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Abstract.

In insect host—parasitoid systems, successful immune responses of the host

kill the parasitoid, and successful development of the parasitoid will kill the host. Thus,
hosts and their parasitoids can exert strong selection on each other that may lead to the
coevolution of host defense traits and parasitoid counter-defenses. In upstate New York,
pea aphids (Acyrthosiphon pisum) specialized on alfalfa are, on average, two times more
physiologically resistant to parasitism by Aphidius ervi parasitoids than pea aphids spe-
cialized on clover. There is genetic variation within populations of Aphidius ervi in the
ability to overcome pea aphid resistance; thus an evolutionary response to the differences
in aphid resistance is possible. Here, | document that pea aphid populations that are more
resistant to parasitism in laboratory assays exhibit lower rates of parasitism in the field,
suggesting that the genetically based differences in aphid resistance may influence rates of
successful parasitism. | found that the difference in resistance between pea aphids spe-
cialized on alfalfa or on clover in New York is present in additional populations of pea
aphids assayed over several yearsand is present in Maryland aswell as New York. However,
despite the potentially large difference in selective regimes due to differences in aphid
resistance, parasitoids collected from alfalfa fields and clover fields do not differ in their
ability to overcome pea aphid resistance. There is no evidence that they are adapted to
aphids from their home crop, or locally adapted to aphids from their homefield. The mobility
of this parasitoid, and its relatively recent introduction to North America as a hiological
control agent, may contribute to the lack of adaptation.
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INTRODUCTION

Coevolution is reciprocal evolutionary changeinin-
teracting species (Janzen 1980, Thompson 1994). The
potential for evolution to be reciprocal can vary among
populations of interacting species because selective re-
gimes in different locations may favor different traits.
Furthermore, the degree to which populations are con-
nected can affect the evolution and spread of traits
important in species interactions (Thompson 1988,
1994, 1999, Travis 1996). Because of these complex
dynamics, Thompson (1994) asserts that the coevolu-
tionary process is likely to be more spatially and tem-
porally variable than is apparent from either the study
of individual populations or the distribution of char-
acters found in phylogenetic trees. Thus, a more com-
plete understanding of the evolution of species inter-
actions in general, and coevolution in particular, must
include a focus on intraspecific variation among the
species involved.

Here, | explored the interaction between the pea
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aphid, Acyrthosiphon pisum (Hemiptera: Aphididae),
and its parasitoid Aphidius ervi (Hymenoptera: Bra-
conidae). In this system, there is genetic variation in
the physiological ability of pea aphids to resist para-
sitism (Henter and Via 1995), and in the ability of
parasitoids to overcome that resistance (Henter 1995),
fulfilling the fundamental prerequisitesfor coevolution.
| investigated patterns of aphid resistance and parasit-
oid ability to overcome resistance in order to assess
whether parasitoids have adapted to populations of
aphids differing in resistance.

Insect host—parasitoid systems are particularly well
suited to research on the evolution of species interac-
tions (Price et al. 1980, Thompson 1994, Kraaijeveld
et al. 1998). Parasitoids are parasites of other arthro-
pods that kill their host, and have a free-living adult
stage (Godfray 1993). Endoparasitoids develop within
their host, and must overcome or evade the host’s cel-
lular and humoral immune responses (Vinson 1990).
Because host immune responses can kill the parasitoid,
and successful parasitoid development kills the host,
hosts and their parasitoids can exert strong selection
on each other. However, as with other host—parasite
systems, selection may be asymmetrical because every
parasitoid must overcome host defenses, while not all
hosts will be attacked. For host—parasitoid interactions
to coevolve, there must be genetic variation in hosts
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in their ability to escape parasitism behaviorally or
physiologically, and in parasitoids in their ability to
overcome host defenses.

