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Abstract Most studies of phenotypic plasticity investi-
gate the effects of an individual environmental factor on
organism phenotypes. However, organisms exist in an eco-
logically complex world where multiple environmental fac-
tors can interact to affect growth, development and life
histories. Here, using a multifactorial experimental design,
we examine the separate and interactive effects of two envi-
ronmental factors, rearing host species (Vigna radiata,
Vigna angularis and Vigna unguiculata) and temperature
(20, 25, 30 and 35°C), on growth and life history traits in
two populations [Burkina Faso (BF) and South India (SI)]
of the seed beetle, Callosobruchus maculatus. The two
study populations of beetles responded differently to both
rearing host and temperature. We also found a significant
interaction between rearing host and temperature for body
size, growth rate and female lifetime fecundity but not lar-
val development time or larval survivorship. The interac-
tion was most apparent for growth rate; the variance in
growth rate among hosts increased with increasing temper-
ature. However, the details of host differences differed
between our two study populations; the degree to which V.
unguiculata was a better host than V. angularis or V. radi-
ata increased at higher temperatures for BF beetles,
whereas the degree to which V. unguiculata was the worst
host increased at higher temperatures for SI beetles. We
also found that the heritabilities of body mass, growth rate
and fecundity were similar among rearing hosts and
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temperatures, and that the cross-temperature genetic corre-
lation was not affected by rearing host, suggesting that
genetic architecture is generally stable across rearing condi-
tions. The most important finding of our study is that multi-
ple environmental factors can interact to affect organism
growth, but the degree of interaction, and thus the degree of
complexity of phenotypic plasticity, varies among traits and
between populations.

Keywords Plasticity - Reaction norm -
Genetic architecture - Callosobruchus maculatus

Introduction

A change in an organism’s phenotype in response to the
environment (phenotypic plasticity) is a universal charac-
teristic of all organisms (West-Eberhard 2003). While
numerous studies have now investigated phenotypic plas-
ticity, nearly all of these have examined how a single envi-
ronmental factor impacts an organism’s phenotype
(Pigliucci 2001). Yet, organisms exist in ecologically com-
plex worlds, simultaneously experiencing variation in many
environmental factors that can have interactive effects on
growth, development and life histories (Sultan et al. 1998;
Sultan 2001; Relyea 2004; Ris et al. 2004; Relyea and Auld
2005). To predict evolutionary responses to selection in
nature it is necessary to understand how interactions
between multiple environmental factors affect reaction
norm shape.

Two of the most important environmental factors affect-
ing the growth and development of ectotherms, particularly
insects, are diet and temperature. Both variables induce
substantial plasticity in a number of traits. Animals fed
lower quality diets generally have lower survivorship,
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increased development time (Nylin and Gotthard 1998),
mature at a smaller adult body size (Berrigan and Charnov
1994), have slower growth rates (Atkinson and Sibly 1997),
lower fecundity (Awmack and Leather 2002) and produce
smaller eggs/offspring (Fox and Czesak 2000). Animals
reared at lower temperature generally have higher survivor-
ship (Angilletta et al. 2004; Koztowski et al. 2004), longer
development time (Atkinson 1994), mature at a larger adult
size (Atkinson 1994; Angilletta and Dunham 2003), have
reduced growth rate (Atkinson and Sibly 1997), lower
fecundity (Ernsting and Isaaks 2000; Stillwell and Fox
2005) and produce larger eggs/offspring (Fox and Czesak
2000). Though diet and temperature effects on growth and
life history traits are commonly investigated, the interac-
tions between them are rarely examined (Kingsolver et al.
2006). Those studies that have simultaneously examined
the effect of both of these variables have generally found
interactive effects on growth and development (Stamp and
Bowers 1990; Gresens 1997; Sultan et al. 1998; Petersen
etal. 2000; Sultan 2001; Relyea 2004; Ris etal. 2004;
Relyea and Auld 2005; Kingsolver et al. 2006), suggesting
that the interactive effect of these two variables is likely to
be important. Although adaptation to local environmental
conditions is ubiquitous in nature, and populations fre-
quently evolve differences in reaction norms, few of these
studies have examined how interactions among multiple
environmental variables vary among populations.

Patterns of phenotypic plasticity can also vary substan-
tially among traits. For example, temperature reaction
norms vary considerably among morphological traits of the
cricket, Gryllus firmus (Bégin et al. 2004), and among life
history traits of the seed beetle, Stator limbatus (Stillwell
and Fox 2005). Likewise, plasticity in response to host spe-
cies varies among traits in seed beetles (Fox 1993; Fox
etal. 1994, 1996). A more realistic understanding of the
evolution of phenotypic plasticity can thus only be
achieved by simultaneously examining the responses of
several traits to multiple environmental factors.

A complete understanding of the evolution of phenotypic
plasticity also requires knowledge of the genetic architecture
underlying phenotypically plastic traits and how this genetic
architecture changes with environmental conditions. How-
ever, the genetic basis of plasticity is still poorly understood
(Scheiner 1993; Promislow 2005; Czesak et al. 2006). Plas-
ticity is often studied by measuring the heritability of traits
in each environment, quantifying genotype-by-environment
interactions and measuring cross-environment genetic corre-
lations (rg). The cross-environment rg measures the extent
to which a trait is correlated among environments, and thus
how independent trait evolution is across environments
(Scheiner 1993; Via 1994). Empirical studies that measure
the genetic basis of plasticity across multiple environments
are lacking due to the difficultly in estimating these genetic
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parameters in complex experiments. However, studies that
measure genetic architecture are needed to provide insight
into the evolution of plasticity in nature where environmen-
tal complexity is the norm.

