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Summary

1.

 

Sierra Nevada populations of the beetle 

 

Chrysomela aeneicollis

 

 experience extreme
high and low temperatures during summer, which pose special challenges to larvae of
limited mobility. In these populations, allele frequency variation at the glycolytic enzyme
locus phosphoglucose isomerase (PGI) correlates with differences in temperature
between river drainages. PGI allozymes differ in functional properties, and thermal
tolerance of adults and larvae depends on PGI genotype.

 

2.

 

We measured effects of temperature on larval development rate and survival after
reciprocal transplantation of populations between drainages. Effects of temperature on
growth rate and activity were determined after laboratory acclimation of larvae from
Bishop Creek (BC), where PGI alleles 1 and 4 occur in similar frequency. Hsp70 expres-
sion levels were measured for free-living larvae of known body temperature, and for
laboratory-acclimated BC larvae.

 

3.

 

Larval mortality was greatest in the coldest drainage and was correlated with
minimum night-time air temperature. The frequency of PGI allele 1 declined for BC
larvae transplanted to the warmest drainage. Development rate of BC larvae in nature
was lowest for experimental groups where PGI-1 allele frequency was highest. Larval growth
and activity varied with acclimation temperature and PGI genotype in the laboratory.
Hsp70 expression levels in nature were higher for larvae collected later in the day, and
varied consistently among PGI genotypes in nature and in the laboratory.

 

4.

 

These results suggest that daytime temperatures routinely experienced by larvae
cause elevated Hsp70 expression levels indicative of physiological stress. Exposure to
subzero night-time temperatures appears to cause larval mortality. Up-regulation of Hsp70
may protect larvae from heat and cold stress. Variation in Hsp70 expression among
PGI genotypes may result in differential mortality and developmental rates in nature.
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Introduction

 

Temperature is one of  the most important abiotic
factors influencing survival and reproduction of
organisms in nature (Willmer, Stone & Johnston 2000;
Hochachka & Somero 2002). Montane organisms are
typically confronted with drastic diurnal fluctuations
in air temperature in summer, when most species are

active. Free-living insect larvae may be particularly
vulnerable to fluctuations in temperature, owing to
their reduced mobility (limiting thermoregulation),
small size (which offers little thermal inertia to buffer
changes in ambient temperature) and need to grow
rapidly (Danks, Kukal & Ring 1994; Bryant, Thomas
& Bale 2002). Temperature variation affects move-
ment, activity and growth through its effects on meta-
bolic rate (Willmer 

 

et al

 

. 2000; Irwin & Lee 2003).
Thus, adults and larvae may have distinct temperature-
related performance constraints, as adults typically
need to move to find mates or egg-laying sites, whereas
larvae need to grow and develop. Also, larval stages
frequently have different body forms and dispersal
abilities from adults and are exposed to different
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natural enemies. Genes that allow larvae to cope with
temperature extremes may incur costs at other life
stages through antagonistic pleiotropy (Bradshaw &
Holzapfel 1996; Feder 

 

et al

 

. 1997; Sorensen & Loeschcke
2004). Unfortunately, few studies have examined
effects of natural temperature extremes on survival
and growth of larvae, especially for a species whose
adult thermal biology has been investigated.

Here we examine effects of environmental temper-
ature on survival and development rate for larvae of
Eastern Sierra Nevada, California, populations of the
leaf beetle 

 

Chrysomela aeneicollis

 

. These beetles occur
throughout north-western North America (Brown
1956), but are restricted to high-altitude localities in
the Sierra Nevada (Rank 1992b), where they are found
on willows in bogs and near lakes and streams. Adults
emerge from diapause in early summer to feed, mate
and lay eggs. Larvae hatch, mature through three
instars, pupate and develop into new adults on the
same host plant as their parents (Rank 1992a,b).
Larvae are present from early July to late August, when
air temperatures vary from daily highs near 30 

 

°

 

C
to night-time lows that routinely drop below freezing
(Rank & Dahlhoff 2002). Prior work on 

 

C. aeneicollis

 

suggests that variation at the phosphoglucose iso-
merase (PGI; glucose-6-phosphate ketol isomerase, EC
5·3·1·9) allozyme locus is associated with differences in
environmental temperature. Two PGI alleles predomin-
ate in Sierra Nevada beetle populations and frequen-
cies of these alleles vary along a latitudinal thermal
gradient, with PGI-1 predominating in the cooler
northern drainages and PGI-4 most frequent in
warmer, southern subpopulations (Dahlhoff & Rank
2000). In populations where alleles 1 and 4 occur in
relatively equal frequency, seasonal or annual shifts in
local climate lead to shifts in allele frequency at PGI
but not at other polymorphic loci (Rank & Dahlhoff
2002; Fearnley 2004). Thus, PGI (or a closely linked
gene) appears to be under temperature selection in
these populations.

