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The genetics of phenotypic plasticity in a
colonizing population of the ladybird beetle,
Harm onia axyridis
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We investigated the degree to which families of a colonizing ladybird beetle, Harmonia axyridis,

differed in their phenotypic responses to familiar vs. novel food types using a split-brood full-

sib design. Development time, adult size, and two measures of colour were significantly
affected by diet. All traits measured were under some degree of genetic control. Significant
levels of genetic variation existed in phenotypic plasticity for development time and adult size,
but not for two measures of colour. Genetic correlations were found between several traits
within single environments but no significant cross-environment genetic correlations were
detected. We concluded that: (1) plasticity in development time and adult size may evolve
given appropriate selection pressure; (2) plasticity in the two measures of colour cannot evolve
owing to a lack of genetic variation; and (3) colonization of H. axyridis is associated with
plasticity, though it is not clear that colonization events actively select for change in levels of
plasticity.

Keywords: colonizing species, evolvability, genetics, G x E interaction, Harmonia axyridis,
phenotypic plasticity.

New habitats can be especially stressful for colo-

Introduction

nizers because of restrictions on food availability or
quality that differ from those in the original environment (Parsons, 1983; Hoffmann & Parsons, 1991).
For colonizing species to be successful, they must
have mechanisms or characters that allow them to

Phenotypic plasticity is thought to be associated with

the ability to colonize new habitats (Parsons, 1983;
Stearns, 1992), to overcome stressful environments
(Hoffmann & Parsons, 1991), and to adapt to unpredictable or novel resources (West-Eberhard, 1989).
Many definitions of plasticity exist (Stearns, 1992);
we define plasticity as the degree to which expression of a trait changes between environments for a
particular genotype or family. Recent studies have
shown that phenotypic plasticity is widespread in a
variety of characters and species (Schemer, 1993).
Most of those studies have examined plasticity in

overcome the obstacles associated with acquiring
and utilizing resources in a new environment.
In the United States, an Asian species of ladybird
beetle (Harmonia axyridis) has recently begun colonizing new habitats. This beetle was first introduced

into the United States in California in 1916
(Gordon, 1985; Dreistadt et al., 1995) and was introduced recently into the south-eastern portion of the

US in Georgia orchards for biological control of
pecan aphids (Monellia caiyella and Monelliopsis
pecanis) (Tedders & Schaefer, 1994). Over 87000

samples from well-established populations. Few
studies have examined the association between
phenotypic plasticity and colonization (but see

laboratory-reared individuals were released over the
period from 1978 to 1981. Harmonia axyridis spread
quickly from Georgia, and by 1992 H. a.xyridis was
reported in Kentucky (Tedders & Schaefer, 1994;
Potter et a!., 1995). Large, well-established populations were present throughout northern and central
Kentucky by 1994 (personal observations). Because
H. axyridis has never been systematically released in

Futuyma et a!., 1994).

Colonizing species face a number of different
obstacles when spreading to new habitats where
resources are often scarce, unpredictable, or novel.
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Kentucky, the resident populations must be the
result of recent migration events (Gordon, 1985).
Thus, this Asian ladybird beetle is an excellent
candidate for studying the association between
phenotypic plasticity and colonization ability.
In particular, we are interested in how H. axyridis

family environmental effects were thus limited to
those occurring prior to the second day posthatch.

Treatments
Approximately half of the developing larvae from a

responds to a novel resource because we expect

given family were fed an unlimited diet of tobacco

colonizing species to encounter resources in a new
habitat that differ from those in the source population environment (Tedders & Schaefer, 1994). In

aphids (the aphid treatment [A]). The remaining

this study, we measured phenotypic and genetic variation, as well as plasticity, in development time from

hatch to adulthood, pronotum width (as a measure

of adult size), and two measures of colour in H.
axyridis. All focal characters are known to be genetically variable (Dobzhansky, 1933; Osawa & Nishida,
1992; Ueno, 1994). In addition, colour patterns can

influence mate choice in H. axyridis (Osawa &

Nishida, 1992) and may also play a role in signalling

unpalatability to potential predators (Edmunds,
1974). Thus, all focal characters are potentially
related to fitness. If colonization ability of H. axyridis
is associated with plasticity, we expect to see significant levels of plasticity in fitness-related characters
in Kentucky populations.

