect, Table 1). This indicates that rates of
successful parasitism on the aphids from the two crops
differed between New York and France (Fig. 2). A
linear contrast written to examine the differences in
resistance associated with the host races in the two
countries indicated that the aphids from New York al-
falfa were significantly more resistant to New York
wasps (mean rate of parasitism 5 0.33) than were the
aphids from French alfalfa to French wasps (mean rate
of parasitism 5 0.60, F1, 632 5 13.79, P 5 0.009). The
rates of parasitism on aphids from clover also differed
between the countries, with aphids from New York clo-
ver being significantly more susceptible to New York
wasps than were aphids from French clover to the av-
erage French wasp (mean rate of parasitism of aphids
from New York clover 5 0.79, and from French clover
5 0.58, F1,6.8 5 6.23, P 5 0.044). Because of this
interaction between aphid crop and country, further
analyses were performed separately by country to more
easily discern the patterns of resistance and virulence
within each country.

The analysis of the reciprocal transplant with New
York aphids and parasitoids revealed that, within New
York, the aphids from alfalfa were parasitized signif-
icantly less than the aphids from clover (Table 2, Fig.
2a), indicating that the aphids from alfalfa are more
resistant to parasitism than the aphids from clover, and
that the parasitoids are more virulent on aphids from
clover than aphids from alfalfa. This confirms the pat-
tern of pea aphid resistance to wasps observed in pre-
vious experiments, with populations from New York
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FIG. 2. Norm-of-reaction plots for the within-country reciprocal transplants showing the percentage of aphids from clover
and alfalfa successfully parasitized. The lines are for illustrative purposes and are not regression lines. (a) Aphids from New
York attacked by wasps from New York. (b) Aphids from France attacked by wasps from France.

TABLE 2. Mixed-model ANOVA for proportion of pea aphids from alfalfa and from clover
successfully parasitized by A. ervi from alfalfa and clover in a fully reciprocal transplant,
using aphids and wasps from New York collections.

Source Type III F df P

Fixed effects
Aphid crop
Wasp crop
Aphid crop 3 wasp crop

75.38
1.41
0.22

1, 2
1, 2
1, 53

0.013
NS

NS

Source
Likelihood

ratio df P

Random effects
Block
Aphid field(aphid crop)
Wasp field(wasp crop)
Aphid field(crop) 3 wasp field(crop)

0.08
0.46
0.22
0

1
1
1
1

NS

NS

NS

NS

and Maryland (Hufbauer and Via 1999, Hufbauer
2001a). The source of the parasitoids (alfalfa or clover)
had no effect on the parasitism rate in New York (Table
2, Fig. 2a) indicating that on average the New York
wasps from alfalfa and clover do not differ in their
ability to overcome aphid resistance. Furthermore,
wasps were not adapted to aphids from their home crop
(aphid crop 3 wasp crop interaction, Table 2, Fig. 2a)
or locally adapted to aphids from their home field
[aphid field(aphid crop) 3 wasp field(wasp crop) in-
teraction, Table 2, Fig. 2a].

The data from the French insects show a very dif-
ferent pattern: aphid crop did not affect rates of par-
asitism, but the field from which the wasps were col-
lected from did, indicating significant variation in the
virulence of wasps from the French fields (Table 3, Fig.
2b). A subsequent contrast revealed that wasps from
one of the French clover fields had particularly high
mean rates of parasitism (mean 5 0.70), while wasps
from the other French clover field performed poorly
(mean 5 0.43, F1, 6.06 5 93.14 P 5 0.0001, Fig. 2b).

However, as in New York, the French wasps were not
adapted to the French aphids from their home crop or
field [aphid crop 3 wasp crop and aphid field(aphid
crop) 3 wasp field(wasp crop) interactions, Table 3,
Fig. 2b].