Up-regulation of heat shock proteins (Hsps), which
minimize stress-induced protein aggregation, and play
important roles in growth and acquired thermal toler-
ance, represents an important physiological strategy
used by ectotherms to cope with thermal extremes
(Feder 

 

et al

 

. 1992; Dahlgaard 

 

et al

 

. 1998; Krebs &
Feder 1998; Zatsepina 

 

et al

 

. 2001; Garbuz 

 

et al

 

. 2003;
Sorensen, Kristensen & Loeschcke 2003; Ketola 

 

et al

 

.
2004). The importance of Hsps as a mechanism by
which organisms cope with exposure to extreme tem-
peratures in nature has been established in a variety
of organisms and habitats (Feder & Hofmann 1999;
Kelty & Lee 1999; Tomanek & Somero 1999; Kelty &
Lee 2001; Hoffmann, Sorensen & Loeschcke 2003;
Sorensen 

 

et al

 

. 2003; Tomanek & Sanford 2003). How-
ever, we still know little about how organisms in
natural populations balance these benefits of  Hsp
up-regulation with its costs (Feder 

 

et al

 

. 1992; Krebs
& Feder 1997; Loeschcke 

 

et al

 

. 1997; Sorensen 

 

et al

 

.

2003; Williams, Shorthouse & Lee 2003). Differential
expression of Hsps among adult 

 

C. aeneicollis

 

 of  dif-
ferent PGI genotype has been observed in nature and
in the laboratory (Dahlhoff & Rank 2000; Rank &
Dahlhoff 2002; Neargarder, Dahlhoff & Rank 2003).
PGI 1–1 adults up-regulate Hsp70 expression at lower
temperatures and express Hsp70 at higher levels than
PGI 4–4 genotypes, with 1–4 genotypes typically
showing intermediate expression levels and induction
temperatures.

The mechanistic relationship between PGI geno-
type and Hsp70 expression in 

 

C. aeneicollis

 

 is not yet
known. Nonetheless, PGI variation provides an excel-
lent marker of temperature sensitivity, and this can be
used to clarify potential costs and benefits of Hsp70
expression. To accomplish this, one must first deter-
mine whether the relationship between PGI genotype
and Hsp70 expression is similar in larvae and adults. If
this is true, one might find that PGI genotypes associ-
ated with greater Hsp expression at lower temperatures
have slower developmental rates, but greater tolerance
of thermal extremes, than other genotypes. In addi-
tion, if  Hsp70 protects beetle larvae from exposure to
cold, as found in other insects (Kelty & Lee 2001;
Yocum 2001), elevated daytime temperatures that lead
to greater expression of Hsp70 may enhance survival
after exposure to extremely cold temperatures at night.

In this study, effects of environmental temperature
variation on survival, development rate and Hsp70
expression were measured for 

 

C. aeneicollis

 

 larvae.
Mortality rates were measured in nature after recipro-
cal transplantation of young larvae between otherwise
similar sites differing in thermal regime. In addition,
the relationship between PGI genotype, development
rate and survival of larvae from a single population
(Bishop Creek), where the most common PGI alleles
are found in relatively equal frequency, were measured
in three drainages in nature. Third, the relationship
between PGI genotype and larval growth was meas-
ured at different temperatures in the laboratory.
Finally, effects of temperature on Hsp70 expression
were measured in the field and in the laboratory for dif-
ferent PGI genotypes.

