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Resting metabolic rate can vary with age independently from body mass
changes in the Colorado potato beetle, Leptinotarsa decemlineata

Saija Piiroinen *, Leena Lindström, Anne Lyytinen

Centre of Excellence in Evolutionary Research, Department of Biological and Environmental Science, University of Jyväskylä, P.O. Box 35, FI-40014 Jyväskylä, Finland
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A B S T R A C T

Temperature and mass dependency of insect metabolic rates are well known, while less attention has

been given to other factors, such as age. Among insect species that experience seasonal variation in

environmental conditions, such as in temperate latitudes, age may also have indirect effects on the

metabolic rate. We examined the effect of age on the resting metabolic rate of Leptinotarsa decemlineata

during 11 days after adult emergence by using flow-through respirometry. Age had a significant mass-

independent effect on metabolic rate of beetles. A twofold increase in metabolic rate occurred during the

first 2 days of adult life after which metabolic rate decreased with age relatively slowly. Ten day-old

adult beetles had a metabolic rate similar to newly emerged beetles. The beetles have to be able to

complete their development and prepare for overwintering during the relatively short favourable

summer periods. Therefore, the observed pattern in metabolic rate may reflect physiological changes in

the pre-diapause beetles adapted to temperate latitudes.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The metabolic rate, the energetic cost of living under specific
environmental conditions, is closely related to life-history traits
(Chown and Gaston, 1999) and has been shaped by the
environmental conditions under which organisms have evolved
to cope and reproduce. This has resulted in substantial among- and
within-species variation in metabolic rate (Chown and Nicolson,
2004). Variation in the metabolic rate among individuals has been
linked to fitness (Crnokrak and Roff, 2002; Krasnov et al., 2004;
Boratynski and Koteja, 2009; Ketola and Kotiaho, 2009) and it has
been considered to be adaptive (Hoffmann and Parsons, 1989;
Harshman et al., 1999; Reinhold, 1999; Davis et al., 2000; Addo-
Bediako et al., 2002). For example, a higher metabolic rate of insect
species or populations from colder environments than those of
warmer environments may be beneficial by enabling the
individual to develop and grow faster in relatively short and cool
growing seasons (Ayres and Scriber, 1994; Chown and Gaston,
1999; Addo-Bediako et al., 2002).

Metabolic rate may also vary for other reasons than
mentioned above. In insects, the main interest in metabolic
rate variation to date has concentrated on the allometric
relationship between metabolic rate and mass (e.g. Lighton
and Fielden, 1995; Van Voorhies et al., 2004; Niven and
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Scharlemann, 2005) and the temperature dependence of
metabolic rate (e.g. Berrigan and Partridge, 1997; Nespolo et
al., 2003; Terblanche and Chown, 2007). Besides mass and
temperature, other factors can also affect metabolic rate
including sex (Rogowitz and Chappell, 2000), age (Terblanche
et al., 2004), season (Tauber et al., 1986; McGaughran et al.,
2009) and different forms of activity (Berrigan and Partridge,
1997; Rogowitz and Chappell, 2000; Gray and Bradley, 2003;
Terblanche and Chown, 2007), but these factors have less often
been taken into account in metabolic studies. For example, age
can have a pronounced effect on metabolic rate (Hack, 1997;
Terblanche et al., 2004; Hetz, 2007). The relationship between
metabolic rate and age in larval and pupal life-stages is well
established (Rajagopal and Bursell, 1965; Dingha et al., 2005;
Hetz, 2007), whereas it is less clear in adults. In general,
metabolic rate is assumed to decrease with adult age (Hack,
1997; Roberts and Rosenberg, 2006) resulting from the general
deterioration of the physiological condition associated with
ageing (Grotewiel et al., 2005). However, other studies have
observed no change (Promislow and Haselkorn, 2002; Marais
and Chown, 2003) or have reported an increase of metabolic rate
with adult age (Gray and Bradley, 2003; Terblanche et al., 2004;
Melvin et al., 2007). This increase is considered to be due to
higher energetic demands (May, 1989; Gray and Bradley, 2003;
Terblanche et al., 2004).

Furthermore, the relationship between age and metabolic rate
may be complicated by indirect effects and affected by body mass
which may also change with age (Gray and Bradley, 2003; Nespolo
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et al., 2005). For example, metabolic rate may depend on age in an
indirect way by the season (Tauber et al., 1986). In higher latitudes,
where environmental conditions change predictably (short
favourable summers, long harsh winters), insects have to adapt
physiologically to unfavourable conditions (Tauber et al., 1986).
Many insect species survive the winter by entering diapause which
is a dynamic physiological process (Kostal, 2006) including
changes in the energy metabolism which thereby, is indirectly
age-related. For example, insect metabolism is greatly lowered at
diapause compared to that of a non-diapausing stage (Denlinger
et al., 1972; Hahn and Denlinger, 2007; Kostal et al., 2008).