Here we explore the separate and interactive effects of
larval diet (host species) and rearing temperature on growth
and life history traits in two populations of the seed beetle
Callosobruchus maculatus. Several prior studies have
shown that rearing host species (Wasserman and Futuyma
1981; Chandrakantha and Mathavan 1986; Chandrakantha
etal. 1987; Credland 1987; Fox 1993; Kawecki 1995;
Timms 1998; van Huis and de Rooy 1998; Boeke et al.
2004; Messina 2004a, b; Vamosi 2005) and temperature
(Chandrakantha and Mathavan 1986; Chandrakantha et al.
1987; Giga and Smith 1987; Guntrip et al. 1997; Lale and
Vidal 2000, 2003a, b; Mbata et al. 2005) have large effects
on a variety of traits of C. maculatus, but how these factors
interact to affect reaction norm shape is poorly understood.
Using a factorial experimental design, we examine the sep-
arate and interactive effects of rearing host and temperature
on egg-to-adult survivorship, egg-to-adult development
time, adult body mass, growth rate and female lifetime
fecundity of C. maculatus. Also, because an understanding
of the evolution of plasticity requires knowledge of the
underlying genetic architecture, we explore how rearing
host and temperature influence genetic variances and herit-
abilities of body mass, growth rate and fecundity, and how
cross-temperature rgs change with rearing host.

Materials and methods
Natural history and study populations

The seed beetle, Callosobruchus maculatus (Coleoptera:
Chrysomelidae: Bruchinae), is a generalist seed herbivore
of storage crops, but uses primarily species in the genus
Vigna in nature. Its life cycle revolves around seeds.
Females cement their eggs directly onto the seeds of their
host plant. Eggs hatch and larvae burrow directly under-
neath the egg into the seed. Larval growth and pupation
take place entirely within a single seed. Upon emergence
from the seed, adults mate and females begin to lay eggs
within hours. C. maculatus needs only the resources inside
of a single seed to complete development and reproduce;
additional food and water are not necessary (Fox et al.
2004a, b). Because of its ease of laboratory rearing, C. mac-
ulatus is a widely used model system for life history,
behavior and genetic studies (Bieri and Kawecki 2003; Fox
etal. 2004b; Messina 2004a, b; Arnqvist etal. 2005;
Vamosi 2005).

We examine the separate and interactive effects of rearing
host and temperature in two populations of C. maculatus
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that are adapted to different species of Vigna. The South
India (SI) population was collected in 1979 from infested
pods of mung bean, Vigna radiata (L.) Wilczek, and the
closely related black gram, Vigna mungo (L.) Hepper, in
Tirunelveli, India (Mitchell 1991). The Burkina Faso (BF)
population was collected in 1989 from infested pods of
cowpea, Vigna unguiculata (L.) Walp., in Ouagadougou,
Burkina Faso (Messina 1993). These two populations differ
in a large number of traits including body size, adult life-
span, larval competitiveness, oviposition behavior and the
amount of paternal investment into reproduction (Savalli
etal. 2000; Fox et al. 2004a, b, c), many of which have
likely evolved due to differences in the properties of their
host species (Messina and Karren 2003; Messina 2004b).
Both populations were maintained in laboratory growth
chambers on seeds of V. radiata (S1) or V. unguiculata (BF)
at >1,000 adults per generation for >100 generations (BF)
or >200 generations (SI) prior to this experiment.

Experimental design

We used a completely randomized design with a multifac-
torial treatment arrangement to examine the effects of host
species and temperature on egg-to-adult survivorship, egg-
to-adult development time, adult body mass, growth rate
and female lifetime fecundity in both populations of C.
maculatus. In short, larvae of full-sib families were reared
on three host plants (mung, V. radiata; azuki, V. angularis;
and cowpea, V. unguiculata) and at four rearing tempera-
tures (20, 25, 30 and 35°C; all at 15:9 h, light:dark) yielding
12 treatment combinations for each population. Offspring
of each full-sib family were reared on only one host (i.e., no
split-brood design) but siblings were divided equally
among the rearing temperature treatments creating a spilt-
brood design for rearing temperature.

Cowpea and mung are the native hosts for the BF and SI
populations, respectively, and azuki is an alternate host to
which neither is adapted. We thus expected that these popu-
lations would exhibit better responses to rearing on their
native hosts compared to non-native hosts. The tempera-
tures we used are within the normal range of temperatures
at which C. maculatus can develop and reproduce (Chan-
drakantha and Mathavan 1986; Chandrakantha et al. 1987;
Mbata et al. 2005). However, because the native climates of
the BF and SI populations are very similar (mean tempera-
ture difference between sites is ~0.4°C; National Climatic
Data Center’s Global Surface Summary of Day, Asheville,
N.C.) and because these populations have been maintained
in laboratory colonies for more than 100 generations under
benign and identical conditions, we did not expect them to
show different responses to temperature.

To create families, seeds bearing eggs were randomly
selected from our laboratory colonies and isolated in

35-mm Petri dishes (one seed per dish, one egg per seed).
Adults emerging from these seeds were used as parents to
generate full-sib families by randomly pairing virgin
males and virgin females within each population. Each
pair was randomly assigned to one of three rearing hosts
(60-mm dishes containing 30 seeds of cowpea, 35-mm
dishes containing 40 seeds of mung or 35-mm dishes con-
taining 30 seeds of azuki) and placed in a growth chamber
to lay eggs (25°C; 15:9 h, light:dark). Dishes were
checked for eggs twice per day until females laid eggs on
~32 seeds (seeds bearing eggs were replaced at each
check) after which adults were discarded. Seeds contain-
ing eggs were scraped to one egg per seed (to eliminate
larval competition) and placed individually in 35-mm Petri
dishes. Egg bearing seeds were randomly assigned to one
of the four rearing temperature treatments within 12 h of
being laid, such that offspring from each family were
divided evenly among the four treatments (split-brood
design), with approximately eight offspring per treatment.
All offspring were reared in Petri dishes inside tempera-
ture-controlled Percival reach-in growth chambers. Devel-
oping larvae were rotated daily to control for spatial
variation within growth chambers.