 

Materials and methods

 

 

 

Experiments focused on populations from three
drainages in the Eastern Sierra Nevada that differ in
typical thermal regime and in PGI frequency: Big Pine
Creek (BPC: 37

 

°

 

11

 

′ 

 

N, 118

 

°

 

32

 

′ 

 

W), Rock Creek (RC:
37

 

°

 

25

 

′ 

 

N, 118

 

°

 

24

 

′ 

 

W) and Bishop Creek (BC: 37

 

°

 

11

 

′ 

 

N;
118

 

°

 

32

 

′ 

 

W). Habitats in BPC, where allele 4 is com-
mon, tend to have higher daytime temperatures and
fewer freezing nights; sites in RC, where allele 1 pre-
dominates, tend to have lower high temperatures and
night-time temperatures that drop below freezing
regularly in summer. In BC, where PGI alleles occur in
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relative parity (Rank 1992b; Dahlhoff & Rank 2000;
Rank & Dahlhoff  2002), thermal conditions are
intermediate between BPC and RC.

 

    
  

 

Experimental localities were selected that shared over-
all similar physical characteristics: sunny, open meadows
at about 3000 m in elevation where plants grow on
thin, rocky soils typical of the Eastern Sierra Nevada.
Experimental willows at each site grew near a small
creek. In July 1999, family groups of late 1st and early
2nd instar larvae were collected from source localities
in BPC (3rd Falls: 2950 m), RC (Mosquito Flat:
3110 m) and BC (South Lake: 2996 m) and brought to
the Owens Valley laboratory of the White Mountain
Research Station (WMRS) in Bishop, CA, and held at
4 

 

°

 

C for 24–48 h. Larvae from each source population
were transplanted onto one of ten clones of their
favoured host willow (

 

Salix orestra

 

) at each site, and
confined to their experimental branch with resin
(Tanglefoot™). Two groups of larvae from each source
population were placed on separate experimental
branches of each willow. Most groups (87%) ranged
from 10 to 15 individuals, similar to natural group
sizes of second instar larvae (N. E. Rank, unpublished
data). Ambient air temperature was recorded every
30 min at each locality using ‘Tidbit’ temperature
loggers (Onset Computer Co., Pocaset, MA) suspended
in white, plastic thermal shields secured to willow
branches. Daily minimum air temperature was
obtained from logger output using Boxcar Pro soft-
ware (Version 4·0, Onset Comp.). Number of surviving
larvae belonging to each instar was recorded every 1–
3 days for 21 days. At the end of the experiment, sur-
viving larvae were flash frozen on dry ice and stored at

 

−

 

70 

 

°

 

C until biochemical analysis. Willow leaves were
collected throughout the experiment, weighed and
dried to measure water content.

Mortality rates were quantified by subtracting
number of survivors at each count from the previous
count and dividing by the previous number. This
assumes that larvae that had disappeared were dead,
which is reasonable because larvae do not leave the
host before pupation. Before statistical analysis, aver-
age survivorship was calculated for each branch by
determining the area beneath the survival curve and
dividing it by the total area if  all larvae had survived to
the last count (Rank 1994). To estimate larval develop-
ment rate, we first calculated average instar at each
count by summing the number of larvae in each develop-
mental stage and dividing by the total per branch.
Linear regressions of log number of days since initi-
ation of transplant (

 

X

 

) 

 

vs

 

 average instar (

 

Y

 

) were used
to calculate slopes that estimated rate of instar change
on each branch (Rank 

 

et al

 

. 1998). Branches were
excluded if  fewer than two individuals survived to the
end of the experiment.

Mixed model 

 



 

 was used to evaluate effects of
source drainage, target drainage and host plant on larval
survival and development rate. All effects that included
host plant were considered a random factor in the

 



 

. Linear regression was used to relate minimum
temperature between counts to the site average of larval
mortality for that interval. Survival of PGI genotypes
from BC among target drainages was evaluated using
a frequency test. Weighted linear regression (

 

X

 

 =
frequency of the PGI allele 1 among survivors per
branch, 

 

Y

 

 = larval development rate) was used to
determine whether PGI genotype was related to larval
growth. Values were weighted by number of surviving
larvae to account for variation among samples in pre-
cision of the allele frequency estimate. All statistical
analyses were conducted using Jmp In software
(Version 5·0 for PC, SAS Institute, Inc., Cary, NC).