The life stage of the individual may have a considerable effect
on metabolic rate. Among temperate beetles, only a few studies
have explored the age dependence of metabolic rate in the adult
stage (Yocum et al., 2009). Yet in seasonal environments, the
physiological changes can take place under relatively short time
periods. Evidently, more information is needed to understand
metabolic rate variation and how it is associated to life-history
evolution. We investigated the age dependence of resting
metabolic rate in the Colorado potato beetle (Leptinotarsa

decemlineata) (Say) for 11 days, from adult emergence until the
age of 10 days. To survive winter periods, the overwintering
generation must prepare for diapause in a relatively short time
period. Therefore, we expected to see a bell shaped pattern in
metabolic rate with adult age.

2. Materials and methods

2.1. Study animals and rearing

L. decemlineata adults used in the study originated from
beetles collected in Poland (Bonin, 548090N, 168150E) in June
2003 and had been maintained in the laboratory (L:D 18:6,
average temperature 17–23 8C, overwintering periods at 5 8C,
dark) for three generations. The fourth generation beetles
(offspring of 63 families) used in this study were reared from
egg to adult at a constant temperature of 23 8C under a
fluctuating light regime of 18:6 h light:dark, including a 2 h
sunrise and sunset in a controlled environmental chamber (Type
B1300, Weiss technic). Beetles were kept in petri dishes
(diameter 9 cm) lined with a moisturized filter paper and fed
with fresh potato leaves (variety Van Gogh) supplied daily. To
allow pupation, last instar larvae (4th) were placed in a plastic
container filled with soil. Adult emergence was checked daily.
After emergence the adult beetles were weighed and then kept
individually under the same conditions as described above.

2.2. Metabolic rate measurement

CO2 production was used as a measure of metabolic rate.
Beetles (n = 108) were measured on 11 days from age 0 (the day
when an adult emerged) to age 10 (10 day-old beetles are ready to
enter winter diapause). To avoid CO2 emissions resulting from the
assimilation of food, the beetles were starved for 4 h before
measurements. To minimize the effects of repeated starvation,
each beetle was measured at 4-day intervals. Beetles were divided
into four groups so that the first group of beetles (n = 30) was
measured at ages 0, 4, and 8, the second group (n = 28) at ages 1, 5,
9, the third group (n = 25) at ages 2, 6, 10 and the fourth group
(n = 25) at ages 3 and 7 days. Beetles that died during the
experiment and could not be measured three times were replaced
by new ones and therefore the number of individuals among
measurement groups differs. Individuals were divided evenly into
the groups and there was no difference in emergence mass among
metabolic measurement groups (ANOVA, females: F3,51 = 1.156,
p = 0.336; males: F3,49 = 0.359, p = 0.783).
CO2 production was measured using a CO2 analyzer Li-6252
(LiCor, Lincoln, USA) connected to a flow-through respirometry
system. The entire system was set in a temperature controlled
room where the temperature was kept at 19 � 1 8C. The CO2

analyzer was calibrated using a calibration gas (450 ppm CO2 in
nitrogen) every week. Ambient air was filtered for CO2 (soda lime)
and water vapour (Drierite), and was pulled through a cylindrical
respirometry chamber (volume circa 1.7 ml) and the CO2 analyzer
with a pump (Sable Systems, Henderson, USA). The flow rate was
controlled to be 150 ml min�1. The CO2 analyzer’s output signal was
captured by the acquisition and analysis software Datacan V (Sable
Systems). The recording of the CO2 production started when the CO2

level had stabilized and lasted a minimum of 5 min during which the
moving activity of the beetle was visually recorded. A beetle was
considered active if it walked or moved its legs (active or not active).
Movements of antennae were not considered as active movement
since it did not produce any detectable change in the recording of the
CO2 production. A 5-min recording time was considered to be
adequate based on preliminary measurements which showed that a
continuous mode of gas exchange of the beetles remained stable for at
least an hour. The sampling interval was 0.2 s. Baselines (empty
chamber without the beetle) were recorded before and after each
measurement. Beetles were weighed (to 0.001 g) on a Mettler AM100
analytical balance. Respirometry data was baseline corrected using
the Expedata (Sable Systems) software. The resting metabolic rate (ml
CO2 h�1) was the mean value of the lowest 1-min period of the whole
5-min recording. This was to ensure that the value represents the
metabolic rate of a resting beetle.