Emerging adult beetles were collected twice daily. Sub-
samples of six offspring per family per rearing temperature
were weighed on an electronic balance (AT261 Delta
Range; Mettler Toledo, Columbus, Ohio) to the nearest
0.1 mg. These six offspring were randomly selected at the
egg stage by marking their dish. After beetles were
weighed, females were paired with a randomly chosen male
(within each population-by-host-by-temperature treatment
combination) and placed in 60-mm Petri dishes containing
~170 mung seeds. Pairs were allowed to lay eggs until
death at 27.5°C (15:9 h, light:dark) after which every seed
was examined and all eggs were counted to estimate female
lifetime fecundity. Oviposition host and temperature will
certainly affect female egg-laying behavior and lifetime
fecundity (Messina and Karren 2003; Stillwell and Fox
2005) but our focus here is on the effect of the larval rearing
environment and not the adult oviposition environment. We
thus use a common oviposition environment for all egg-lay-
ing females.

We estimated growth rate as log(mass)/larval develop-
ment time. However, because our original measure of
development time also includes the duration of the pupal
period, in which growth is not taking place, we first sub-
tracted the average duration of the pupal period for each
temperature treatment (rearing host does not affect the
length of the pupal period; Chandrakantha and Mathavan
1986). Average pupal intervals were obtained from a previ-
ous study that used identical rearing temperatures (Chan-
drakantha and Mathavan 1986). Though it is possible that
the length of the pupal period in this study differs from that
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found in Chandrakantha and Mathavan (1986), analysis of
the data not correcting for the duration of the pupal period
[i.e., log(mass)/egg-to-adult development time] gave quali-
tatively identical results, indicating that the correction does
not bias our conclusions.

Because a single growth chamber was used for each tem-
perature treatment in our study, other sources of environ-
mental variation among growth chambers are potentially
confounded with temperature. These effects are likely to be
small relative to the large effect of temperature observed for
all traits (see Results), but are nonetheless confounded with
temperature. However, our focus here is on the degree to
which variation along different environmental axes interact
to influence the phenotype of organisms, and the degree to
which these interactions vary among multiple traits. Thus,
while variation among chambers affects the specific inter-
pretation of the temperature main effect, this variation
among chambers (temperature + unknown environmental
variation) nonetheless reflects an environmental axis com-
pletely separate from the other environmental axis (diet)
that is manipulated in our study. Thus, chamber effects do
not limit our ability to address our original question.

In total, 9,785 adults from 387 full-sib families were
reared to adult. 7,658 of these were weighed. Lifetime
fecundity was recorded for 2,851 females.

Statistical analyses

All statistical analyses were done with SAS 9.1 (SAS Insti-
tute, Cary, N.C.) using ANOVA (PROC GLM). Normal
probability plots revealed that all data were approximately
normally distributed, except egg-to-adult survivorship.
However, development time was log-transformed prior to
analysis to stabilize variances among temperature treat-
ments. For our ANOVAs we included population, host,
temperature and family as main effects. The family effect is
included because of the non-independence of siblings
within treatments. Also, because families are unique to
each population-by-host combination, the family effect was
nested within populations and hosts. Consequently, we can
test for a family-by-rearing temperature interaction but not
a family-by-host interaction. The family effect is used as the
denominator mean square for hypothesis tests for all main
effects and their interactions.

For egg-to-adult survivorship we first calculated the pro-
portion of surviving offspring for each family-by-rearing
temperature combination. We then used these means (arc-
sine-square root transformed to meet the assumptions of
normality) for analysis. Using family means prevented us
from including a family-by-rearing temperature interaction
term in the model.

The main focus of this study is on interactions between
rearing host and temperature. However, because interac-
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tions between factors in an ANOVA measure changes in
the linear distance between treatment means, they are
dependent on scale. Because of the large effect of tempera-
ture on many of the traits we examined (especially develop-
ment time and growth rate), host-by-temperature
interactions, and other interactions involving temperature,
may be detected when no interactions exist. Conversely,
significant interactions can be masked due to changes in
scale. We thus performed our analyses as a two-step pro-
cess. First, we examined main effects. We then created rela-
tive trait values (individual trait value/mean in each
temperature treatment) to remove the large temperature
effect. These relative trait values were used for testing for
interactions between/among variables that were affected by
temperature (Stanton and Thiede 2005).

All ANOVASs were first performed using the full model
with all possible interaction terms present; non-significant
three-way and higher order interaction terms were dropped
from all final models. Although we initially included popu-
lation as a main effect, we subsequently conducted separate
analyses for each population due to large interactions
involving the population effect for several traits.

Genetic variances (V(;), broad-sense heritabilities (H?
and cross-temperature genetic correlations(rg) were esti-
mated using the variance component procedure in SAS
(PROC VARCOMP, REML estimation; Fry 1992; Astles
et al. 2006). V; was calculated as twice the phenotypic var-
iance (Vp) among full-sib families (the variance was
obtained via the family variance component in PROC
VARCOMP) and H* was calculated as V/V} (Falconer and
Mackay 1996) r; was calculated for each pair of tempera-
tures as: O-zlemperalurel, 2 / O-temperaturelolemperamreZ’ where oztem—
peraturel, 2 18 the family variance component for the mixed
model with data for the two temperatures pooled (the
covariance between temperatures), and 0yepperaurer AN ey
perature2 ar€ square roots of the family variance component
for the two reduced models, one for each temperature (the
variance within temperatures; Fry 1992; Astles et al. 2006).
SEs of genetic parameters were obtained by jackknifing
families (Roff and Preziosi 1994; Windig 1997) via a rou-
tine created by the authors in SAS. We conducted an
ANOV A of the pseudovalues of V; and H? that were gener-
ated from the jackknifing routine to explore the impact of
population, sex, rearing host and temperature on genetic
variation. We also used multivariate ANOVA (MANOVA)
to examine the overall effect of population, sex and rearing
host on rg, and subsequently used ANOVA to tease apart
which specific rgs were affected by the rearing hosts. This
method was originally developed by Roff (2002) for the
analysis of genetic variance/covariance matrices. The sam-
pling distributions of the pseudovalues created by the jack-
knifing were all approximately normally distributed and
were thus not transformed prior to analysis. Genetic param-
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eters were not calculated for development time due to
extremely low H* and large maternal effects (Fox 1994).