The ability of a parasitoid to overcome physiological
host defenses is called virulence in the literature on
insect—parasitoid coevolutionary interactions (Carton
and Nappi 1991, Godfray 1993, Henter 1995, Holt and
Hochberg 1997, Jervis 1997, Karban and English-L oeb
1997, Kawecki 1998, Kraaijeveld et al. 1998, Althoff
and Thompson 1999, Hufbauer and Via 1999, Kraai-
jeveld and Godfray 1999, Midori and Bonsall 1999,
Sasaki and Godfray 1999). This usage is somewhat
problematic because a parasitoid cannot be avirulent
in the sense that other types of parasites can, as the
death of the host is a necessary consequence of suc-
cessful parasitoid development (but see Karban and
English-Loeb [1997] for a possible exception). Here,
| discuss virulence mainly in terms of the ability of
parasitoids to overcome host resistance.

The pea aphid (Acyrthosiphon pisum) feeds on her-
baceous legumes, and is a pest of alfalfa (Medicago
sativa) and red clover (Trifolium praetense), which are
crops grown for hay by dairy farmers. The pea aphid
is native to Europe and Asia, and was introduced to
North America in the 1800s (Angalet and Fuester
1977). Populations of pea aphids on alfalfa and clover
in lowa and New York are specialized on one or the
other crop, and are locally adapted to their preferred
crop; aphids collected from one crop do not feed or
reproduce successfully on the other crop (Via 1991a,
b, 1994), and there is little gene flow across crops (Via
1999). This host-plant specialization has also been ob-
served in Sweden (Sandstrom 1994).

Host-plant specialized populations of pea aphids in
upstate New York differ in their susceptibility to par-
asitism by A. ervi (Hufbauer and Via 1999). In labo-
ratory assays of pea aphids from two alfalfa and two
clover fields, the pea aphids specialized on alfalfa suc-
cumbed to parasitism by A. ervi only 36% of the time,
while those from clover were successfully parasitized
90% of the time (Hufbauer and Via 1999). This dra-
matic differencein parasitism rateis dueto adifference
in the average ability of the alfalfa and clover spe-
cialists to resist parasitism physiologically (Hufbauer
and Via 1999). Although aphid and parasitoid behav-
iors can affect parasitism rates (e.g., Chau and Mack-
auer 1997, lves et al. 1999), the observed difference
in the resistance of pea aphids from alfalfa and clover
is apparent even when monitoring for potential differ-
encesin the escape behavior of aphids, and in the attack
behaviors of A. ervi on the two host plants (Hufbauer
and Via 1999). Aphidius ervi attacks and lays eggs in
resistant pea aphid genotypes, but the eggs do not de-
velop successfully (Henter and Via 1995). The differ-
ence in physiological resistance to A. ervi between pea
aphids specialized on alfalfaand pea aphids specialized
on clover appears to have a genetic basis, and it is not
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affected by the host plant upon which the aphids feed
(Hufbauer and Via 1999).

While Hufbauer and Via (1999) documented that pea
aphid populations from alfalfa have higher levels of
physiological, genetically based resistance to parasit-
ism by A. ervi than pea aphids from clover, it is un-
known whether A. ervi populations in the two crops
have evolved to differ in their ability to overcome aphid
resistance. Wasps attacking resistant aphid populations
in alfalfa may experience stronger selection to over-
come aphid resistance than wasps attacking susceptible
populations, because the variance in the success rate
of wasps should be higher within populations in which
aphids are more resistant. The difference in resistance
between aphid populations might therefore lead to the
evolution of differences among wasp populations in
their ability to overcome aphid resistance. Wasps could
become adapted to one or the other host-plant-spe-
cialized aphid type; for example, wasps from alfalfa
fields may evolve more effective counter-defenses
against the resistance found in aphids on alfalfa than
wasps from clover fields. Also, wasps could become
locally adapted to their particular local population of
aphid hosts.

Aphidius ervi was introduced to North America in
1959 for biological control, and it spread rapidly across
North America (Angalet and Fuester 1977). Thus, al-
though there are no data on gene flow among wasp
populations, their rapid spread suggests that they are
quite mobile. High levels of gene flow could constrain
the evolution of adaptation to the different populations
of pea aphids. However, local adaptation can evolve
even in mobile organisms if selection is strong and
consistent (e.g., Mopper et al. 1995, Dybdahl and Live-
ly 1996, Stiling and Rossi 1998). Hufbauer and Via
(1999) explored the mechanism of the difference in
parasitism rates of aphids from alfalfa and clover, but
they assayed only two fields of each crop. Particularly
if the parasitoids are mobile, they are only likely to
experience a consistent selective regime that could lead
to wasp adaptation to the aphid populations in the two
crops if the difference in resistance of the aphids is
widespread.