Materials and methods
Ladybird husbandiy

Several hundred adult and pupal H. axyridis (succi-

nea morph) were collected from a single tobacco
farm in Scott County, KY. All beetles were returned

to the laboratory and placed individually in Petri
dishes containing moist cotton plugs. Food was
provided by placing 4 cm2 of tobacco (Nicotiana
tabacum) infested with aphids (Myzus persicae) into
each dish. Petri dishes were maintained in an incubator at 27°C with a 15:9 L:D photocycle. Food and
water were checked every 2 days and replenished as
necessary.

Following an acclimatization period of at least

larvae were provided with a synthetic blend of beef

liver, ground beef and sucrose solution (the meat
treatment [M]). The aphid diet mimics the natural
diet of these ladybird beetles (Tedders & Schaefer,
1994), whereas the meat diet simulates conditions
under which food is abundant, but unfamiliar and of
relatively low quality (T. Cottrell, unpublished data).

The meat mixture was originally developed as an
inexpensive food alternative to be used in massrearing of predaceous heteropterans for biological
control applications (Cohen, 1985). After being
assigned to treatments, all larvae were raised individually in Petri dishes to prevent cannibalism.

Focal traits
Effects of environment may greatly influence the

speed with which maturity is reached or the developmental pathways chosen during ontogeny. As a
gross measure of this environmental effect, we meas-

ured development time (DEVTIME) in days from
egg hatch to adult emergence in each environment.

Because beetle growth is determinate, morphological characters make reasonable indicators of
adult body size. Thus, pronotum width (SIZE) was
measured via image analysis as an indicator of adult

body size. All measurements were made using a
Power Macintosh 8500 computer and the public
domain NIH Image analysis package (download at
http://rsb.info.nih.gov/nih-image/ or ftp//zippy.nimh
.nih.gov/pub/). Measures of pronotum widths using
image analysis were highly repeatable within individ-

uals (r = 0.98; n 15 beetles with 2 measurements

to the adult stage for pupae, adult beetles were

per beetle).
All H. axyridis at our collection site were of the
colour morph succinea which is homozygous reces-

isolated in arbitrary male—female pairs and allowed

sive for predominantly orange, rather than black,

24 h for adults, or at least one week after emergence

to mate. After mating, females were isolated to
prevent other adults from cannibalizing eggs. Newly
laid eggs were separated from mated females every

day and placed into new Petri dishes to hatch.
Because newly hatched larvae are easily injured
during transfer, hatchlings were left in their original
dishes for 2 days and given unlimited access to water

and aphids, after which families were split into
different experimental treatments. Any common

elytra or wing coverings (Komai, 1956). Colour was
measured using a Spectator portable spectroradiom-

eter with a standardized tungsten halogen light
source (Ocean Optics LS-1 tungsten halogen lamp).
All reflectance readings were taken at right angles to
the surface of the elytra at a distance of 2 mm using
a fibre optic probe. Because spectral properties of

H. axyridis change after death, measurements of
reflectance were made on live animals only. MeasThe Genetical Society of Great Britain, Heredity, 78, 261—269.
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urements were made 2 mm from the posterior end
of the body. We analysed differences in the main
elytron colour (orange or red); reflectance of black
spots was not measured. Reflectance spectra indicated two consistent peaks on all animals corresponding to orange (612.8 nm) and red (674.7 nm)
wavelengths. Two measures of reflectance were
taken for each wavelength (ORANGE and RED)
from each individual. Repeatabilities of measurements within individuals were high (r = 0.79; n = 234
beetles with 2 measurements per beetle); average

reflectance at each wavelength was used as the
measure of individual reflectance in subsequent
analyses.

where t is the intraclass correlation and all other
variables are as above (Becker, 1992).