Results
Population, host and population-by-host effects

Because previous comparisons between the BF and SI pop-
ulations of C. maculatus revealed genetic differentiation
between populations in a large number of traits (Savalli
etal. 2000; Fox et al. 2004a, b, c) we predicted that we
would find differences between the populations in all of the
traits that we examined in this experiment. As expected, BF
beetles had higher egg-to-adult survivorship (F; 355 =177,
P <0.0001), slightly longer development time
(Fy381 =150, P <0.0001), were smaller (Fq; =224,
P <0.0001), grew slower (F;3g=191, P <0.0001) and
had higher fecundity (F 330 = 469, P < 0.001) than SI bee-
tles (Figs. 1, 2, 3, 4, 5). The effect of rearing host on devel-
opment time, body mass and growth rate differed between
the populations (highly significant population-by-host
interaction—development time, F, 35 =134, P <0.0001;
body mass, F,35 =358, P<0.0001; growth rate,
Fy380 =107, P<0.0001). BF beetles generally had the
shortest development time (Fig. 1a, b; highly significant

Females

45

Development time
(days)
F=y
<

rearing host effect in Table 1; P < 0.001; see figure legends
for pair-wise comparisons), were the largest (P < 0.001;
Fig. 2a, b; Table 1) and grew fastest (P < 0.001; Fig. 3a, b;
Table 1) when reared on cowpea (except body mass at
20°C). In contrast, SI beetles generally had the shortest
development time (P < 0.001; Fig. 1a, b; Table 1), were the
largest (P <0.001; Fig. 2a, b; Table 1) and grew fastest
(P <0.001; Fig. 3a, b; Table 1) when reared on azuki and
mung. In addition, the fecundity of SI females (but not BF
females; Table 1) was affected by rearing host; SI females
laid the fewest eggs when reared on cowpea, though the
effect was small (P < 0.01; Fig. 4a, b; Table 1). There was
also a highly significant population-by-host interaction for
egg-to-adult survivorship (F, 335 = 15.3, P <0.0001); both
populations had high survivorship when reared on azuki
and mung, and the lowest survivorship on cowpea, but the
host effect was much larger for SI than BF beetles
(P <0.001; Fig. 5; Table 1).

Temperature and population-by-temperature effects

Development time decreased substantially with increasing
rearing temperature (P < 0.001; Fig. l1a, b; Table 1). The
temperature effect on development time differed slightly
between populations (F; 35, = 4.45, P =0.004; Fig. 1c, d).
As expected, both populations decreased significantly in

Males

—— Burkina Host species

Faso g : Azuki
=== South Cowpea
India AA Mung

Development time
(relative)

Temperature (°C)

Fig. 1 Egg-to-adult development time of a, ¢ females and b, d males
of the Burkina Faso (solid lines) and South India (dashed lines) popu-
lations of Callosobruchus maculatus in response to rearing on azuki
(squares), cowpea (circles) and mung (triangles) at different tempera-
tures (20, 25, 30, 35°C). ¢, d Development time (relative) are the means
after removing the large temperature effect [individual development
time/mean development time for each temperature treatment, follow-

ing Stanton and Thiede (2005)]. SEs are included, but are smaller than
the symbols for some experimental treatments. Pair-wise comparisons
for Burkina Faso—Tukey’s test for cowpea versus mung, P < 0.05;
cowpea versus azuki, P < 0.05; azuki versus mung, P > 0.05; South In-
dia—cowpea versus mung, P < 0.05; cowpea versus azuki, P < 0.05;
azuki versus mung, P > 0.05
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Fig. 2 Adult body mass of a, ¢ females and b, d males of the Burkina
Faso (solid lines) and South India (dashed lines) populations of C.
maculatus in response to rearing on azuki (squares), cowpea (circles)
and mung (triangles) at different temperatures (20, 25, 30, 35°C). ¢, d
Body mass (relative) are the means after removing the large tempera-
ture effect [individual body mass/mean body mass for each temperature

a Females
0.10
0.09 -
0.08
0.07 -
0.06 -|
0.05 -|
0.04
0.03 |

treatment, following Stanton and Thiede (2005)]. SEs are included, but
are smaller than the symbols for some experimental treatments. Pair-
wise comparisons for Burkina Faso—Tukey’s test for cowpea versus
mung, P > 0.05; cowpea versus azuki, P < 0.05; azuki versus mung,
P <0.05; South India—cowpea versus mung, P < 0.05; cowpea versus
azuki, P < 0.05; azuki versus mung, P > 0.05