In this paper, | address three main questions: (1) Do
parasitoids experience consistent differences in levels
of aphid resistancein alfalfaand clover fieldsthat could
select for different levels of virulence? (2) Are para-
sitoids adapted to the aphids from their home crop? (3)
Are parasitoids locally adapted to aphids from their
home field? The first question centers on aphid resis-
tance, and | addressed it in two ways. | measured rates
of parasitism in natural populations of pea aphids on
afalfa and clover to examine whether rates of para-
sitism in the field reflect the pattern of resistance doc-
umented in the laboratory. Also, | assayed resistance
levels of additional populations of aphids from alfalfa
and clover in two reciprocal transplant experiments
performed in the laboratory. The second and third ques-
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tions center on interactions between aphid resistance
and the parasitoid’s ability to overcome resistance. |
addressed these questions using the same two recip-
rocal transplant experiments that elucidate levels of
aphid resistance.

MATERIALS AND METHODS
Sudy system

Pea aphids are cyclically parthenogenetic: They re-
produce asexually during the summer, passing through
8-10 clonal generations in temperate areas. Sexual
forms develop in the fall, and produce eggs that over-
winter on the host plant (Lamb and Pointing 1972).
Aphid parthenogenesis is apomictic; meiosis and re-
combination are suppressed and devel opment proceeds
through mitosis (Blackman 1980, 1987, Hales et al.
1997). In pea aphids, asexual reproduction is main-
tained by long photoperiods, which makes it possible
to replicate experiments with clonal individuals. In-
dividuals from the same clone are likely to be genet-
ically identical; however, mutations during replication
may lead to some genetic variation within long-term
clonal lines (e.g., Lushai et al. 1998).

Aphidius ervi is a solitary endoparasitoid of the pea
aphid: The female wasp lays a single egg inside an
aphid, the egg hatches, and the larva feeds on the
aphid’s internal tissues, eventually killing it. The par-
asitoid pupates inside the dried and hardened exoskel-
eton of the dead aphid, or mummy. Adults of A. ervi
feed on nectar and aphid honeydew, but do not feed
on their hosts. In temperate areas, A. ervi completes
~10 generations per year. This parasitoid was intro-
duced into the northeastern United States by the USDA
in 1959 to control the pea aphid. It was collected from
alfalfafieldsin France for release (Halfhill et al. 1972,
Mackauer and Campbell 1972, Angalet and Fuester
1977). Since A. ervi became established, it has spread
rapidly to become the dominant parasitoid of pea
aphids in North America (Angalet and Fuester 1977).

Field sampling and analysis

To estimate rates of parasitism by A. ervi in field
populations, | reared aphids collected from the field.
In 1996, | sampled three fields of each crop on active
dairy farms in Tompkins County, New York, =~ every
two weeks (eight times) from late May through early
September. The six fields sampled include the four
fieldsin the New York reciprocal transplant experiment
described below. In 1997, | performed one-time sam-
ples of two fields of each crop in Maryland in mid-
May, and in New York in mid-June. The fields sampled
in Maryland were the same four fields sampled for the
Maryland reciprocal transplant experiment described
below, while the fields sampled in 1997 in New York
were different from those sampled in 1996.

The sampling protocols were similar for all fields.
Third and fourth instar aphid nymphs were collected
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from 8 to 10 separate areas in each field using a beat
tray. Sample locations were placed every 30—40 paces
along three randomly chosen transects. When aphids
were abundant, 20 or more nymphs were taken in each
sample. When aphids were rare, a space of = 2 m? was
searched thoroughly for 10—12 min in each sample lo-
cation before moving to the next location. On average,
| collected 136 aphids per field per date with which to
estimate parasitism rates. The aphids in these collec-
tions were brought back to the laboratory, and placed
in cages on their appropriate host plant to mature. The
proportion of the aphids sampled that became A. ervi
mummies was recorded.