Heritability of a trait standardizes the measured
genetic variation relative to the total phenotypic
variation. Houle (1992) suggested that heritability is
not the most appropriate measure of genetic varia-

tion in some cases, especially under directional or
weak stabilizing selection regimes. Evolvabilities are
alternative measures of genetic variation which are

standardized by the means of the traits of interest
(Houle, 1992). We estimate evolvability from the
coefficient of genetic variation (CVG):

CVG= 100—--,

x

Genetic analyses within environments

is the genetic variation calculated from

Our

where

common-family, and nonadditive genetic effects are
negligible (Falconer, 1989). Heritabilities within a
given environmental treatment were calculated from

of cross-products estimates (Becker, 1992) as

breeding design and experimental set-up
yielded full-sib data for all traits under the two
different environmental conditions. Thus, we
implicitly include the assumption that maternal,

the full-sib data using ANOVA following Becker
(1992):
YAk = /L

+ + ek

full-sib data.
For characters expressed in the same environment
(e.g. SIZEA and REDA), we calculated genetic correlations (ro) using covariances calculated from sums
follows:
Cov(X,Y)
rG = _______________

JVar (X) Var (Y)'

where p is the common mean, c, is the effect of the
is the uncontrolled environmental
i th family, and
and genetic deviations attributable to the ith male
with a single dam and sire. We corrected for unbal-

where Coy (X, Y) is the covariance between two

anced numbers of individuals per family using:

cribed in Brodie (1989).

(1 '\/ /n\

flo

traits, X and Y; Var (X) and Var (Y) are the full-sib
genetic variance estimates for each trait. Significance

(i.e. difference from zero) was calculated as desAn alternative approximation of genetic correlations can be calculated on family mean data (Via,
1984). Genetic correlations based on family means
(rFM) are calculated as:

where

n0 is the corrected number of offspring per

family used in calculating the expected mean
squares, S is the number of families, n is the total

rFM =

number of offspring and n is the number of
offspring in family i (Becker, 1992). Heritabilities
were calculated as:
h2 =

2J"
VP

where V is the among-family variance and Vp is the
total phenotypic variance. Standard errors of heritabilities were calculated as:

The Genetical Society of Great Britain, Heredily, 78, 261—269.

JVar (X) Var (Y)'

where Coy (X, Y) is the covariance between the fullsib, within-environment family means of traits X and

Y; Var (X) and Var (Y) are the full-sib genetic
variance estimates for each trait. Because family
sizes were not all equal, cross-environment correlation results should be viewed only as qualitative indicators of correlation patterns.
Genetic analyses of plasticity
Two

SE(h2) =2 /2(nt_..1)(1_t)2[1+(no_1)t12
n(n1—S)(S—1)

Coy (X,Y)

methods have been proposed for studying

genetic variation in phenotypic plasticity. One, first
proposed by Falconer (1952), treats a trait expressed
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in two different environments as two different traits
(character states); a genetic correlation is estimated

1992). Significant main effects of environment indicate that, on average, the population demonstrates
plasticity in response to the different environments.
Significant family by treatment interactions indicate
variation in the level of plasticity between families.
In analyses of plasticity involving only two environments, tests for interactions are essentially equiva-

for the expression of the trait under the two
environmental conditions. An alternative is the use
of ANOVA to calculate genotype by environment
interaction terms (G x E); a mixed-model ANOVA is

preferred for this approach (Fry, 1992). It is not
clear which of these approaches yields the more

lent to tests for genetic correlations between

informative data (Schlichting & Pigliucci, 1995; Via

character states (Via, 1987; Itoh & Yamada, 1990;

& Conner, 1995); the current practice has been to
present both estimates (e.g. Via & Conner, 1995).
For evolutionary interpretations, the genetic correlation approach may have the advantage of providing
estimates that more directly indicate the potential
for evolution to proceed independently in different

but see Schlichting & Pigliucci, 1995).