2.3. Statistical analyses

Metabolic rate was analysed with analysis of covariance
(ANCOVA). Adult age was entered as a fixed factor and body mass
as a covariate. Separate analyses were performed for different age
groups (0–3, 4–7 and 8–10 day-old beetles). Sexes were analysed
separately because of the significant dependency of the covariate
mass on sex. Otherwise, an ANCOVA model with sex included
might not give reliable results (Quinn and Keough, 2002). In the
first age group (0–3 day-old beetles), there was a significant
correlation between age and the covariate body mass. Since this
may violate the reliability of ANCOVA, we also analysed the data
with an analysis of variance (ANOVA) using mass-specific
metabolic rate or residual metabolic rate from a linear regression
of metabolic rate on body mass as a dependent variable. Results
obtained were consistent with ANCOVA. Activity (active/inactive
during measurement) was entered as a fixed factor only for the first
age group (0–3 day-old beetles) but not for the other two groups, as
there were only a few individuals (3 in the second group and 1 in
the third group) that were active during the measurement.
Excluding these individuals did not change the results, thus, they
were included in the analysis. When the main effect of age was
significant, pair-wise comparisons between ages were conducted
based on estimated marginal means and Bonferroni-adjusted for
multiple comparisons. The assumption of the homogeneity of
within-factor regression slopes was checked for each analysis.
Body mass differences between age groups was analysed with
ANOVA. Separate analyses were performed for age groups 0–3, 4–7
and 8–10 day-old beetles. Changes in body mass with age within
measurement groups (first group 0, 4, 8, second 1, 5, 9 and third 2,
6, 10 day-old beetles) were analysed with repeated ANOVA. An
intra-specific mass-scaling relationship between metabolic rate
and body mass was calculated by a linear regression of metabolic
rate (log10 mW) on body mass (log10 g), assuming a respiratory
quotient of 0.84 (Terblanche et al., 2005). As activity affected
metabolic rate (see Section 3), active individuals were excluded
from the regression analyses.



Table 1
ANCOVAs on metabolic rate (ml CO2 h�1) of L. decemlineata for three age groups.

Age group Sex Effect df MS F p

0–3 days Female Age 3 0.006 11.666 <0.01

Activity 1 0.004 8.831 <0.01

Mass (covariate) 1 0.007 12.868 <0.01

Error 49 <0.001

Male Age 3 0.004 11.375 <0.01

Activity 1 0.001 3.506 0.067

Mass (covariate) 1 0.005 12.399 <0.01

Error 47 <0.001

4–7 days Female Age 3 0.004 7.737 <0.01

Mass (covariate) 1 0.005 9.815 <0.01

Error 45 <0.001

Male Age 3 <0.001 0.668 0.577

Mass (covariate) 1 0.003 4.850 0.033

Error 43 <0.001

8–10 days Female Age 3 0.002 4.175 0.025

Mass (covariate) 1 0.014 25.536 <0.01

Error 31 <0.001

Male Age 3 <0.001 1.665 0.205

Mass (covariate) 1 0.001 4.504 0.041

Error 33 <0.001

Fig. 2. The intra-specific scaling relationship between metabolic rate (log10 mW)

and body mass (log10 g) for three age groups (0–3, 4–7, and 8–10 days old).

M = body mass in g. The regression slopes for the third group (8–10 days old) differ

significantly between sexes and therefore, the slopes are represented separately.
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3. Results

3.1. Metabolic rate

In the age group of 0–3 day-old beetles, the interaction between
age and activity was not significant, and therefore, was omitted
from the final analysis (Sokal and Rohlf, 2003). Metabolic rate
varied with adult age in both sexes (Table 1). Metabolic rate
increased substantially right after emergence. It peaked for 2 day-
old beetles so that it was 1.8 times higher than on the emergence
day (Fig. 1). For both sexes, metabolic rate was significantly lower
at age 0 compared to ages 1, 2 or 3 days (pair-wise comparisons,
females: 0 vs. 1, p < 0.01; 0 vs. 2, p < 0.01; 0 vs. 3, p < 0.01; males:
0 vs. 1, p < 0.01; 0 vs. 2, p < 0.01; 0 vs. 3 days, p < 0.01), whereas
beetles at ages 1, 2 and 3 days had a similar metabolic rate (pair-
wise comparisons, females: 1 vs. 2, p = 0.41; 1 vs. 3, p = 0.64; 2 vs. 3,
p = 1.00; males: 1 vs. 2, p = 0.25; 1 vs. 3, p = 1.00; 2 vs. 3 days,
p = 0.56). Activity significantly elevated the metabolic rate (Table
1). Excluding active individuals from the analysis did not change
the main result of age (females: F3,34 = 5.368, p < 0.01; males:
F3,29 = 8.317, p < 0.01).