To test whether the proportion of aphids parasitized
by A. ervi differed by crop, | used an ANOVA with
crop and sample (New York 1996, New York 1997, or
Maryland 1997) treated as afixed effects (JMP Version
3.2, SAS Institute, 1997b). For fields sampled in New
York in 1996, | calculated the total proportion of aphids
parasitized by combining data for the entire season.

Insect collections for experiments

Aphids used in the two experiments described below
were laboratory reared, clonally produced offspring of
parthenogenetic females collected from Tompkins
County, New York in June 1996, and from Montgomery
and Prince Georges Counties, Maryland, in May 1997.
Aphids were collected from two clover fields and two
alfalfafieldsin both states, with each alfalfafield paired
with a nearby clover field. The fields comprising each
pair in New York were <1 km from each other, and
within 16 km of the other pair. These fields were part
of active dairy farms, and are different from fields in
Hufbauer and Via (1999). The fields comprising each
pair in Maryland were within 5 km of each other, and
were ~80 km from the other pair. The two fields in
Montgomery County were from dairy farms, and the
pair in Prince Georges County were at the National
Agricultural Research Center in Beltsville, Maryland.

A single parthenogenetic female was collected =
every 40 paces within each of these eight fields, for a
total of =45 aphids per field. Sampling from widely
spaced intervals early in the season decreased the
chances that individuals of a single clonal genotype
would be sampled more than once. Fifteen clonal lines
of aphids were initiated from the individuals collected
from each field for a total of 60 separately maintained
clonal lines for each state. Pea aphids collected from
clover were maintained as individual clones on potted
red clover plants, and those from alfalfa were main-
tained on potted alfalfa plants. Rigorous protocols for
maintenance of the clones were followed to ensure that
no cross-contamination occurred. Cages were main-
tained at =21°C and 16:8 L:D.

Aphidius ervi were collected as larvae in parasitized
immature aphids from the same eight fields from which
aphids were collected, and used to found eight separate
wasp colonies. | sampled from widely spaced intervals
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Aphid

Source

Field T T T
Aphid Clonal
Lines in Lab 2 3 4 5.
Experimental 2 nymphs from each clone =

Population 30 aphids, 15 genotypes

Fic. 1. Diagram illustrating the formation of experimen-

tal populations. Parthenogenetic femal e pea aphids were col-
lected from the field and used to initiate clonal lineages. Ex-
perimental populations comprised two second instar nymphs
from each of the 15 clones of a source field. Members of an
experimental population were placed together on a potted
alfalfa or potted clover plant.

in each field to maximize the genetic variation in the
wasps collected. Approximately 50 individual wasps
from each field founded the colonies, which were main-
tained at ~200 individuals. Wasps were reared on two
aphid clones: one clover specialist and one alfalfa spe-
cialist. Neither of these clones was used in experiments.
To minimize problems associated with wasps becoming
adapted to laboratory conditions or becoming inbred,
experiments were performed as quickly as possible:
Experiments using wasps from the New York colonies
took place within 2 mo of colony initiation (= four
generations), and those using Maryland wasps took
place within 1.5 mo of colony initiation.

Experimental design and analysis

Aphid resistance and the ability of parasitoids to
overcome resistance were assayed in two reciprocal
transplant experiments: One in which aphids from New
York alfalfa and clover were subjected to wasps from
New York alfalfa and clover, and one in which aphids
from Maryland alfalfa and clover were subjected to
wasps from Maryland alfalfa and clover. For these two
experiments, aphids from different clonal lines were
combined to form experimental populations that rep-
resented each aphid source field, and then were sub-
jected to parasitism by wasps from each of those fields.
The experimental populations consisted of 30 aphids:
two second-instar pea aphids from each of the 15 clones
of a source field (Fig. 1) placed together on either a
potted clover or potted alfalfa plant. Pea aphid clones
from parthenogenetic females collected from clover
were tested on clover, and pea aphids from alfalfawere
tested on alfalfa. This restriction of aphid clones to
their normal host plant is necessary due to the extreme
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host-plant specificity of the aphids. However, previous
experiments (Hufbauer and Via 1999) demonstrate that
resistance to parasitism is not induced by feeding on
one or the other plant in these assays.