Whereas adult size was significantly different
between males and females, no other characters
differed significantly between sexes. Because no
sex-specific differences in character expression
depended on the treatment in which they occurred
(i.e. no sex by treatment interactions), all analyses
were performed on data adjusted to a common

environments (Via, 1984, 1987; Via & Conner,
1995).

We estimated genetic correlations across environments with family mean correlations (rFM) for each
trait expressed in the two environments (i.e. character state correlations). In addition to the expression
of the same trait in different environments, different

(female) mean (cf. Brodie, 1993). Prior to any analy-

traits or characters expressed in the same or

analyses were performed using the SYSTAT statistical
package (Wilkinson, 1990). Statistical significance of

ses, assumptions were tested using Lillifoers tests

and graphical inspection of data. Data were

normally distributed before (size) or after log transformation (development time, colour). All statistical

different environments may constrain the evolution
of genetically correlated characters (Lande, 1979).
We therefore calculated family mean correlations
for all pairwise combinations of each trait expressed

the random effect (FAMILY) in mixed-model

ANOVAS was tested using the interaction sums of
squares components as outlined in Fry (1992).

in one environment with all remaining traits
expressed in the other environment.
Genotype by environment (or in our experiment,

Results

family by treatment) interactions were calculated
using mixed-model ANOVA in which genotype
(family) was a random effect and environment

Heritabi/ities and evolvabiities within environments

In the aphid treatment, heritability was low for size
and intermediate for development time and both
measures of colour (Table 1). In the meat treatment,
heritability was low for reflectance of orange and

(treatment) was a fixed effect (Fry, 1992). Significant
main effects of genotype indicate familial differences

in trait values correlated with environment (Fry,

Table 1 Means, heritabilities, and evolvabilities of focal characters of Harmonia axyridis in each treatment

Character

Mean SD

Units

Number of
families

Aphid
DEVTIME
SIZE
ORANGE

15.3±1.1
2.99±0.15
46.2± 16.1
47.4± 14.9

(days)
(mm)
(% reflectance)
(% reflectance)

17.9±2.4
2.87±0.20

(days)
(mm)

RED
Meat
DEVTIME
SIZE
ORANGE
RED

49.8± 19.7
50.5± 18.2

(% reflectance)
(% reflectance)

Adjusted
family sizes

h2

SE

Evolvability

22
22
23
23

6.38
5.95

0.671
0.221
0.568

0.198

6.054
1.974
24.29

26
26
26
26

5.95
5.95

0.153

0.491

0.190
0.184

21.37

4.91

0.754

0.194

11.11

5.13
5.13

0.615
0.063
0.017

0.195
0.133
0.125

4.645
39.43
40.38

5.13

Because number of offspring per family was not constant, calculations were performed using adjusted family sizes as
described in Becker (1992).
The Genetical Society of Great Britain, Heredity, 78, 261—269.
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red, but high for development time and size (Table

1). Patterns of evolvability values were quite
different from those for heritabilities; evolvabilities
were relatively similar across environments and were

low for development time and size, but high for
refiectances of orange and red (Table 1).
Genetic analyses within environments
In the aphid treatment, there were no significant
genetic correlations between any characters except
for reflectances of orange and red. Both the family

mean correlation and the standard genetic correlation between reflectance of orange and of red were
significant and nearly one (Table 2).