 

    
  

 

During July 2001, first instar larvae were collected
from different family groups on several willow clones
from Bluff Lake in BC. Larvae were reared on fresh
leaves from 

 

S. orestera

 

 for about 3 days at WMRS
(natural day–night light cycles, 20 

 

°

 

C day, 4 

 

°

 

C night),
until they moulted. Host foliage was acquired from
four different willow clones and leaves were changed
daily. Once moulting occurred, beetles were weighed to
the nearest 0·01 mg and removed from the plant for
a 4-h temperature treatment (20, 27 or 34 

 

°

 

C; 12–
4 p.m.). After treatment, larvae were returned to
plants at 20 

 

°

 

C until midnight, held at 4 

 

°

 

C until
8 a.m., and returned to 20 

 

°

 

C until the next treatment.
Treatments were imposed for 2 (

 

n

 

 = 21) or 3 (

 

n

 

 = 113)
days. Activity was scored after each heat treatment
(1 = not moving, 2 = moving, 3 = walking). Beetles
were weighed again after the last treatment, reared at
moderate temperatures until moulting to third instar,
and flash-frozen for genotype analysis.

Before analysis, relative larval growth was calculated
by dividing the natural log-transformed gain in body
mass by time in treatment (Rank 1994). Larvae were
excluded from analysis if  they moulted or died during
the 3-day treatment or if  they lost body mass. Activity
values were averaged across days for each larva. Activity
was analysed by mixed model 

 



 

 including grouping
factors of PGI genotype and acclimation temperature
(preliminary analyses based on host plant revealed no
host plant effects on the dependent variables). Growth
rates were analysed by 

 



 

, including grouping
factors described above and initial mass and days in
treatment as covariates in the final model.

 

    
  

 

70

 

  

 

Larval body temperature and ambient air temperature
were measured during August 1998 at five time intervals:
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early morning (7–8 a.m.); mid-morning (10–11 a.m.)
mid-day (12–1 p.m.) mid-afternoon (2–3 p.m.) and late
afternoon (5–6 p.m.). Larvae in sun and shade were
measured at each time point. For each larva, body (

 

T

 

b

 

)
and air temperature (

 

T

 

a

 

) were measured using a hand-
held digital thermometer (HH-82, Omega Engineering
Inc., Stamford, CT) equipped with a T-type Teflon
insulated 36 AWG fine wire thermocouple. Immedi-
ately after 

 

T

 

b

 

 determination, larvae were flash-frozen
on dry ice for biochemical analysis.

For analysis of  variation in 

 

T

 

a

 

 and 

 

T

 

b

 

, three sites
in Big Pine Creek and two sites in Rock Creek where
conditions had been sunny throughout the day were
selected. Both variables were analysed by multivariate
analysis of covariance, with between subjects factors
of time interval and exposure (sun or shade). Site ele-
vation was used as a covariate, and 

 

T

 

a

 

 and 

 

T

 

b

 

 were used
as dependent variables in a repeated measures design
that allowed for tests of interactions among between-
and within-subjects factors.

Hsp70 expression levels were determined for a sub-
set of beetles of known body temperature. Individuals
used for this analysis were collected on different days
at similar elevation localities in RC (Heart Lake,
3190 m), BC (Bluff  Lake, 3203 m) and BPC (Sam
Mack Creek, 3229 m). PGI genotypes were sub-
sequently determined for 43 of these individuals.
Because not all PGI genotypes were represented at all
time points in each drainage, and because it was not
always possible to obtain both Hsp70 expression level
and PGI genotype for every individual, differences in
Hsp70 expression among PGI genotypes were ana-
lysed separately from effects of time of day. Thus, PGI
genotype was used as a grouping factor in a one-way

 



 

, and effects of drainage and time were used as
factors in a two-way 

 



 

.

 

   

 

During July 2000, 3rd instar larvae were collected from
Bluff Lake, and transported to WMRS, where they
were held at common garden conditions (light, 20 

 

°

 

C:
8 a.m. to 8 p.m.; dark, 4 

 

°

 

C: 8 p.m. to 8 a.m.) for 8 days.
After acclimation, larvae were held for 4 h at one of
four temperatures (20, 30, 33 or 35 

 

°

 

C) in 1·5 ml micro-
fuge tubes in a temperature-controlled heating block
(Boekel Scientific, Feasterville, PA). After heat treat-
ment, all larvae were held at 20 

 

°

 

C for 1 hour, weighed
and flash frozen on dry ice.