After the nymphs had settled on the test plant for 24
h, a single female parasitoid was introduced to each
cage, alowed to search and parasitize for 24 h, and
was then removed. All wasps used in these experiments
had eclosed 2—4 d earlier, and were maintained with a
supply of honey and water. After parasitism, the ex-
perimental aphids were raised on their host plant until
mummies formed =10 d later. The aphids were scored
aseither living, successfully parasitized, or missing and
presumed dead. Four replicates of each aphid-source-
field/wasp-source-field combination were performed,
two in each of two temporal blocks.

These experiments allow both aphid avoidance and
wasp searching behaviors; however, Hufbauer and Via
(1999) documented that rates of parasitism in such as-
says are not significantly affected by either aphid or
wasp behavior. Thus, high rates of parasitism in the
laboratory assays indicate that aphids are relatively
susceptible, and that wasps are relatively successful at
overcoming aphid defenses (i.e., they are virulent).
Low rates of parasitism indicate that aphids are rela-
tively resistant, and wasps do not have effective coun-
ter-defenses.

Aphids might be scored as missing and presumed
dead in these experiments for two reasons. First, par-
asitism itself can sometimesKkill hosts without resulting
in successful parasitoid reproduction (e.g., Rahman
1970, Tamaki et al. 1970, Cate et al. 1973). Second,
transferring the aphid nymphs several times to set up
experiments can cause some mortality. To help account
for these sources of aphid death, and to increase the
accuracy of my measure of the rate of successful par-
asitism, the proportion of aphids successfully parasit-
ized was calculated as (number of mummies)/(number
of mummies + number living), rather than as (number
of mummies)/30, with 30 being the initial size of the
cohort of experimental aphids. However, the first tem-
poral block of the New York reciprocal transplant was
not scored early enough to distinguish between aphids
in the original test cohort and their adult offspring.
Thus, in this block of the New York reciprocal trans-
plant, the proportion of aphids successfully parasitized
was calculated as (number of mummies)/30. The in-
creased variability in parasitism rate due to this dif-
ference in calculation is accounted for in the block
effect of the statistical model described below. For both
experiments, the proportion of aphids successfully par-
asitized was arcsine square-root transformed to im-
prove the normality of the residuals.

The data from the two reciprocal transplant experi-
ments were analyzed using mixed linear models (The
Mixed Procedure, SAS Institute 1997a). The Mixed
Procedure is designed explicitly for the analysis of
models including both fixed and random effects. The
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TaBLel. ANOVA analyzing therate of parasitisminalfalfa
and clover fields estimated from three sets of samples: 1996
and 1997 in New York, and 1997 in Maryland.

Source F df P
Crop 55.09 1,1 <0.0001
Sample 19.74 1,2 <0.001
Crop X sample 1.55 1,2 0.270

Satterthwaite approximation was used to obtain appro-
priate denominators for F tests of fixed effects (Littell
et al. 1996). Individual random effects are tested with
likelihood ratio tests. These likelihood ratios are dis-
tributed approximately as x? with one degree of free-
dom. As variances cannot be negative, tests of single
random effects are one sided, and x? probabilities are
divided by two to obtain P values (Littell et al. 1996).
The crop from which the aphids were collected (aphid
crop), and the crop from which the wasps were col-
lected (wasp crop) were treated as fixed effects. The
field from which the aphids and wasps were collected
(aphid field and wasp field) were considered to be ran-
dom effects, and were nested within aphid crop and
wasp crop, respectively. The date of the trial (block)
wastreated as arandom effect, and all interactionswere
tested. This design tests for adaptation at two different
scales: The aphid crop X wasp crop interaction term
tests for adaptation of wasps to aphids from the same
crop from which they had been collected (or vice
versa), and the aphid field(aphid crop) X wasp field
(wasp crop) interaction term tests for local adaptation
of wasps to aphids from the same field (or vice versa).

REsULTS

The rate of parasitism by A. ervi in field samples of
pea aphids was significantly affected by crop and sam-
ple (Table 1), and followed the pattern expected from
laboratory assays of aphid resistance (Hufbauer and
Via 1999). Parasitism rates were significantly lower in
alfalfa, where aphids are more resistant, than in clover,
where they are more susceptible (Fig. 2).