In the age groups of 4–7 and 8–10 day-old beetles, metabolic
rate decreased with adult age (Fig. 1). The decrease was
Fig. 1. Mass-specific metabolic rate (CO2 ml g�1 h�1 � SE) of L. decemlineata for three

age groups (0–3, 4–7, and 8–10 days old).
significant in females but not in males (Table 1). In females,
the metabolic rate was significantly higher at age 4 days compared
to older age classes (pair-wise comparisons, 4 vs. 5, p = 0.03; 4 vs.
6, p < 0.01; 4 vs. 7 days, p < 0.01), whereas between ages 5, 6 and 7
there were no differences in metabolic rate (pair-wise compar-
isons, 5 vs. 6, p = 1.00; 5 vs. 7, p = 1.00; 6 vs. 7 days, p = 1.00). In the
group of 8–10 day-old beetles, females had a significantly lower
metabolic rate at age 9 days compared to the age of 8 days (pair-
wise comparisons, p = 0.03), whereas between ages 9 and 10 or 8
and 10 days there were no differences in metabolic rate (pair-wise
comparisons, 9 vs. 10, p = 1.00; 8 vs. 10 days, p = 1.00). The
covariate mass affected metabolic rate in all age groups for both
sexes (Table 1).

The intra-specific mass-scaling slopes did not differ between
sexes in the first two age groups (ANCOVA, 0–3 days old,
F1,69 = 0.066, p = 0.798; 4–7 days old, F1,91 = 0.086, p = 0.926),
and thus, sexes were pooled (Fig. 2). However, the regression
slopes in the third group (8–10 days old) differed significantly
between sexes (ANCOVA, F1,67 = 8.691, p < 0.004), therefore, the
regression slopes are represented separately for both sexes (Fig. 2).
The regression slopes between the first two age groups did not
differ significantly from each other (ANCOVA, F1,164 = 2.986,
p = 0.089) (Fig. 2).

3.2. Body mass

There was no significant interaction between body mass and sex
in any of the age groups (0–3, 4–7 and 8–10 day-old beetles) but
females were heavier than males in all three age groups (Table 2).
Weight increased significantly with age in the age groups of 0–3 and
4–7 days but not in the age group of 8–10 day-old beetles (Fig. 3).
Table 2
ANOVAs on body mass (g) of L. decemlineata for three age groups.

Age group Effect df MS F p

0–3 days Age 3 0.003 14.679 <0.01

Sex 1 0.009 43.742 <0.01

Error 103 <0.001

4–7 days Age 3 0.001 3.881 0.012

Sex 1 0.017 95.682 <0.01

Error 94 <0.001

8–10 days Age 2 <0.001 0.172 0.842

Sex 1 0.010 46.167 <0.01

Error 68 <0.001



Fig. 3. Body mass (mg � SE) of L. decemlineata for three age groups (0–3, 4–7, and 8–10

days old).
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Repeated analysis of variance for the first three measurement groups
(first group measured at ages 0, 4, 8, second 1, 5, 9 and third 2, 6, 10
days) confirmed that body mass increased significantly with age
(females: first group, F2,22 = 60.276, p < 0.01; second, F2,26 = 32.338,
p < 0.01; third, F2,16 = 4.745, p = 0.02; males: first group,
F2,20 = 50.841, p < 0.01; second, F2,22 = 14.311, p < 0.01; third,
F2,22 = 13.372, p < 0.01). Tests of within-subject repeated contrasts
showed that body mass increased with adult age between the first
and second measurements (females: first group, F1,11 = 137.214,
p < 0.01; second, F1,13 = 69.022, p < 0.01; third, F1,8 = 4.818,
p = 0.06; males: first group, F1,10 = 72.586, p < 0.01; second,
F1,11 = 14.971, p < 0.01; third, F1,11 = 15.980, p < 0.01) but not
between the second and third measurements (females: first group,
F1,11 = 0.351, p = 0.57; second, F1,13 = 1.070, p = 0.32; third,
F1,8 = 0.156, p = 0.70; males: first group, F1,10 = 1.275, p = 0.29;
second, F1,11 = 2.392, p = 0.15; third, F1,11 = 2.763, p = 0.13). In other
words, the weight of the beetles had reached a stable level for 4 day-
old beetles (Fig. 3).

4. Discussion

Adult age had a significant effect on resting metabolic rate of
L. decemlineata even after taking the effect of body mass into
account (Table 1). Similar to previous work (Yocum et al.,
2009), the metabolic rate formed a bell shaped pattern with age
(Fig. 1). First, metabolic rate increased almost twofold from the
emergence day to the first day after emergence and peaked in 2
day-old beetles. Then, it decreased gradually until 10 day-old
beetles had metabolic rates that were at the same level as those
of newly emerged beetles (Fig. 1) and close to metabolic rates of
diapausing L. decemlineata beetles in the study by Vanatoa et al.
(2006). The body mass of the beetles followed a different pattern
with age. It increased steadily with age for the first 4–5 days of
adult life after which the body mass stayed constant (Fig. 3).
Hence, changes in metabolic rate could not be explained only by
the body mass.