In the meat treatment, both family mean correlations and standard genetic correlations indicate that
most characters were not significantly genetically

correlated. In contrast to the pattern found in the
aphid treatment, however, a strong negative genetic
correlation existed between development time and
adult size. Consistent with the results found in the
aphid treatment, a very strong and significant positive genetic correlation existed between reflectances
of orange and red (Table 2).

ments) were moderately strong for development
time, and reflectances of both orange and red; the
family mean correlation between the two character
states of size was relatively weak (Table 3). The
correlation between size in the aphid treatment and
both measures of colour in the meat treatment was
much greater than the correlation between size in
the meat treatment and either measure of colour in

the aphid treatment (Table 3). In addition, the
correlation between development time in the aphid
treatment and size in the meat treatment was much
stronger than the correlation between development
Table 3 Family mean correlations (rFM) of characters
between environments for Harmonia axyridis
DEVTIMEA SIZEA
DEVTIMEM

0.420
(0.041)

SIZEM

—0.317

ORANGEM

—0.105

(0.131)
(0.626)
—0.120

REDM

(0.577)

Genetic analyses between environments
Family mean correlations between character states

ORANGEA REDA

(0.830)

0.132
(0.538)

0.143
(0.504)

0.126

0.033

0.029

(0.559)

(0.878)

(0.892)

0.396
(0.056)

0.442

(0.031)

0.446
(0.029)

0.372
(0.074)

(0.036)

—0.046

0.430

0.443
(0.030)

Environments: A, aphid diet; M, meat diet.
Unadjusted P-values in parentheses.

(i.e. the same trait expressed in different environ-

Table 2 Genetic correlations (rG) with standard errors (SE), family mean correlations (rFM) with associated unadjusted
P-values, phenotypic correlations (rp), and environmental correlations (rE) between different characters of Har,nonia
axyridis in each treatment

Trait pairs
Aphid
SIZE, DEVTIME
SIZE, RED
SIZE, ORANGE
DEVTIME, RED
DEVTIME, ORANGE
RED, ORANGE
Meat
SIZE, DEVTIME
SIZE, RED
SIZE, ORANGE
DEVTIME, RED
DEVTIME, ORANGE
RED, ORANGE

Number of
families

Adjusted

P-values

ry

T

—0.187

—0.125

0.101

0.110

0.121

0.121
—0.369

family sizes

r0

SE

6.09
6.38

—0.320
0.091
0.140
0.464

0.286
0.358
0.334
0.183

0.363

0.191

0.422
0.402

0.983

0.008

0.973

—0.947
0.777
0.509
—0.736

0.021

—0.845
—0.100

<0.001

—0.664

0.032

0.319

0.607

0.087

0.392

—0.084

0.664

0.093

—0.038
—0.034

26

4.91
4.91
4.91
5.13

0.449

0.144

0.457

—0.007

0.154

26
26

5.13
5.13

—0.338
1.187

0.463

0.153
0.993

0.429
<0.001

—0.009
0.995

0.135
0.996

22

22
22
23
23

23
26
26
26

6.38
5.95
5.95
5.95

0.003*

rFM

0.005
0.258
0.335

0.981
0.223
0.110
0.040

0.052
<0.001

0.115
0.117

—0.283
0.986

0.982

Because number of offspring per family was not constant, calculations were performed using adjusted family sizes as
described in Becker (1992).
*Calculated based on rG(REDORJGE) 1.0 in the meat treatment.
The Genetical Society of Great Britain, Heredily, 78, 261—269.
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time in the meat treatment and size in the aphid
treatment. Finally, there was a significant positive
correlation of each measure of colour from the
aphid treatment with the other measure of colour

higher in the meat treatment than in the aphid treat-

ment. Results were similar for reflectance of red
(Fig. lc,d; Table 4).

from the meat treatment (Table 3).

Discussion
Variation and inheritance of adult mass,
development and colour

Analysis of variance and G xE interactions
Development

time was significantly affected by

family and treatment (Fig. la, Table 4). The effect
of the treatment was relatively consistent in that
development time was shorter in the aphid treatment than the meat treatment for all families but
one. The family by treatment interaction was also
significant, indicating that genetic variation existed
for plasticity in development time (Fig. la, Table 4).
Pronotum width was not significantly affected by

family but did depend on treatment. Beetles reared

All characters measured were variable and the variation had an underlying genetic basis. Expression of

all traits was affected by the diet on which the
beetles were reared. Measured characters did not
differ, on average, between sexes with the exception
of size. Differences in trait expression between sexes

did not depend on the environment in which they
were expressed.