 

 

 

PGI genotypes were determined by starch gel electro-
phoresis following published methods (Rank 1992b).
Expression of  a 72 kDa heat shock protein was
quantified according to published methods (Rank &
Dahlhoff 2002; Neargarder 

 

et al

 

. 2003), with the
exception that larval body wall was homogenized in
250 

 

µ

 

l 50 m

 



 

 Tris-HCl, pH 7·4 at 20 

 

°

 

C.

 

Results

 

    
  

 

Mortality of  transplanted 

 

Chrysomela aeneicollis

 

larvae occurred in all drainages (Fig. 1a); however,
mortality rates were typically lower for individuals
targeted to Bishop Creek (BC) and Big Pine Creek (BPC)
than individuals targeted to Rock Creek (RC) (Fig. 1b;
Table 1). Larval survivorship did not depend on source
population (Table 1). A cooling trend occurred in the
entire region shortly after the experiment was initiated,
especially from 13–21 July (Fig. 1c). Minimum air temper-
ature was significantly lower in RC than BC or BPC during
the measurement period (Fig. 1c; randomized-blocks

 



 

, 

 

F

 

2,40

 

 = 24·8; 

 

P

 

 < 0·001). Much larval mortality
occurred during a 9-day period (18–26 July) where
minimum temperatures fell below zero every night in
RC, but less frequently in BPC (five nights) and BC (two
nights; Fig. 1c). On several mornings during that time,
larvae that appeared to have frozen on experimental
branches were observed. Minimum air temperature
was significantly related to mortality rate in all drainages
(Fig. 2). Larval development rate in the field differed

Fig. 1. (a) Survival of transplanted C. aeneicollis larvae
targeted to Big Pine Creek (BPC), Bishop Creek (BC) and
Rock Creek (RC). Data shown are least-squares means of
proportion of individuals surviving between counts in each
target drainage (n = 60 groups per source per drainage).
(b) Larval mortality rates (proportion of individuals that died
between censuses) in each drainage. (c) Daily minimum air
temperatures recorded by temperature loggers at each site
during larval survival and growth experiment.
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among host plants, but did not depend on source or
target drainage (Table 1).

PGI-1 allele frequency of  surviving BC larvae
targeted to BC (0·51) and RC (0·45) was similar to BC
source population frequency (0·55) (Rank & Dahlhoff
2002). However, PGI-1 frequency for surviving BC
larvae targeted to BPC (0·29) was significantly lower
than those targeted to BC or RC (

 

G

 

-test of genotype
frequency heterogeneity among drainages, 

 

G

 

 = 9·8,
df = 4, 

 

P

 

 = 0·044). Development rates of BC larvae did
not differ among target drainages (

 

F

 

2,22·7

 

 = 0·3; 

 

P

 

 > 0·73).
However, development rate was slowest for larval groups
with the highest frequency of PGI allele 1 (Fig. 3).

 

    
  

 

Relative larval growth varied among PGI genotypes
and depended on acclimation temperature (Fig. 4;
Table 2). Larval growth depended on number of days

in the experiment and was negatively related to initial
body mass (Table 2). Growth rates for PGI 1–1 and
PGI 1–4 individuals did not depend on acclimation
temperature (Fig. 4a). However, PGI 4–4 homo-
zygotes grew faster at 27 

 

°

 

C than at either 20 or 34 

 

°

 

C.
Similar patterns were found with respect to larval
activity (Fig. 4b, Table 2). Larval growth and activity
were weakly correlated with each other (r2 = 0·05,
n = 133, P < 0·01).

Fig. 3. Relationship between development rate and PGI-1
allele frequency in groups of BC larvae targeted to BPC, BC
or RC (symbols as shown in Fig. 1 legend). Development
rates were calculated as described in Methods. Develop-
ment rate was significantly related to PGI allele frequency
(Y = −0·041X + 0·072; R2 = 0·24; F1,22 = 7·0, P = 0·01).

Fig. 4. Effects of acclimation temperature on larval growth
rate (a) and activity (b) of laboratory reared BC larvae of
three common PGI genotypes (1–1, 1–4, 4–4). Data shown
are least-squares means (± SE) of growth and activity of each
PGI genotype at three treatment temperatures (1–1, n = 71;
1–4, n = 79; 4–4, n = 21). Additional statistical analyses
shown in Table 2.