b Males

] = Burkina Host species
8 Faso  nm azuki
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Fig. 3 Growth rate [log(body mass)/larval development time] of a, ¢
females and b, d males of the Burkina Faso (solid lines) and South In-
dia (dashed lines) populations of C. maculatus in response to rearing
on azuki (squares), cowpea (circles) and mung (triangles) at different
temperatures (20, 25, 30, 35°C). ¢, d Growth rate (relative) are the
means after removing the large temperature effect [individual growth
rate/mean growth rate for each temperature treatment, following Stan-
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ton and Thiede (2005)]. SEs are included, but are smaller than the sym-
bols for some experimental treatments. Pair-wise comparisons for
Burkina Faso—Tukey’s test for cowpea versus mung, P < 0.05; cow-
pea versus azuki, P < 0.05; azuki versus mung, P < 0.05; South In-
dia—cowpea versus mung, P < 0.05; cowpea versus azuki, P < 0.05;
azuki versus mung, P > 0.05
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Fig. 4 a Lifetime fecundity of females of the Burkina Faso (solid
lines) and South India (dashed lines) populations of C. maculatus in re-
sponse to rearing on azuki (squares), cowpea (circles) and mung (tri-
angles) at different temperatures (20, 25, 30, 35°C). b Fecundity
(relative) are the means after removing the large temperature effect
[individual fecundity/mean fecundity for each temperature treatment,
following Stanton and Thiede (2005)]. SEs are included, but are small-
er than the symbols for some experimental treatments. Pair-wise com-
parisons for Burkina Faso—Tukey’s test for cowpea versus mung,
P > 0.05; cowpea versus azuki, P > 0.05; azuki versus mung, P > 0.05;
South India—cowpea versus mung, P < 0.05; cowpea versus azuki,
P > 0.05; azuki versus mung, P > 0.05

body mass with increasing rearing temperature (P < 0.001;
Fig. 2a, b; Table 1), but SI beetles decreased in mass con-
siderably more than did BF beetles (evident as convergence
of BF and SI lines at higher temperatures; significant
population-by-temperature interaction; Fj3g, =10.5, P<
0.0001; Fig.2c, d). Growth rate increased substantially
with increasing rearing temperature (P < 0.001; Fig. 3a, b;
Table 1), though the effect differed between populations
(highly significant populations-by-temperature interaction;
F3350=8.24, P <0.0001) with growth rate of BF beetles
increasing with rearing temperature faster than growth rate
of SI beetles (evident as convergence of BF and SI lines at
higher temperatures; Fig. 3c, d).

The relationship between female lifetime fecundity and
temperature was not monotonic; females laid the most eggs
when reared at the intermediate temperatures (25 and 30°C)
and laid the fewest when reared at either extreme (20 and
35°C, P <0.001; Fig. 4a; Table 1). This pattern was differ-
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Fig. 5 Egg-to-adult survivorship of the Burkina Faso (solid lines) and
South India (dashed lines) populations of C. maculatus in response to
rearing on azuki (squares), cowpea (circles) and mung (triangles) at
different temperatures (20, 25, 30, 35°C). SEs are included, but are
smaller than the symbols for some experimental treatments. Pair-wise
comparisons for BF—cowpea versus mung, P < 0.05; cowpea versus
azuki, P < 0.05; azuki versus mung, P < 0.05; South India—cowpea
versus mung, P < 0.05; cowpea versus azuki, P > 0.05; azuki versus
mung, P > 0.05

ent between populations (significant population-by-tempera-
ture interaction; Fj 35, ="7.87, P <0.0001); the populations
responded similarly to temperature between 25 and 35°C,
but fecundity of SI females increased more dramatically
between 20 and 25°C than did fecundity of BF beetles (evi-
dent as convergence of BF and SI lines at 25°C; Fig. 4b).
Egg-to-adult survivorship was highest when beetles were
reared at the intermediate temperatures (25 and 30°C) and
lowest when reared at the extremes, but the effect was small
(20 and 35°C; P <0.01; Fig. 5; Table 1). This effect was
similar in both populations (non-significant population-by-
temperature interaction; F5 355 = 0.94, P = 0.42).

Host-by-temperature effects

We found significant interactions between rearing host and
temperature for three of the five traits we examined (body
mass, growth rate and fecundity; Figs. 2,3,4; Table 1). This
was most evident for growth rate; the variance in growth
rate among hosts increased with increasing temperature
(Fig. 3c, d; Table 1). However, this effect differed between
populations (significant population-by-host-by-tempera-
ture interaction; Fg 350 =2.33, P=0.03); the degree to
which cowpea was a better host than azuki or mung
increased at higher temperature for BF beetles, whereas the
degree to which cowpea was the worst host increased at
higher temperature for SI beetles (Fig. 3c, d).

Genetic variances and heritabilities

Overall, the genetic variance and heritability of body mass
was similar for males (mean £ SEM; V;=0.25 £ 0.11;
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Table 1 ANOVA (type III
sums of squares) for the effects
of rearing host and temperature
on egg-to-adult development
time, adult body mass, growth
rate, female lifetime fecundity
and egg-to-adult survivorship
in the Burkina Faso (BF) and
South India (S7) populations of
Callosobruchus maculatus

@ Springer

BF SI
df F df F
Egg-to-adult development time
Females
Temperature 3 21,588.02%** 3 18,722.20%**
Host 2 40.10%%* 2 59.47%%*
Family (host) 199 1.75%%* 180 2.24%%%
Temperature x host? 6 1.22 6 1.05
Temperature x family (host)* 579 0.98 505 1.23%%*
Error 1,860 1,422
Males
Temperature 3 16,757.64%%* 3 18,815.90%**
Host 2 32.80%%* 2 88.76%%*
Family (host) 199 230 181 1.73%%%
Temperature x host® 6 1.53 6 1.26
Temperature x family (host)* 582 1.00 503 1.09
Error 2,066 1,461
Mass
Females
Temperature 3 101.59%** 3 190.66%***
Host 2 22.22%%% 2 22.097%%*
Family (host) 200 2.56%%%* 180 3.55%%*
Temperature x host? 6 2.45% 6 3.07%*
Temperature x family (host)* 559 1.04 485 1.03
Error 1,238 959
Males
Temperature 3 196.60%*** 3 360.54%%*
Host 2 17.50%3* 2 19.51%**
Family (host) 199 3.72%%% 180 3.36%%*
Temperature x host? 6 1.84 6 1.85
Temperature x family (host)* 561 0.93 487 1.15%
Error 1,462 1,100
Growth rate
Females
Temperature 3 2,115.01%%* 3 2,252.26%%*
Host 2 30.23%%% 2 60.44%%%*
Family (host) 199 1.96%** 180 2. 4455%%
Temperature x host? 6 1.86 6 2.58%
Temperature x family (host)* 559 1.04 484 1.09
Error 1,236 959
Males
Temperature 3 1,260.13%%** 3 1,128.30%**
Host 2 34.52%%% 2 61.12%%*
Family (host) 199 2.12%%% 180 2.20%%*
Temperature x host? 6 2.19% 6 2.23%
Temperature x family (host)* 561 0.88 487 1.05
Error 1,461 1,099
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Table 1 continued