Within the aphid treatment, development time

in the aphid treatment were usually, though not
always, larger than their sibs raised in the meat

and reflectances of orange and red had intermediate
heritabilities whereas size had relatively low heritability. In the meat treatment, however, development
time and size had high heritabilities whereas reflectances of both orange and red had low heritabilities.

treatment. The family by treatment interaction was

also significant, indicating that genetic variation
existed for plasticity in pronotum width (Fig. ib,

Thus, patterns of heritability were not consistent

Table 4).

Reflectance of orange was affected significantly

between environments. Our results add to the

by family and environment but the family by

growing body of literature suggesting that heritabil-

treatment interaction was not significant. Reflectance of orange was usually, though not always,

j21

3.2

ities can be strongly environment-dependent (see
review by Hoffmann et al., 1995).

b)

19

3.0

17

15
13
'70

2.8

2.6
A

M

c)

d)

60

6O
50

50

1

40

30

20

20

A

M

A

M

A

Fig. 1 Reaction norms of Harmonia
axyridis for: (a) development time; (b)
pronotum width; (c) percentage reflectance of orange; and (d) percentage
reflectance of red. Each line represents
the mean reaction norm for one
family. The slope of the reaction norm
line may be thought of as the magnitude and direction of phenotypic plasticity for a given family. A, aphid diet;

M M, meat diet.
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Table 4 Two-way ANOVA tables for DEVTIME, SIZE, ORANGE and RED
traits in Harmonia axyridis
d.f.

MS

F

P

23

0.051

1

1.680

<0.001
<0.001

23
354

0.018

2.821
209.971
2.251

23

0.069

1

23
351

0.983
0.051
0.027

21

0.397

1

0.619

FxT

21

0.168

Error

234

0.147

21
1

FxT

Error

Dependent

Source

DEVTIME

FAMILY
TREAT

FxT

Error
SIZE

FAMILY
TREAT

FxT

Error
ORANGE

RED

FAMILY
TREAT

FAMILY
TREAT

0.001

0.008
1.342
36.635
1.912

0.243

<0.001
0.008

2.363
4.200
1.139

0.028

0.293
0.513

2.259
4.166

0.034
0.042

21

0.130

1.052

0.402

234

0.123

0.042
0.308

Effects of treatment were tested using error mean squares; effects of family
were tested using F x T interaction mean squares as described in Fry (1992).
Significant results in italic.

Heritability estimates may be biased by underlying

differences in environmental variance, even if
genetic variance for focal characters is similar. If
comparisons of genetic variation are to be made
between characters, those characters must be standardized to a common scale and differences in their
underlying phenotypic variance must be taken into
account (Houle, 1992). This is especially true when

comparisons are made for traits expressed in

with interspecific comparisons of genetic variation
(Cheverud, 1996), evolvability may provide a more
consistent estimate of the genetic variation underlying focal traits than heritability in studies involving
multiple environments.

Genetics of phenotypic plasticity within
environments

sons (Cheverud, 1996). If environments differ,

Most characters were not strongly correlated within
either environment. However, reflectances of orange

differences in heritability may not reveal anything
about differences in genetic variation for the charac-

ments, suggesting that these two measures are essen-

different environments, or for interspecific compari-

ters being compared. In such cases, measures of
'evolvability', especially coefficients of additive
genetic variation, may be more relevant (Houle,
1992).