In the New York reciprocal transplant, the crop from
which the aphids were collected had a marginally non-
significant effect on parasitism rates (Table 2a). Mean
parasitism levels of aphids from alfalfa were less than
those of aphids from clover (mean for aphids from
alfalfa = 0.42, mean for clover = 0.77, Fig. 3a). Thus,
the aphids from alfalfain New York appear to be some-
what more resistant to parasitism than the aphids from
clover. There was also a significant difference in par-
asitism levels between the aphids from the different
fields (aphid field term in Table 2a). A subsequent F
test revealed a significant difference between the two
New York alfalfafields (means of 0.34 and 0.52, F, ¢4
= 18.27, P = 0.0001, Fig. 3a). In the Maryland recip-
rocal transplant, the crop from which the aphids were
collected had a significant effect on parasitism rates
(Table 2b). Mean parasitism levels of aphids from al-
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falfa were one-third those of aphids from clover (mean
for aphids from alfalfa = 0.29, mean for clover = 0.88,
[Fig. 3b]). I combined the results from the New York
and Maryland reciprocal transplants in a simple meta-
analysis to examine the effect of aphid crop in more
detail (Sokal and Rohlf 1995). The test statistic, —2 X
In P, is distributed as x? with 2k degrees of freedom,
where P is the P value from each experiment, and k is
the number of experiments performed. This analysis
shows that the crop from which the aphids are collected
significantly affects the parasitism rate, with aphids
from alfalfa being more resistant than aphids from clo-
ver (Table 2c).

In contrast to the aphids, wasps from the different
cropsand fieldsin New York did not differ in parasitism
ratesin the reciprocal transplant experiment, indicating
that they do not differ in their ability to overcome aphid
resistance (wasp field and wasp crop terms in Table
2c). Furthermore, there was no significant interaction
between the source crop of the aphids and the wasps;
thus thereis no detectabl e adaptation of the wasps from
alfalfato aphids from alfalfa, or the wasps from clover
to the aphids from clover in New York. There is also
no evidence of local adaptation of New York wasps to
aphids from their source field (aphid field[aphid crop]
X wasp field[wasp crop] term in Table 2a).

In the Maryland reciprocal transplant experiment, as
in the New York experiment, wasps from the different
crops and fields did not differ in their ability to over-
come aphid resistance, and there is no evidence of ei-
ther adaptation of the wasps to the aphids from their
home crop, or local adaptation to the aphids from their
home field (aphid crop X wasp crop and aphid field
[aphid crop] X wasp field[wasp crop] terms in Table
2b). However, unlike the New York experiment, there
was a significant interaction between aphid crop and
wasp field(wasp crop) (Table 2b, Fig. 4). This inter-

Means, 95% ci
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5 0.4} I
o |
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T 0.24
kT
L.

0

Alfalfa Clover
NY 1996

Alfalfa Clover
NY June 1997

Alfalfa Clover
MD May 1997

FiG. 2. Rate of parasitism by A. ervi in field samples of
peaaphids from New York (NY) in 1996, and from New York
and Maryland (MD) in 1997. Pea aphids from alfalfa fields
are represented by hatched bars; pea aphids from clover fields
are represented by open bars. Bars are least square means
with 95% confidence intervals.



722

RUTH A. HUFBAUER

Ecology, Vol. 82, No. 3

TaBLE 2. Analysis of the effects of aphid and wasp sources on parasitism rates in fully reciprocal transplant experiments.

Random effects

Fixed effects Likeli-
hood
Source F dft P Source ratio df P
a) 1996 New York collectionst
Aphid crop 11.88 1, 1.99 0.075 Block 247 1 0.058
Wasp crop 0.28 1, 56 0.599 Aphid field(aphid crop) 5.48 1 0.010
Aphid crop X wasp crop 0.14 1, 56 0.706 Wasp field(wasp crop) 0 1 >0.50
Wasp field(wasp crop) X 0 1 >0.50
aphid field(aphid crop)
b) 1997 Maryland collections§
Aphid crop 9.08 1, 3.64 0.045 Block 0 1 >0.50
Wasp crop 0.13 1,4 0.736 Aphid field(aphid crop) 1.53 1 0.108
Aphid crop X wasp crop 2.18 1,4 0.214 Wasp field(wasp crop) 0 1 >0.50
Aphid crop x wasp field 4.24 1 0.020
(wasp crop)
Wasp field(wasp crop) X 0 1 >0.50
aphid field(aphid crop)
c) Meta-analysis||
Test statisticy df P
Aphid crop 11.32 4 0.023

Note: Random effects are tested with likelihood ratio tests distributed as x? with one degree of freedom, and fixed effects

are evaluated with approximate F tests (Littell et al. 1996).