Table 1. Mixed-model nested  results for effects of source population, target
drainage, and plant on larval survivorship and development rate in the field. Drainage
and source were treated as fixed effects. Plant was treated as a random effect and was
nested in target drainage
 

 

Source of variation

Average survivorship Larval development rate

df SS F (P) df SS F (P)

Source drainage 2 0·113 1·4 2 0·0004 0·5
Target drainage 2 1·498 7·2*** 2 0·0007 0·5***
Plant[Target] 27 2·808 2·6*** 24 0·0198 2·1*
Source × Target 4 0·144 0·9 4 0·0024 1·6
Source × Plant[Target] 54 2·153 1·0 48 0·0193 1·5
Error 89 3·568 59 0·0158

***P < 0·005, *P < 0·05.

Fig. 2. Relationship between minimum air temperature and
mean mortality rate of C. aeneicollis larvae targeted to BPC,
BC or RC (symbols as shown in Fig. 1 legend). Mortality
was negatively related to minimum air temperature
(Y = −0·015X + 0·13; R2 = 0·31; F1,25 = 11·4; P = 0·002).



849
Effects of 
temperature on 
Willow Beetle 
Larvae

© 2005 British 
Ecological Society, 
Functional Ecology, 
19, 844–852

    
  70  

In nature, larval body temperature was significantly
correlated with air temperature (Y = 8·30 + 0·87X;
F1,157 = 290·2; P < 0·0001), though average Tb was
3–9 °C higher than average Ta (Fig. 5a). Body temper-
ature of  beetles in sun and shade increased until mid-

day and remained elevated until the late afternoon.
Beetles measured in the sun were on average 10%
warmer than those in the shade, and the difference
between sun and shade varied over the day (Table 3,
Fig. 5a). Maximal body temperature measured was
36·7 °C, and 9·4% of larvae showed body temperatures
at or above 30 °C (16·7% of larvae at mid-day). Hsp70
expression levels were higher for larvae collected in the
afternoon than earlier in the day (Fig. 5b; two-way
 F4,43 = 2·9; P < 0·05). PGI 1–1 (n = 16) and 1–4
(n = 17) individuals expressed nearly twice as much
Hsp70 (79·9 ± 6·7 ng g−1; 74·4 ± 6·7 ng g−1, respectively)
than 4–4 (n = 10) individuals (41·7 ± 8·5 ng g−1; one-
way  F2,41 = 6·8; P < 0·005).

  

Hsp70 expression was lower for laboratory-acclimated
than field-acclimatized larvae (Fig. 5b, Table 4). Hsp70
expression after laboratory heat shock depended on
acclimation temperature (two-way  F3,75 = 8·8; P
< 0·001) and varied among PGI genotypes (temperature–
PGI genotype interaction: F6,75 = 2·3; P < 0·05). At

Table 3. M results for effects of time of day and
exposure to sun or shade on body temperatures of field-
acclimatized larval Chrysomela aeneicollis. Analysis included
larvae in sun or shade at five locations at different elevations,
five times of day. Body and air temperature are dependent
variables. Elevation is a covariate
 

 

Table 4. Effects of PGI genotype and treatment temperature
on Hsp70 expression for Bishop Creek C. aeneicollis larvae
held at common garden conditions in the laboratory. Data
shown are least squares means (± SE)
 

Source of variation df F

Between-subjects factors
Interval (I ) 4 76·37****
Light exposure (L ) 1 3·371

I × L 4 0·55
Elevation (E ) 1 16·81****
Error 198

Within-subjects factors
Tb vs Ta (T ) 1 5·79**
T × I 4 2·67*
T × L 1 26·40****
T × L × I 4 0·90
T × E 1 0·26
Error 198

****P < 0·0001, **P < 0·01, *P < 0·05, 1P < 0·10.

PGI genotype

Hsp70 expression 
Treatment temperature (°C)

0 30 33 35

1–1 (n = 29) 14·8 (3·7) 35·8 (3·2) 21·9 (3·2) 20·0 (3·4)
1–4 (n = 31) 12·4 (3·7) 27·7 (3·2) 24·6 (3·2) 25·6 (3·0)
4–4 (n = 27) 13·7 (3·3) 24·1 (3·0) 23·6 (3·4) 31·7 (3·2)