The bell shaped pattern of metabolic rate with age might reflect
physiological changes that take place in the adult pre-diapause L.

decemlineata. An initial, large increase in metabolic rate observed
during the first few days of adult life (Fig. 1) may partly be due to
flight muscle development which is energetically expensive (May,
1989; Marden, 2000; Terblanche et al., 2004). The time period
closely corresponds to the time (5–10 days) that it takes for adult L.

decemlineata to complete their flight muscle development (Weber
and Ferro, 1996). An increase in metabolic rate also coincides with
an observation that the beetles started to feed ferociously after the
first day of emergence (personal observations), indicating high
energetic demands. The development of reproductive organs,
especially ovaries in females, may also contribute to increases in
the metabolic rate of insects (Terblanche et al., 2004). However,
the impact of developing ovaries on metabolic rate is relatively
small compared to that of development of flight muscles (May,
1989). Maximal rates of ovary development in L. decemlineata have
been reported to occur for 5–6 day-old beetles (May, 1989). In our
study, compared to males, females seemed to have a prolonged
peak of metabolic rate that lasted until age 4 days (Fig. 1),
potentially reflecting the energetic costs of developing ovaries.

As beetles got older their metabolic rate decreased gradually.
This reflects the preparation for overwintering rather than general
deterioration in physiological conditions associated with ageing as
reported in crickets (Hack, 1997). During the preparation period,
flight muscles undergo significant degeneration in L. decemlineata

(Stegwee et al., 1963), which reduces energetic expenditures.
Although, flight muscle development has been shown to occur also
in older L. decemlineata beetles (de Kort, 1990), it did not contribute
or elevate metabolic rate of the older beetles in this study. This is
because the rate of muscle tissue growth is considerably decreased
in older beetles compared to younger ones (May, 1989; de Kort,
1990) and its contribution to energy metabolism becomes
relatively smaller.

Beetles in this study showed signs of being in pre-diapause and
probably were ready to enter diapause at age 10 days. Several
observations point to this. The body mass of 10 day-old beetles had
reached a stable level indicating that the beetles had stored enough
energy reserves for overwintering (Boman et al., unpublished). In
addition, while body mass itself remained stable, there was a
decrease in whole body metabolic rate, indicating that the
proportion of non-metabolizing lipid tissues was increasing.
Beetles also had ceased feeding by the age of 10 days. Furthermore,
although we did not observe the diapause propensity of the beetles
in this study, beetles originating from the same population are
prone to enter diapause under these light conditions (approxi-
mately 50% enter diapause by age 20 days) (personal observations).
It is also worth noting that after 10 days the metabolic rate of the
beetles continues to decrease to a small extent, after which a
stable, low level of metabolism is reached (May, 1989; Piiroinen
et al., unpublished).

In addition to age, activity had an effect on metabolic rate. It
was also age-dependent in that beetles showed active movement
at younger ages. The pattern of sharp increase in metabolic rate
during the first 2–3 days of adult life remained large and
significant even when the actively moving beetles had been
excluded from the analysis.

Our study, along with previous studies (May, 1989; Yocum et
al., 2009), shows that the bell shaped pattern of metabolic rate
with age is a characteristic of pre-diapause L. decemlineata. The
pattern of age-related changes in the mass-specific oxygen
consumption of L. decemlineata found by May (1989) closely
resembles the pattern of mass-specific CO2 production observed
in this study. In both studies, a peak in metabolic rate occurred for
2–3 day-old beetles. In contrast, Yocum et al. (2009) found that a
large increase in mass-specific CO2 production did not occur until
the beetles were 4–7 days old and reached a stable level by day 15.
This discrepancy among studies may be due to the use of mass-
specific metabolic rates (Packard and Boardman, 1999) or,
secondly, differences in photoperiod. L. decemlineata uses critical
day length as the main cue to initiate diapause (de Kort, 1990), and
thus the rearing photoperiod regime may influence the age-
related patterns in metabolic rate (May, 1989). Thirdly, popula-
tions may differ in their response to the same photoperiod and
subsequently differ in metabolic rate. In the study by de Wilde and
Stegwee (1958) L. decemlineata beetles that were reared under a
photoperiod of 18:6 h light:dark were not induced to initiate



S. Piiroinen et al. / Journal of Insect Physiology 56 (2010) 277–282 281
diapause and energy metabolism did not decrease with adult age.
Also, de Wilde and Hsiao (1981) observed only a few diapausing
beetles when they were reared under these light conditions.
Interestingly, the beetles in this study showed signs of prepara-
tion for diapause as their metabolic rate decreased significantly
until age 10 days (see Section 4) despite being reared under the
same photoperiod as in above studies (de Wilde and Stegwee,
1958; de Wilde and Hsiao, 1981).