T Degrees of freedom are estimated using the Satterthwaite approximation which can produce fractional values.

F Mixed model ANOVA of the experiment with aphids and wasps from 1996 New York collections.

§ Mixed model ANOVA of the experiment with aphids and wasps from 1997 Maryland collections.

|| Meta-analysis of the overall effect of aphid crop on proportion parasitized (Sokal and Rohlf 1995). See Resultsfor details.

9 Fisher's test(—2% In P).

action term indicates that there are differences in the
proportion of aphids from clover and alfalfa success-
fully parasitized by wasps from particular fields. How-
ever, these differences in parasitism rate were very
small (about 0.10, Fig. 4) relative to the differencesin
parasitism between aphids from alfalfa and clover, and
they did not show any pattern that might relate to the
crop or the location from which the wasps were col-
lected.

a) New York

DiscussioN

Differential aphid resistance and rates
of parasitism in the field

Pea aphids specialized on alfalfa are more resistant
to parasitism than pea aphids specialized on clover in
laboratory assays. This difference in the aphids’ resis-
tance is reflected in the data on rates of parasitism in
thefield. That is, parasitism rates are significantly low-

b) Maryland

BLUPs, 95% CI

BLUPs, 95% ClI I

06

7

027y

| alin;

Alfalfa Alfalfa Clover

Proportion Successfully Parasitized

Clover

Alfaifa Alfalfa Clover Clover

Aphid Source Field

Fic. 3. Therate of successful parasitism by A. ervi on experimental pea aphid populationsin the two reciprocal transplant
experiments. Bars are best linear unbiased predictors (BLUPs) with 95% confidence intervals. Hatched bars represent aphids
from alfalfa fields; open bars represent aphids from clover fields. In panel (a), aphids and parasitoids are from 1996 New
York collections; panel (b) depicts aphids and parasitoids from 1997 Maryland collections.



March 2001

ke 1

o

N

k7

S 08} .
©

o

>

S 06 7
=

1]

1]

3

g 04r - 7
D Wasp Source Field

s —(O— Beltsville alfalfa

£ 02} —@— Mont. Co. alfalfa |
8_ —O— Beltsville clover

o —&— Mont. Co. clover
a 0

Alfalfa
Aphid Source Crop

Clover
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pair in Montgomery County, Maryland, while open symbols
represent the pair of fields at Beltsville.

er in alfalfa fields where the aphids are resistant than
in clover fields where the aphids are susceptible. This
result suggests that the genetically based differencein
resistance documented in laboratory experiments in-
fluences rates of parasitism in the field. The pattern of
differential resistance appearsto be general and robust:
Including the earlier work (Hufbauer and Via 1999), it
has been found across three years, six fields of each
crop, and in Maryland as well as in New York.

Most research on plant—insect natural-enemy inter-
actions has focused on behavioral and physiological
effects of the host plant on rates of successful attack
by natural enemies. However, Hufbauer and Via (1999)
demonstrated that in this system, differences in the
rates of parasitism in laboratory assays are due to ge-
netic differences in physiological resistance to para-
sitism among pea aphid populations, not to insect be-
havior or host-plant-induced resistance. Here, | have
shown that the differences in resistance of pea aphids
specialized on clover and alfalfa are widespread, fairly
stable through time, and that they are paralleled by
differences in parasitism rates in the field. Thus, when
differences in rates of parasitism are observed on dif-
ferent host plantsin other tritrophic study systems, they
should not automatically be attributed to effects of the
host-plant environment. Particularly when populations
of phytophagous insects are structured by their spe-
cialization on different host plants, they may diverge
in traits other than host-plant use that affect their in-
teractions with their natural enemies.

Have parasitoids adapted to differential resistance?