Table 2.  and  showing effects of PGI genotype and laboratory
acclimation temperature on growth and activity. PGI genotype (1–1, 1–4, 4– 4) and
treatment temperature (20, 27 and 34 °C) were treated as fixed effects. Initial body mass
and days in treatment were used as covariates in growth analysis (not significant in
activity analysis)
 

 

Source of variation

Growth Activity after treatment

df SS F (P) df SS F (P)

Acclimation temperature (T ) 2 0·0050 0·9 2 3·2048 7·8***
PGI genotype (G ) 2 0·0052 1·0 2 1·3576 3·3*
G × T 4 0·0301 2·8* 4 2·9633 3·6**
Initial body mass 1 0·1545 56·5***  –  –  –
Days in experiment 1 0·1180 43·2***  –  –  –
Error 123 0·3363 124 25·365

***P < 0·001, **P < 0·01, *P < 0·05.

Fig. 5. (a) Changes in air temperature (Ta) throughout the
day in nature, and its effect on body temperature (Tb) of
larvae sitting in sun (open diamonds) or shade (solid
diamonds). Data shown are least squares means (± SE) for
larvae at sites in BPC and RC. (b) Hsp70 expression levels of
field acclimatized larvae, reported as nanograms of a 72-kDa
isoform of Hsp70 per g total thorax muscle protein. Data
shown are least-squares means (± SE) for n = 9 larvae
collected at each time point.
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30 °C, PGI 1–1 homozygotes expressed higher levels of
Hsp70 than 1–4 heterozygotes or 4–4 homozygotes,
whereas after exposure to 35 °C, these differences were
reversed: 4–4 > 1–4 > 1–1. At 20 °C, Hsp70 expression
levels were not zero; thus, a non-inducible (cognate)
form of Hsp70 may also have been detected.

Discussion

These results suggest that thermal extremes have pro-
found effects on survival and rates of development of
Sierra Willow Beetle larvae. While previous studies
have demonstrated the importance of cold exposure
on growth, development rate and survival (Cooke &
Roland 2003; Renault et al. 2003; Williams et al.
2003), the present study is one of the first to demon-
strate natural cold mortality in the summer. In the
Eastern Sierra Nevada, beetle larvae are routinely
exposed to subzero night-time temperatures in the
midst of development, and this appears to cause mor-
tality. Larval mortality was highest in the drainage that
was coldest during the transplant experiment (RC),
and was significantly correlated with minimum night-
time air temperature in all drainages. In contrast to the
effects of cold, elevated temperatures did not appear to
cause rapid mortality, since we never observed dead or
dying larvae in the late afternoon, when temperatures
were highest. However, repeated exposure to elevated
temperatures may impose other costs, via the heat
shock response as discussed below.

Several possibilities may explain the relationship
between colder temperatures and larval mortality.
Slow-growing larvae may have higher mortality,
because they remain vulnerable to attack from pre-
dators for an extended period of time (Clancy & Price
1987). However, we excluded crawling predators from
our experiment, and the most important flying pre-
dator, the wasp Symmorphus cristatus, specializes on
larger, 3rd instar larvae (Sears et al. 2001). Thus, it is
unlikely that differential survival was due to variation
in predation. Alternately, small, slower-growing larvae
may be more susceptible to freezing events, owing to
lower energy stores and higher surface area to volume
ratios (Fordyce & Shapiro 2003). This may explain
much of the mortality observed in our experiment. We
also observed differences in survival and development
rates for individuals possessing differing forms of the
glycolytic enzyme phosphoglucose isomerase (PGI;
discussed below), an enzyme critical for allocation of
energy to storage and activity.