This third possible explanation of the differences in results
among studies could stem from a different genetic background
and/or physiological adaptation of the populations. L. decemlineata

used in this study originate from higher temperate latitudes
(548090N) compared to studies by May (1989) and Yocum et al.
(2009), thus the beetles may have adapted to a longer critical day
length for diapause induction. This is crucial since at higher
latitudes, summer periods are shorter and insects have to enter
winter diapause under relatively longer day lengths compared to
lower latitudes (Tauber et al., 1986). In the study by de Wilde and
Hsiao (1981), L. decemlineata originate from the same region
(Poland) as beetles in this study and therefore the difference in
diapause state is intriguing. However, the long time interval
between the study populations (approximately over forty genera-
tions) may have allowed the populations to evolve physiologically.
It is well known that adaptive changes in physiological and life-
history traits can happen in very short time periods (e.g. Huey et
al., 2000). Furthermore, diapause development is also affected by
factors other than light conditions (temperature, soil parameters,
food quality) and differences could arise as a response to the
experimental conditions.

A comparison of the metabolic rates shows that the
metabolic rate obtained in this study is within the same range
as in previous studies of L. decemlineata (May, 1989; Yocum et
al., 2009), and in other coleopteran species of the same size
(Terblanche et al., 2005). However, the intra-specific mass-
scaling components among different age groups in this study
varied substantially; the group of 8–10 day-old females had
especially exceptional values (Fig. 2). Other studies have also
found high variability in intra-specific scaling exponents among
and within species (see references in Van Voorhies et al., 2004;
Chown et al., 2007). In our study, the substantial differences in
the relationship between body mass and metabolic rate between
different age groups are most likely due to the small size range
of the beetles in each age group. Also, the relatively small
sample sizes may have partly had an influence. Our more
comprehensive data (n = 1312) measured from 6 day-old beetles
gives a mass-scaling relationship of MR (mW) = 2931 M0.768

(unpublished data). It is noted that this is close to the consensus
relationship between metabolic rate and body mass for
Coleopteran species (MR (mW) = 1294 M0.740) (Terblanche et
al., 2005). However, intra-specific scaling relationships are not
directly comparable with inter-specific relationships as different
factors affecting metabolic rate may differ between them
(Chown et al., 2007).

In conclusion, this study demonstrates that adult age has a
pronounced, mass-independent effect on resting metabolic rate in
L. decemlineata. The age-related bell shaped pattern of metabolic
rate reflects the physiological adaptation of this insect species to
high temperate latitudes where the time window for the
preparation of winter diapause is narrow. In a broader view, the
possible variation in age-related patterns in resting metabolic rate
among populations (e.g. comparing this study to May, 1989;
Yocum et al., 2009) could reflect different physiological adapta-
tions to specific environmental conditions. Evidently, age can have
a significant effect on metabolic rate and this should be taken into
account in studies of energy metabolism and its relationship to
life-history evolution.
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References

Addo-Bediako, A., Chown, S.L., Gaston, K.J., 2002. Metabolic cold adaptation in
insects: a large-scale perspective. Functional Ecology 16, 332–338.

Ayres, M.P., Scriber, J., 1994. Local adaptation to regional climates in Papilio
Canadensis (Lepidoptera; Papilionidae). Ecological Monographs 64, 465–
482.

Berrigan, D., Partridge, L., 1997. Influence of temperature and activity on the
metabolic rate of adult Drosophila melanogaster. Comparative Biochemistry
and Physiology, A 118, 1301–1307.

Boratynski, Z., Koteja, P., 2009. The association between body mass, metabolic rates
and survival of bank voles. Functional Ecology 23, 330–339.

Chown, S.L., Nicolson, S.W., 2004. Insect Physiological Ecology, Mechanisms and
Patterns. Oxford University Press, Oxford.

Chown, S.L., Gaston, K.J., 1999. Exploring links between physiology and ecology at
macro-scales: the role of respiratory metabolism in insects. Biological Reviews
of the Cambridge Philosophical Society 74, 87–120.

Chown, S.L., Marais, E., Terblanche, J.S., Klok, C.J., Lighton, J.R.B., Blackburn, T.M.,
2007. Scaling of insect metabolic rate is inconsistent with the nutrient supply
network model. Functional Ecology 21, 282–290.

Crnokrak, P., Roff, D.A., 2002. Trade-offs to flight capability in Gryllus firmus: the
influence of whole-organism respiration rate on fitness. Journal of Evolutionary
Biology 15, 388–398.

Davis, A.L., Chown, S.L., McGeoch, M.A., Scholtz, C.H., 2000. A comparative analysis
of metabolic rate in six Scarabaeus species (Coleoptera: Scarabaeidae) from
southern Africa: further caveats when inferring adaptation. Journal of Insect
Physiology 46, 553–562.

Denlinger, D.L., Willis, J.H., Fraenkel, G., 1972. Rates and cycles of oxygen consump-
tion during pupal diapause in Sarcophaga flesh flies. Journal of Insect Physiology
871–882.