BF SI
df F df F
Fecundity
Temperature 3 76.32%%* 3 75.85%%*
Host 2 1.11 2 5.19%*
Family (host) 200 1.79%%* 180 2.12%%%
Temperature x host® 6 1.53 6 2.42%
Temperature x family (host)* 522 1.08 420 1.29%%*
Error 913 592
Egg-to-adult survivorship
¥ P <005, % P<00l, Temperature 3 4.79%%* 3 5.14%%*
##% P < (0.001 Host 2 16.95%** 2 36.18%***
 Interactions from analyses on Family (host) 202 1,69 183 2. 37HH
relative trait values (individual Temperature x host 6 1.22 6 0.93
value/mean for each temperature Error 507 540

treatment)

H?>=0.44 + 0.2) and females (V=0.31=£0.15; H>=0.47
+0.22; F<2.66, P>0.10). Rearing temperature had a
large effect on V; for mass due to a substantial increase in
Vg at 20°C (35°C, 0.21 £ 0.10; 30°C, 0.22 £ 0.10; 25°C,
0.25 £ 0.12; 20°C, 0.43 & 0.22; F; 5859 = 5.29, P = 0.001).
However, this was concordant with an increase in the phe-
notypic variance with temperature such that there was no
effect of temperature on the H? for body mass (35°C,
0.46 £ 0.21; 30°C, 0.46 £ 0.21; 25°C, 0.46 £ 0.20; 20°C,
0.45 £ 0.23; F5 5450 =0.01, P =1). The genetic variance in
body mass of BF females was similar to that of BF males
when they were reared on cowpea (females, 0.04 = 0.02;
males, 0.03 +0.02) and mung (females, 0.04 &+ 0.04;
males, 0.02 £ 0.02), but lower when they were reared on
azuki (females, 0.03 £ 0.03; males, 0.09 & 0.04; host-by-
sex interaction; F, sy, =3.39, P=0.03). However, this
pattern was not observed for heritabilities (host-by-sex
interaction; F) ;554 =0.12, P =0.88). There was no differ-
ence between populations (F <2.47, P>0.12) or among
rearing hosts (F < 0.98, P> 0.37) for either Vj or H? of
body mass, nor were any of the interaction terms significant
(F <1.36, P>0.20).

The genetic variance and heritability of growth rate was
not significantly different between males (V;=0.045+
0.025; H* = 0.33 4 0.19) and females (V = 0.042 £ 0.027;
H>=0.32+0.20; F<0.46, P> 0.5). There was a large
effect of temperature on V5 for growth rate (35°C,
0.098 £ 0.058; 30°C, 0.048 £+ 0.031; 25°C, 0.021 £ 0.011;
20°C, 0.007 £ 0.005; F; 5573 = 10.82, P < 0.0001): this was
concordant with an increase in the phenotypic variance
with increasing temperature such that H> did not change
with temperature (35°C, 0.29 £ 0.18; 30°C, 0.3 = 0.18;
25°C, 0.33£0.17; 20°C, 0.39 +0.25; F;5,473=0.76,
P =0.52). There was a marginal host-by-temperature inter-
action on the genetic variance in growth rate (Vg,

Fgag73=2.62, P=0.02; H?, F 4473 = 1.81, P =0.09); both
Vi and H* were highest on azuki at 35°C (V;—azuki,
0.15 £ 0.07; cowpea, 0.06 &+ 0.04; mung, 0.08 £ 0.06;
H>—azuki, 0.37 +0.17; cowpea, 0.23 +0.17; mung,
0.27 £ 0.19), but V; was similar for all three hosts at 20°C
(azuki, 0.008 £ 0.005; cowpea, 0.0055 + 0.0037; mung,
0.0086 + 0.0051) while H> was highest on mung at 20°C
(azuki, 0.32 £ 0.2; cowpea, 0.33 £ 0.22; mung, 0.5 £ 0.3).
The genetic variance and heritability for growth rate of SI
females was approximately twice that of SI males when
they were reared on mung (V;—SI females, 0.08 £ 0.03;
SI males, 0.03 & 0.02; H>—SI females, 0.64 &+ 0.28; SI
males, 0.29 £ (0.23), but lower than that of males when they
were reared on azuki and cowpea (V;—SI females reared
on azuki, 0.04 £0.02; SI males reared on azuki,
0.06 & 0.03; H>—SI females reared on azuki, 0.34 + 0.18;
SI males reared on azuki, 0.47 +0.19; V;—SI females
reared on cowpea, 0.03 £ 0.03; SI males reared on cowpea,
0.06 + 0.04; H?>—SI females reared on cowpea,
0.23 £ 0.22; SI males reared on cowpea, 0.27 &+ 0.17; host-
by-sex interaction; Vg, Fj333=3.90, P=0.02; H,
F) 1338 =2.95, P=0.05). In contrast, the genetic variance
and heritability of growth rate did not change with tempera-
ture (temperature-by-sex interaction; F < 0.59, P> 0.62).
There was no effect of population (F <2.3, P> 0.13), rear-
ing host (F < 1.28, P > 0.28) or any of the other interactions
(F<0.94,P>0.39) on V5 or H? of growth rate.