Experiment 2: Test for local adaptation between
countries.—The reciprocal transplant of aphids from
France and New York attacked by wasps from both
France and New York provided no evidence of local
adaptation of the wasps to the aphids from their own
geographic region (wasp country 3 aphid country in-
teraction, Table 4). However, there was a very strong
wasp country 3 aphid crop interaction (Table 4, Fig.
3). This interaction was due to wasps from France (both
crops) performing much better than wasps from New
York on aphids from alfalfa, (F1, 2.91 5 73.53, P 5 0.004,
Fig. 3), and performing slightly worse, though not sig-
nificantly so, on aphids from clover than the wasps
from New York (F1, 2.94 5 4.30, P 5 0.132, Fig. 3).
This was true whether the aphids were from New York
(Fig. 3a) or from France (Fig. 3b), and whether the
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TABLE 3. Mixed-model ANOVA for proportion of pea aphids from alfalfa and from clover
successfully parasitized by A. ervi from alfalfa and clover in a fully reciprocal transplant,
using aphids and wasps from French collections.

Source Type III F df P

Fixed effects
Aphid crop
Wasp crop
Aphid crop 3 wasp crop

0.23
0.16
0.05

1, 10.2
1, 2.01
1, 10.2

NS

NS

NS

Source
Likelihood

ratio df P

Random effects
Block
Aphid field(aphid crop)
Wasp field(wasp crop)
Aphid field(crop) 3 wasp field(crop)

7.57
0

15.03
0.45

1
1
1
1

0.003
NS

,0.0001
NS

TABLE 4. Mixed-model ANOVA for proportion of pea aphids from alfalfa and from clover
in both New York and France that were successfully parasitized by A. ervi from alfalfa and
clover in both New York and France (W stands for wasp and A stands for aphid).

Source Type III F df P

Fixed effects
Wasp country
Wasp crop
Aphid country
Aphid crop
Wcountry 3 W crop

14.37
0
3.65

38.36
0.24

1, 1.58
1, 1.58
1, 61
1, 61
1, 1.58

0.091
NS

0.061
0.0001

NS

A country 3 A crop
W country 3 A country
W country 3 A crop
W crop 3 A country
W crop 3 A crop

0.07
0.65

105.35
0.30
0

1, 61
1, 61
1, 61
1, 61
1, 61

NS

NS

0.0001
NS

NS

W country 3 A country 3 A crop
W country 3 W crop 3 A country
W country 3 W crop 3 A crop
W crop 3 A country 3 A crop
W country 3 W crop 3 A country 3 A crop

0.11
0.17
1.13
0.07
6.26

1, 61
1, 61
1, 61
1, 61
1, 61

NS

NS

NS

NS

0.015

Source
Likelihood

ratio df P

Random effects
Block
French wasp field code

4.61
2.20

1
1

0.016
0.069

wasps were from alfalfa or clover (solid and dashed
lines, respectively, Fig. 3ab). Thus, not only was there
no evidence for local adaptation of the introduced
wasps, but the introduced wasps performed signifi-
cantly worse than the French wasps on pea aphids from
alfalfa.

There was also a significant four-way interaction be-
tween wasp country, wasp crop, aphid country, and
aphid crop, however the magnitude of this effect was
much smaller than the two-way interaction, as indicated
by the size of the F statistics (Table 4). The significance
of the four-way interaction was due to several smaller
differences in parasitism rate and can be visualized in
the crossing of the norm of reaction lines connecting
wasps from each country in Fig. 3.

DISCUSSION

Patterns of aphid resistance and wasp virulence
within introduced New York populations and native
French populations.—The pattern of parasitism of pea
aphids by Aphidius ervi within New York clearly differs
from the pattern within France. As found previously,
pea aphids from clover in New York are very suscep-
tible to New York wasps, while pea aphids from alfalfa
in New York are very resistant (Hufbauer and Via 1999,
Hufbauer 2001a). However, French aphids from both
clover and alfalfa are relatively susceptible to French
parasitoids. Thus, the overall patterns of aphid resis-
tance and wasp virulence observed in New York do
not appear to be imported unchanged from European
populations. One difference is that the French wasp
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FIG. 3. Norm-of-reaction plots for the France–New York reciprocal transplant showing the percentage of aphids from
alfalfa and clover successfully parasitized. (a) New York aphids from clover and alfalfa attacked by wasps from both France
and New York. (b) French aphids from clover and alfalfa attacked by wasps from both France and New York.