Dingha, B.N., Appel, A.G., Moar, W.J., 2005. Discontinuous gas exchange patterns of
beet armyworm pupae, Spodoptera exigua (Lepidoptera: Noctuidae): effects of
Bacillus thuringiensis Cry1C toxin, pupal age and temperature. Physiological
Entomology 30, 388–397.

Gray, E.M., Bradley, T.J., 2003. Metabolic rate in female Culex tarsalis (Diptera:
Culicidae): age, size, activity, and feeding effects. Journal of Medical Entomology
40, 903–911.

Grotewiel, M.S., Martin, I., Bhandari, P., Cook-Wiens, E., 2005. Functional senescence
in Drosophila melanogaster. Ageing Research Reviews 4, 372–397.

Hack, M.A., 1997. The effects of mass and age on standard metabolic rate in house
crickets. Physiological Entomology 22, 325–331.

Hahn, D.A., Denlinger, D.L., 2007. Meeting the energetic demands of insect
diapause: Nutrient storage and utilization. Journal of Insect Physiology 53,
760–773.

Harshman, L.G., Hoffmann, A.A., Clark, A.G., 1999. Selection for starvation resistance
in Drosophila melanogaster: physiological correlates, enzyme activities and
multiple stress responses. Journal of Evolutionary Biology 12, 370–379.

Hetz, S.K., 2007. The role of the spiracles in gas exchange during development of
Samia cynthia (Lepidoptera, Saturniidae). Comparative Biochemistry and Phy-
siology, A 148, 743–754.

Hoffmann, A.A., Parsons, P.A., 1989. An integrated approach to environmental stress
tolerance and life-history variation: desiccation tolerance in Drosophila. Biolo-
gical Journal of the Linnean Society 37, 117–136.

Huey, R.B., Gilchrist, G.W., Carlson, M.L., Berrigan, D., Serra, L., 2000. Rapid evolution
of a geographic cline in size in an introduced fly. Science 287, 308–309.

Ketola, T., Kotiaho, J.S., 2009. Inbreeding, energy use and condition. Journal of
Evolutionary Biology 22, 770–781.

Kostal, V., Tollarova, M., Dolezel, D., 2008. Dynamism in physiology and gene
transcription during reproductive diapause in a heteropteran bug, Pyrrhocoris
apterus. Journal of Insect Physiology 54, 77–88.

Kostal, V., 2006. Eco-physiological phases of insect diapause. Journal of Insect
Physiology 52, 113–127.

de Kort, C.A.D., 1990. Thirty-five years of diapause research with the Colorado
potato beetle. Entomologia Experimentalis et Applicata 56, 1–13.

Krasnov, B.R., Khokhlova, I.S., Burdelov, S.A., Fielden, L.J., 2004. Metabolic rate and
jump performance in seven species of desert fleas. Journal of Insect Physiology
50, 149–156.



S. Piiroinen et al. / Journal of Insect Physiology 56 (2010) 277–282282
Lighton, J.R.B., Fielden, L.J., 1995. Mass scaling of standard metabolism in ticks: a
valid case of low metabolic rates in sit-and-wait strategists. Physiological
Zoology 68, 43–62.

Marais, E., Chown, S.L., 2003. Repeatability of standard metabolic rate and gas
exchange characteristics in a highly variable cockroach, Perisphaeria sp. Journal
of Experimental Biology 206, 4565–4574.

Marden, J.H., 2000. Variability in the size, composition, and function of insect flight
muscles. Annual Review of Physiology 62, 157–178.

May, M.L., 1989. Oxygen consumption by adult Colorado potato beetles, Leptino-
tarsa decemlineata (Say) (Coleoptera: Chrysomelidae). Journal of Insect Physiol-
ogy 35, 797–804.

McGaughran, A., Redding, G.P., Stevens, M.I., Convey, P., 2009. Temporal metabolic
rate variation in a continental Antarctic springtail. Journal of Insect Physiology
55, 129–134.

Melvin, R.G., Van Voorhies, W.A., Ballard, J.W.O., 2007. Working harder to stay alive:
metabolic rate increases with age in Drosophila simulans but does not correlate
with life span. Journal of Insect Physiology 53, 1300–1306.

Nespolo, R.F., Castaneda, L.E., Roff, D.A., 2005. Dissecting the variance-covariance
structure in insect physiology: The multivariate association between metabo-
lism and morphology in the nymphs of the sand cricket (Gryllus firmus). Journal
of Insect Physiology 51, 913–921.

Nespolo, R.F., Lardies, M.A., Bozinovic, F., 2003. Intrapopulational variation in the
standard metabolic rate of insects: repeatability, thermal dependence and
sensitivity (Q10) of oxygen consumption in a cricket. The Journal of Experi-
mental Biology 206, 4309–4315.