V; for fecundity of SI females (113 & 68) was double
that of BF females (63 &+ 50; F |33, = 4.33, P = 0.04). This
was not due to a scale effect; H? of fecundity of SI females
was twice as high as that of BF females (SI, 0.51 4 0.31;
BF, 0.23 +£0.17; Fy 133, =9.21, P=0.003). There was no
effect of rearing host (F<0.36, P>0.7), temperature
(F<1.48, P>0.22) or any of the interactions (F < 3.00,
P >0.05) on V; and H of fecundity.
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Cross-temperature rs

The overall average cross-temperature rg; for mass
(rg=0.94 £0.09), growth rate (rg=092=+0.17) and
fecundity (rg =0.78 £ 0.27) were near 1.0. The cross-tem-
perature rgs were not different between populations or
among hosts, nor were there any significant population-by-
host interactions for any traits (MANOVA, F<1.22,
P >0.3; ANOVA of all pair-wise rgs, F <2.55, P>0.11)
with one exception—there was a significant effect of rear-
ing host on rg for growth rate (MANOVA, Wilks’ A = 0.93,
Fly97,=2.79, P =0.0009). However, this was due mainly
to a large host effect on rg at 35 and 25°C (ANOVA,
F)491=5.37, P=0.005); the correlation was lowest on
cowpea (r5=0.69£0.54) and highest on mung
(0.94 £ 0.08). Also, there was a significant sex effect on the
cross-temperature rgs for growth rate (MANOVA, Wilks’
A=10.95, F 436 = 3.91, P = 0.0008) due to a large difference
between the sexes in rg at 35 and 25°C (ANOVA,
F 491 = 11.16, P =0.0009); the average cross-temperature
rg for males (0.99 £ 0.02) was larger than was the cross-
temperature rg for females (0.69 + 0.36). There were no
sex-by-population or sex-by-host effects on cross-tempera-
ture rgs for either body mass or growth rate (MANOVA,
F<122, P>0.3; ANOVA of all pair-wise rgs, F'<4.52,
P >0.03).

Discussion

In this study we investigated the interactive effects of rear-
ing diet (i.e., host species) and temperature on growth
and life history traits in two populations of the seed beetle,
C. maculatus. We detected a significant host-by-tempera-
ture interaction for three of the five traits we examined. The
host-by-temperature interaction for growth rate differed in
magnitude between our two study populations. This indi-
cates that the effects of multiple environments on beetle
traits can be either simple (reaction norm shape along one
environmental axis is not affected by other environmental
axes) or complex (reaction norm shape along one environ-
mental axis is affected by other environmental axes)
depending on the trait and the population examined. In
addition, though estimates of genetic variation varied with
rearing environment, the heritability estimates for body
mass, growth rate and fecundity (which are estimates of the
proportion of total variance that is due to genetic variance,
and thus removes scale effects) were generally similar
among rearing hosts and temperatures. Cross-temperature
rgs were near 1.0 for all traits and did not differ among
hosts suggesting that the genetic architecture underlying
temperature-induced phenotypic plasticity is stable and not
affected by rearing host. Finally, we found that these popu-
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lations of beetles responded differently to both rearing host
and temperature.

Simple versus complex patterns of phenotypic plasticity

Although organisms grow and develop in complex environ-
ments where they are exposed simultaneously to multiple
environmental factors, most empirical assessments of plas-
ticity have manipulated a single environmental factor.
Recent studies have demonstrated that environmental fac-
tors can have interactive effects on phenotypes, generating
complex reaction norms (Stamp and Bowers 1990; Gresens
1997, Sultan et al. 1998; Petersen et al. 2000; Sultan 2001;
Relyea 2004; Ris et al. 2004; Relyea and Auld 2005; King-
solver et al. 2006). For instance, the effects of dietary pro-
tein concentration on the growth rate of the caterpillar,
Manduca sexta, is highly dependent on rearing temperature
(Petersen et al. 2000). Likewise, the growth rate of the
midge, Pseudochironomous richardsoni, is always higher
on a detritus diet relative to a diatom diet, but this differ-
ence is significantly larger at high rearing temperatures
(Gresens 1997). In this study, we found that rearing host
and temperature had interactive effects on body mass,
growth rate and fecundity of C. maculatus. Thus, the shape
of reaction norms was complex. This was most obvious for
growth rate; the variance in growth rate among hosts
increased with increasing temperature. However, this effect
differed between our two study populations; the degree to
which cowpea was a better host than azuki or mung
increased at higher temperatures for BF beetles, whereas
the degree to which cowpea was the worst host increased at
higher temperatures for SI beetles. Whereas numerous stud-
ies have previously demonstrated that reaction norm shape
can vary among populations our study shows that interac-
tions between variables can likewise vary among popula-
tions within species. Consequently, future studies should
include several populations to fully understand how these
interactions affect patterns and the evolution of phenotypic
plasticity. In contrast, we did not find any significant inter-
actions between host and temperature for larval survivor-
ship or development time, suggesting that the effects of host
and temperature are independent for these traits.

Are reaction norms likely to be simple or more complex
in environments where organisms are exposed to many
variables? Recent empirical investigations have found both
complex (Stamp and Bowers 1990; Gresens 1997; Sultan
et al. 1998; Petersen et al. 2000; Sultan 2001; Relyea 2004;
Ris et al. 2004; Relyea and Auld 2005; Kingsolver et al.
2006) and simple (Teplitsky et al. 2004; Hoverman et al.
2005) patterns of plasticity, but most of these studies have
examined only one or a few traits and only a single popula-
tion within a species. It is difficult to generalize because
few studies have explored plasticity of multiple traits and
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populations under more complex environmental scenarios.
Studying multiple levels of each of several environmental
factors requires complicated experimental designs and very
large sample sizes, making such studies impractical for
most organisms. Nevertheless, we need to understand reac-
tion norm shape in more complex environments to have a
better understanding of how plasticity evolves, because
many environmental factors vary simultaneously both spa-
tially and temporally in the natural environments in which
organisms develop and experience selection.