Recent studies of causes of variation in larval sur-
vival and development rates for insect herbivores in
nature have found that temperature-dependent effects
on host plant may affect larval survival (Ayres &
Scriber 1994; Virtanen & Neuvonen 1999; Hellmann
2002). Generally, high-quality host plants support
rapid growth, which may ameliorate detrimental
effects of thermal extremes in marginal habitats
(Alonso 1999; Hellmann 2002; Levesque, Fortin &

Mauffette 2002). Previous studies of Sierra popula-
tions of C. aeneicollis showed that larvae survived best
on plants with highest water content, an index of plant
quality (Rank 1994). In the present study, develop-
ment rates varied among target host plants within, but
not between drainages; in addition, we did not observe
differences in water content between experimental
host plants (D. McMillan, unpublished data). We are
not able to completely rule out abiotic differences, besides
temperature, among drainages, though we selected sites
with similar physical characteristics to minimize these
differences. Our data suggest that differences in larval
survival between drainages are caused primarily by
variation in exposure to thermal extremes.

On sunny days, larvae sitting in the sun had signific-
antly higher body temperatures than those in shade.
Daytime temperatures routinely experienced by larvae
caused elevation of heat shock protein (Hsp70) expres-
sion levels, especially later in the afternoon. Interest-
ingly, Hsp70 expression was elevated by 8 a.m. in some
individuals. Three possibilities may explain this result.
First, the antibody used, which detects an inducible
isoform of Hsp70 in adult beetles, may also detect
‘background’ levels of a non-inducible cognate form
(Hsc70) of similar molecular weight in larvae. While
expression levels of Hsc70 may change with long-term
acclimatization or during development, the dramatic
diurnal shifts imply rapid changes in expression and
are probably due to expression of a stress-inducible
Hsp. Second, Hsp70 present in tissue early in the day
may be the result of  the previous day’s exposure to
elevated temperature. It may take up to 32 h to clear
cells of Hsp70 after an induction (Feder et al. 1992;
Dahlgaard et al. 1998). Third, Hsp70 expression may
be induced directly by exposure to night-time cold.
Recent studies suggest that Hsps enhance cold toler-
ance in insects (Kelty & Lee 1999, 2001; Yocum 2001;
Hoffmann et al. 2003). Although cold tolerance is
thought to be uncoupled from the ability to tolerate
elevated temperatures (Chown 2001; Klok & Chown
2003), few studies have examined a natural system in
which the animal is exposed to elevated and subzero
temperatures over a single diurnal cycle. Thus, up-
regulation of Hsp70 expression during the day, perhaps
coupled with expression induced by night-time cold,
may confer enhanced larval survival after exposure to
freezing temperatures in summer. This may partially
account for the enhanced tolerance to cold exposure
observed by Rank & Dahlhoff (2002).

Our results suggest that PGI is under temperature
selection in beetle larvae, as it appears to be in adults.
In nature, mortality of larvae possessing the PGI-1
allele was highest in BPC, the drainage where daytime
temperatures tend to be highest, and the natural fre-
quency of allele 1 is relatively low. Also, experimental
groups from BC with high frequencies of the PGI-1
allele developed most slowly under all field conditions.
Laboratory results also suggested that differences in
growth rate and activity among PGI genotypes depend
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on thermal history. PGI 4–4 genotypes had higher
growth rates and activities than 1–1 or 1–4 genotypes
after exposure to a moderately high temperature typi-
cal of natural habitats (27 °C), but not after exposure
to extreme temperatures rarely experienced in nature
(35 °C). Differences in survival and development
among PGI genotypes may be due in part to differen-
tial patterns of Hsp70 expression (Rank & Dahlhoff
2002; Neargarder et al. 2003). PGI 1–1 genotypes
expressed higher levels of Hsp70 at moderate temper-
atures than 1–4 or 4–4 genotypes under both natural
and laboratory-controlled conditions. The mechanis-
tic relationship between PGI genotype and Hsp70
expression in C. aeneicollis is not yet clearly under-
stood. One possibility is that PGI is closely linked to
one or more other loci that are under natural selection.
Another possibility is that PGI itself  is under selection,
which is consistent with functional differences in ther-
mal stability and binding constant that exist among
PGI genotypes (Dahlhoff & Rank 2000; E. Dahlhoff,
unpublished data), and consistent with results found
for a variety of other taxa (Shihab & Heath 1987;
Johannesson, Kautsky & Tedengren 1990; Watt 1992;
Katz & Harrison 1997; Watt et al. 2003). In either case,
higher expression levels of  Hsp70 for individuals
possessing the 1 allele may lead to greater cold tolerance
in nature, at the cost of reduced developmental rate.
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