Niven, J.E., Scharlemann, J.P.W., 2005. Do insect metabolic rates at rest and during
flight scale with body mass? Biology Letters 1, 346–349.

Packard, G.C., Boardman, T.J., 1999. The use of percentages and size-specific indices
to normalize physiological data for variation in body size: wasted time, wasted
effort? Comparative Biochemistry and Physiology, A 122, 37–44.

Promislow, D.E.L., Haselkorn, T.S., 2002. Age-specific metabolic rates and mortality
rates in the genus Drosophila. Aging Cell 1, 66–74.

Quinn, G.P., Keough, M.J., 2002. Experimental Design and Data Analysis for Biol-
ogists. Cambridge University Press, Cambridge.

Rajagopal, P.K., Bursell, E., 1965. The effect of temperature on the oxygen con-
sumption of tsetse pupae. Bulletin of Entomological Research 56, 219–225.

Reinhold, K., 1999. Energetically costly behaviour and the evolution of resting
metabolic rate in insects. Functional Ecology 13, 217–224.

Roberts, S.B., Rosenberg, I., 2006. Nutrition and aging: changes in the regulation of
energy metabolism with aging. Physiological Reviews 86, 651–667.
Rogowitz, G.L., Chappell, M.A., 2000. Energy metabolism of eucalyptus-boring
beetles at rest and during locomotion: gender makes a difference. The Journal
of Experimental Biology 203, 1131–1139.

Sokal, R.R., Rohlf, F.J., 2003. Biometry, the Principles and Practice of Statistics in
Biological Research. W.H. Freeman and Company.

Stegwee, D., Kimmel, E.C., de Boer, J.A., Henstra, S., 1963. Hormonal control of
reversible degeneration of flight muscle in the Colorado potato beetle, Lepti-
notarsa decemlineata Say (Coleoptera). Journal of Cell Biology 19, 519–527.

Tauber, M.J., Tauber, C.A., Masaki, J.P., 1986. Seasonal Adaptations in Insects. Oxford
University Press, Oxford.

Terblanche, J.S., Chown, S.L., 2007. The effects of temperature, body mass and
feeding on metabolic rate in the tsetse fly Glossina morsitans centralis. Physio-
logical Entomology 32, 175–180.

Terblanche, J.S., Klok, C.J., Chown, S.L., 2004. Metabolic rate variation in Glossina
pallidipes (Diptera: Glossinidae): gender, ageing and repeatability. Journal of
Insect Physiology 50, 419–428.

Terblanche, J.S., Sinclair, B.J., Klok, C.J., McFarlane, M.L., Chown, S.L., 2005. The
effects of acclimation on thermal tolerance, desiccation resistance and meta-
bolic rate in Chirodica chalcoptera (Coleoptera: Chrysomelidae). Journal of Insect
Physiology 51, 1013–1023.

Vanatoa, A., Kuusik, A., Tartes, U., Metspalu, L., Hiiesaar, K., 2006. Respiration
rhythms and heartbeats of diapausing Colorado potato beetles, Leptinotarsa
decemlineata, at low temperatures. Entomologia Experimentalis et Applicata
118, 21–31.

Van Voorhies, W.A., Khazaeli, A.A., Curtsinger, J.W., 2004. Lack of correlation
between body mass and metabolic rate in Drosophila melanogaster. Journal
of Insect Physiology 50, 445–453.

Weber, D.C., Ferro, D.N., 1996. Flight and fecundity of Colorado potato beetles
(Coleoptera: Chrysomelidae) fed on different diets. Annals of the Entomological
Society of America 89, 297–306.

de Wilde, J., Hsiao, T., 1981. Geographic diversity of the Colorado potato beetle and
its infestation in Eurasia. In: Lashomb, J.H., Casagrande, R.A. (Eds.), Advances in
Potato Pest Management. Hutchinson Ross, Pennsylvania, pp. 47–68.

de Wilde, D., Stegwee, D., 1958. Two major effects of the corpus allatum in the adult
Colorado beetle (Leptinotarsa decemlineata Say). Archives Neerlandaises de
Zoologie 13, 277–289.

Yocum, G.D., Rinehart, J.P., Chirumamilla-Chapara, A., Larson, M.L., 2009. Charac-
terization of gene expression patterns during the initiation and maintenance
phases of diapause in the Colorado potato beetle, Leptinotarsa decemlineata.
Journal of Insect Physiology 55, 32–39.


	Resting metabolic rate can vary with age independently from body mass changes in the Colorado potato beetle, Leptinotarsa decemlineata
	Introduction
	Materials and methods
	Study animals and rearing
	Metabolic rate measurement
	Statistical analyses

	Results
	Metabolic rate
	Body mass

	Discussion
	Acknowledgements
	References