populations are more variable in virulence than the
New York wasp populations. Because the French and
New York wasps had been raised in the same environ-
ment for a minimum of one generation before the ex-
periment ran, this difference is unlikely to be environ-
mental, and may have a genetic basis. This suggests
that the process of introducing the wasps as a biological
control agent has reduced genetic variation in an im-
portant quantitative trait: virulence. Alternatively, the
selective regime might differ between France and New
York in a way that has led to a reduction of standing
genetic variation.

The reciprocal transplant design employed in the first
experiment allows me to test for adaptation of wasps
within each country to the aphids from their home crop.
However, as in previous experiments (Hufbauer
2001a), there is no evidence that wasps from clover
and alfalfa are adapted to the aphids from their home
crop, within either France or New York.

Patterns of aphid resistance between New York and
France.—The difference in successful parasitism rates
of aphids from alfalfa when attacked by wasps from
France and New York are striking. Aphids from New
York and French alfalfa are very resistant to New York
wasps, and very susceptible to French wasps. This sug-
gests that the aphids from alfalfa in New York did not
evolve greater resistance to parasitism since their in-
troduction, because the French populations in France
are also resistant.

Previous work (Hufbauer and Via 1999) has dem-
onstrated that differences in pea aphid resistance to
parasitism in New York are due to a genetically based
physiological response as found in Henter and Via
(1995), and are not a function of aphid or wasp be-
havior, or of differences in host-plant chemistry. Here,
I find that the differences in resistance between aphids
from the two crops are consistent between the two
countries. This suggests that the pea aphids may have

colonized North America from Europe as two distinct
groups, one specialized on clover and one on alfalfa,
that were already differentiated with respect to the
physiological factors that confer resistance to the in-
troduced parasitoid. The possibility of separate aphid
colonization events makes sense in light of what is
known about the extreme host-plant specificity of pea
aphids in North America (Via 1991a, b, 1994) and
Europe (Sandstrom 1994a, b, 1996), and data on high
rates of gene flow within both crops and low rates
between alfalfa and clover (Via 1999). However,
mtDNA sequence data do not support the hypothesis
that pea aphids specialized on the two crops represent
phylogenetically distinct host races (Boulding 1998).
These different conclusions may be reconciled if the
differentiation of the aphids into host-races is a recent
phenomenon. In this case, the mtDNA tree may not yet
reflect that lineage sorting (Hudson 1990).

Patterns of parasitoid virulence between New York
and France: a test for local adaptation of the intro-
duced wasps.—There is no evidence of local adaptation
of the introduced New York wasps to aphids from New
York, despite predictions that successful biological
control agents are locally adapted. On the contrary, the
introduced wasps are less virulent than the French
wasps when attacking the aphids from alfalfa. The re-
duction in virulence of the introduced wasps is sur-
prising given the large number of wasps imported from
France.

Aphidius ervi in North America are thought to be
descendants of individuals collected from French al-
falfa. The difference in the ability of wasps from France
and New York to successfully parasitize aphids from
alfalfa might be explained if the wasps I collected are
not representative of those that were introduced for
biological control. For example, in 1959 the researchers
could have collected from a population that was for
some reason less virulent on aphids from alfalfa than
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from clover. This seems unlikely since the collection
was made from an alfalfa field. Furthermore, there is
no evidence from the French reciprocal transplant that
sampling from one particular population would give
rise to the low virulence on alfalfa seen in the intro-
duced wasps. However, there may be greater variation
within France than my samples from a relatively small
region indicate.