The differential resistance of the aphids, and the dif-
ferences in parasitism rate in the field, suggest that
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selection for wasps to overcome pea aphid resistance
may be consistently stronger in alfalfa than in clover.
An extremely virulent wasp in an alfalfafield may per-
form several times better than the average wasp in the
field, while an extremely virulent wasp in clover will
only perform alittle better than the average wasp. How-
ever, despite this apparent difference in selective re-
gime, wasps collected from clover and alfalfafields do
not differ in their abilities to overcome aphid resis-
tance, and are not more successful on the aphids from
their home crop. For example, wasps from alfalfafields
are asineffective at parasitizing theresistant peaaphids
specialized on alfalfa as are wasps from clover fields.
Thus, the wasps from the two crops are not adapted to
the aphids specialized on those crops. The wasps are
also not locally adapted to aphids from their individual
source fields. This lack of adaptation to the different
levels of aphid resistance is surprising given that there
is substantial genetic variation within populations in
the ability of A. ervi to overcome aphid resistance (Hen-
ter 1995).

Most examples of local adaptation come from sys-
temsin which gene flow isrestricted (e.g., Parker 1985,
Karban 1989, reviewed in Mopper and Strauss 1998;
however, see Mopper et al. 1995, Dybdahl and Lively
1996, and Stiling and Rossi 1998 for exceptions). Thus,
one factor that may play arolein the lack of adaptation
of the wasps to the aphids is that they are very mobile,
asindicated by their rapid spread across North America
after their release in 1959 (Angalet and Fuester 1977).
High levels of gene flow among wasp popul ations could
constrain the evolution of adaptation to populations of
pea aphids from a particular crop or field (e.g., Strauss
1997, Storfer and Sih 1998). In addition, there may
have been insufficient time since the wasps’ introduc-
tion to North America for them to adapt to the host
races of pea aphids.

Wasps from the fields in Maryland vary in their suc-
cess on aphids from alfalfa and clover, but there are
no differences in virulence of the wasps from the dif-
ferent fields in New York. The variable success rates
of wasps from Maryland fields is not related to either
the crop, or the location of the field from which they
were collected. Possibly, the Maryland wasps have
gone through more generations since their introduction
than wasps in New York, and this additional time for
evolution to occur might explain the greater variability
among the Maryland populations of waspsin their abil-
ity to parasitize pea aphids. When the wasps were orig-
inally introduced for biological control, they were re-
leased in Delaware and New Jersey, thus they probably
have been present in Maryland longer than in New
York. Furthermore, the longer season and warmer tem-
peratures in Maryland could increase the number of
generations per year there relative to New York. It is
possible, however, that variation between the condi-
tions of the two experiments could account for the dif-
ferences that were observed among parasitoid popu-
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lationsin Maryland, but were not observed among New
York populations.

CONCLUSIONS

Has Aphidius ervi adapted to the different resistance
regimes of pea aphids from alfalfa and clover? The
evidence presented here does not support either recip-
rocal adaptation of the parasitoids at the level of the
two crops, or local adaptation of the parasitoids to
aphids from their home field. Thus, this system does
not appear to have been strongly shaped by coevolu-
tion, at least since the introduction of pea aphids and
A. ervi to North America. It would be interesting to
examine whether coevolutionary dynamics occur over
a similar geographic scale where the system is native.
The interaction between Drosophila and its parasitoids
has been examined closely in its native range. Kraai-
jeveld and Godfray (1999) review the Drosophila—par-
asitoid literature, and find evidence that virulence in
the parasitoid Asobara tabida may have evolved in
response to differential resistance of Drosophila pop-
ulations. However, there does not appear to be recip-
rocal adaptation of the flies, and Kraaijeveld and God-
fray (1999) conclude that there is little evidence for
coevolutionary dynamics. Host—parasitoid systems
may indeed be good systems for studying the evolution
of species interactions as suggested by Price et al.
(1980), Thompson (1994), and Kraaijeveld et al.
(1998); however, thusfar thereislittle evidence of truly
reciprocal coevolutionary dynamics. Nonetheless, tak-
ing an explicitly geographical approach enhances our
understanding of the complex nature of the evolution
of species interactions.
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