Houle (1992) and Messina (1993) found that

heritabilities and evolvabilities were often markedly

different within a single environment. Our results
are similar to those of Houle (1992) and Messina
(1993) in that patterns of evolvability do not match
those of heritability. Both development time and
size show low evolvabilities whereas reflectances of
orange and red show relatively high evolvabilities.
Furthermore, in contrast to patterns of heritability,
patterns of evolvability were consistent between
environments (Table 1). Our results suggest that, as
The Genetical Society of Great Britain, Heredity, 78, 261—269.

and red were strongly correlated in both environ-

tially inherited as a single trait. An additional
exception was the strong negative genetic correlation

between size and development time in the meat
treatment. In our study, individuals that inherited

short development time also tended to inherit large
body size. This negative genetic correlation does not

represent a trade-off; some families tended to

develop to adulthood in relatively few days and grow

to a relatively large size, whereas other families
tended to develop to adulthood in relatively many
days and grow to a relatively small size. Thus,
development time and adult body size were negatively correlated in terms of actual values, but positively correlated in terms of performance. Because

this strong negative genetic correlation occurred

268 C. P. GRILL ETAL.

only in the meat treatment, it is likely that the rela-

no genetic variation was detected in the level of

tively low quality of this treatment exaggerated

plasticity for reflectance of either colour.

differences in quality between families.

Potential evolutionary consequences of
Genetics of phenotypic plasticity between
environments
Significant

effects of environment indicate that a

population is, on average, responding differently to
each environment. Knowledge of population-level
plasticity patterns reveals little, however, about the
potential for evolution of phenotypic plasticity. In
this case, significant main effects of environment
simply indicate that expression of the measured trait
changes between environments and warrants additional investigation.

Variability in the level of plasticity can be estimated using the G x E interaction term as an indica-

tor of interfamilial differences in reaction norm
slopes (Via, 1987, 1994). A significant G x E interaction indicates that variation exists between families in the level of plasticity for the focal plastic trait.
A significant G x E interaction does not necessarily
mean that variation in plasticity is sufficient to allow
evolution to some optimal level, nor does it mean
that evolution will even occur. However, with some

limitations, the G x E interaction can be used to
infer how much genetic variation exists for phenotypic plasticity (e.g. Via, 1987). In our study, variation existed for the level of plasticity expressed for
development time and pronotum width, but not for
either measure of colour.

An alternative approach is to measure genetic
correlations between family means of a focal trait
expressed in the two environments (Via, 1987; Via

& Conner, 1995). Such a correlation reflects the
degree to which independent evolution of the focal
trait can occur in different environments (Via, 1987,
1994). The main weakness of this approach is that
low family sizes may result in biased estimates (Via,
1984). Our between-environment genetic correlations were not particularly strong, but these results

may reflect both our relatively small number of
families (n = 22—26 families) and in some cases,
small family sizes (Via, 1984; Via & Conner, 1995).

Our results suggest that evolution of phenotypic
plasticity in development time and size is possible.
Both traits exhibited underlying genetic variability

for phenotypic plasticity. Correlations between
character states are unlikely to preclude evolution of

plasticity in development time and size, assuming
selection on the level of plasticity. Conversely, plasti-

city in reflectance of orange and red is unlikely to
evolve, even in the face of strong selection, because

colonization

Our study provides evidence that H. axyridis displays
phenotypic plasticity in several important characters,

as would be expected for a colonizing species. All
measured characters show some degree of plasticity

at the population level and this plasticity has a
genetic basis. Genetic correlations between measured characters do not appear to pose a constraint

on evolution of plasticity in those characters.
Because Kentucky populations arrived very recently,
it is unlikely that current levels of plasticity are the
result of selection in the new habitat. A more likely

scenario is that beetles that possess high levels of
plasticity with a genetic basis are predisposed to
successful colonization. Whether the colonization
event itself actively selects for changes in the level of

plasticity in colonizing populations remains to be
seen.

Understanding the proximate causes of phenotypic plasticity becomes more complex in species

with a recent history of colonization events.

Comparisons between colonizing and established
populations are needed to address questions about
the role of plasticity in facilitating colonization and
range expansion. The recent spread of H. axyridis
throughout the south-eastern United States suggests
that this species frequently encounters new habitats,

climates, resources and selection pressures. The
extensive genetic variation underlying a variety of
characters makes this species an ideal candidate for
future studies addressing the nature of evolutionary
changes in phenotypic plasticity.
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