Genetic architecture in complex environments

A complete understanding of the evolution of phenotypic
plasticity requires knowledge of the genetic architecture
underlying phenotypically plastic traits and how this
genetic architecture changes with environmental condi-
tions. However, virtually nothing is known about the genet-
ics of plasticity in environments that vary along multiple
environmental axes. The evolution of plasticity will be
slowed when rg = 1.0 because selection on the trait in one
environment will result in a similar correlated response in
the other environment, though how similar depends on
environmental effects on genetic variation (Cheverud et al.
1985). In this study, we examined the cross-temperature rg
for body mass, growth rate and fecundity, and investigated
whether rearing host influenced the cross-temperature rg.
The overall average cross-temperature r; was not signifi-
cantly different from 1.0 and there was little evidence for a
genotype-by-temperature (family-by-temperature) interac-
tion for any of the measured traits (Table 1). This suggests
that the evolution of temperature-induced plasticity will be
very slow in C. maculatus. Also, the cross-temperature rg
was not generally affected by rearing host, indicating that
the cross-temperature rg; is stable with respect to rearing
conditions. Interestingly, even when reared in common
conditions for >100 generations some genetically distinct
populations of C. maculatus retain distinct genetic architec-
tures underlying growth and life history traits (Bieri and
Kawecki 2003) suggesting that genetic architecture may be
evolutionarily stable in addition to being stable across envi-
ronments.

Although a very high r5 will limit the rate of the evolu-
tion of plasticity (Via and Lande 1985), plasticity can
evolve even with r; = 1.0 if the heritability of a trait differs
between environments, a point originally made by Cheve-
rud etal. (1985) in the context of the between-sex rg.
Though the heritability for fecundity differed between pop-
ulations, we have no evidence that the heritability for body
size, growth rate and fecundity varies with rearing host or
temperature. Thus, the evolution of plasticity in C. macula-
tus will probably be hindered by both very high rgs
and similar heritabilities in the different environments.

However, our estimates of the genetic parameters must be
interpreted with caution; despite the large number of bee-
tles reared in this experiment, the large number of treat-
ments led to large SEs on individual parameters. Future
studies that attempt to investigate genetic architecture in
complex environments will likewise be problematic
because of the number of treatments required to address
this complexity. Nevertheless, exploring the genetic basis
of plasticity using experiments that more realistically refl-
ect the complex environments found in nature are required
to fully understand the evolution of plasticity.

Adaptation of populations to host and temperature

Adaptation of insect populations to their native host plants
is common in nature. Genetic differentiation in growth and
life history traits between the BF and SI populations of
C. maculatus is well documented and is probably due both
to adaptation to their indigenous hosts and long-term rear-
ing on these hosts in culture (Savalli et al. 2000; Fox et al.
2004a, b, c), so we expected that BF beetles would gener-
ally perform better on cowpea and SI beetles would per-
form better on mung. We did find that BF beetles generally
had a shorter development time, were larger in size (except
when reared at the lowest temperature) and had a faster
growth rate when they were reared on their native host
(cowpea) while SI beetles had a shorter development time,
were larger and had a faster growth rate when reared on
their native host (mung) and the alternate host (azuki), but
the effects were small. In addition, fecundity of females
from both populations was generally unaffected by rearing
host and both populations had the highest egg-to-adult sur-
vivorship on mung and azuki seeds.

Divergence between populations in thermal reaction
norms for growth traits occur in several species of insects
(Norry et al. 2001; Bochdanovits and De Jong 2003; Stillwell
and Fox 2005). Genetic differentiation in population-level
thermal reaction norms is often attributed to temperature-
mediated natural selection when the reaction norms match
differences in climate between collection localities of popula-
tions (Stillwell and Fox 2005). Here, we found that the BF
and SI populations responded differently to rearing tempera-
ture; the relative difference in development time, body size
and growth rate between the two populations decreased with
increasing rearing temperature. Likewise, the relative differ-
ence in fecundity between the BF and SI populations
decreased from 20 to 25°C. However, this is not likely a con-
sequence of adaptation to different temperatures because the
BF and SI populations originated from tropical locations that
have very similar climates (see Materials and methods).
Moreover, these populations have been maintained in labora-
tory colonies for more than 100 generations under benign and
identical climates. Consequently, it is unlikely that the differ-
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ences in responses we observed are caused by adaptation to
temperature, but further work is needed to reveal why these
populations respond differently to temperature.

Conclusions

The most important implication of our study is that pheno-
typic plasticity can be complex for some traits, but simple
for others, and that populations can vary in the magnitude
of this complexity. Understanding the degree of complexity
in plasticity and why traits differ in the degree to which
environmental effects are independent versus interactive
requires studies that measure a multitude of traits in several
populations of a species. Also, though our study found that
genetic architecture was stable across environments, future
studies should investigate how the genetic architecture of
plasticity is affected in complex environments so that more
accurate predictions can be made regarding responses to
selection in nature. Our data demonstrate that studying
plastic responses along one environment axis or for only
one or a few traits, will miss much of the complexity of
reaction norm shape that occurs in nature. Quantifying plas-
ticity along multiple axes will certainly be difficult because
multifactorial experimental designs require large sample
sizes to have adequate power to distinguish real from ran-
dom variation. However, understanding this complexity
will yield new and exciting insights into how plasticity
evolves in ecologically complex worlds.
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