Another explanation for the difference in the per-
formance of the French and New York wasps is that
the French populations have evolved to overcome re-
sistance in the alfalfa specialists in a coevolutionary
arms race. French wasps may have evolved greater vir-
ulence on the resistant aphids from alfalfa subsequent
to the 1959 collections for introduction to North Amer-
ica. If this is the case, then the populations from which
I sampled would not be representative of those col-
lected for biological control. This explanation suggests
that even the large sample of wasps taken from France
for the introduction was not sufficient to ensure the
adaptability of the introduced populations. Native pop-
ulations in France may have been able to adapt to the
aphids from alfalfa faster than the introduced popula-
tions, because the populations were presumably large
from 1959 on, and genetically more variable than the
introduced population.

If the wasps I collected are representative of the pop-
ulations imported for biological control, then the data
from the reciprocal transplant experiments suggest that
either at the time of introduction or since the wasps
were introduced in 1959, the North American popu-
lations of wasps have evolved to become less virulent
on aphids from alfalfa than the native French wasps.
There are four non-mutually exclusive ways that this
may have occurred.

1) The introduced wasps may have become adapted
to laboratory conditions (e.g., Frankham et al. 1986,
Frankham and Loebel 1992) in ways that made them
less fit in the field environment. For example, if prior
to their introduction the wasps were raised in the lab
on pea aphid genotypes that were particularly suscep-
tible to parasitism, then the ability of the wasps to
develop successfully in alfalfa specialists may have
been lost. A rapid loss of virulence upon relaxation of
selection requires the additional assumption of a cost
to virulence, either a quantitative cost, or a trade-off
with some other trait important to fitness in the labo-
ratory environment. Such adaptation to lab conditions
would be potentially maladaptive in the field, and also
would further reduce genetic variation. However, if this
were the explanation then we should expect to see the
evolution of increased virulence on aphids from alfalfa,
which is not yet apparent. This is surprising, given the
substantial genetic variation in virulence found by Hen-
ter (1995).

2) Similarly, a negative genetic correlation between
virulence on aphids from alfalfa and other traits that
are important to fitness in the novel New York field

environment could lead to a correlated reduction in
virulence.

3) One of the mechanisms by which the parasitoids
overcome the physiological defenses of pea aphids spe-
cialized on alfalfa may have been compromised during
the introduction process. For example, Aphidius ervi
eggs release cells called teratocytes into the host he-
molymph that contribute to overcoming host defenses
(Falabella et al. 2000). If a mutation arose in the genes
coding for these cells when the introduced population
was small, then it could have become fixed through
genetic drift even if it was detrimental. Crosses of
French and New York wasps and comparisons of their
teratocyte production could be used evaluate this hy-
pothesis.

4) The bottleneck imposed during the introduction
process itself may have detrimentally affected the
wasps. For example, the North American wasps may
have lost genetic variation during the introduction that
was vital in their ability to successfully parasitize
aphids from alfalfa (Unruh et al. 1983), or epistatic
interactions between loci may have been altered in a
way that reduced virulence. The significant variation
in virulence among wasp populations from France and
corresponding lack of variation in virulence among
populations of wasps from New York support this pos-
sibility.

Conclusions

Introduced A. ervi in New York perform very poorly
on pea aphids specialized on alfalfa relative to native
populations of A. ervi in France. Whatever the expla-
nation for the differences in virulence of wasps from
France and New York, the practical implication of this
work for the pea aphid–A. ervi system is that a re-
introduction of wasps from France should be consid-
ered. Field survey data (Hufbauer 2001b) suggest that
the poor performance of the introduced wasps on pea
aphids specialized on alfalfa inhibits their ability to
control pea aphid populations in alfalfa. Thus, the more
virulent wasps from France may be able to suppress
pea aphid populations in alfalfa more effectively.

This comparison of native and introduced popula-
tions of a biological control agent reveals surprising
differences between the populations. Similar compar-
isons are needed in other biological control systems to
determine whether differences of this magnitude are
common. With enough comparative data, patterns may
emerge indicating which methods of introduction or
taxa are associated with detrimental changes vs. local
adaptation in biological control agents.
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