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Abstract
The role of physiology in mediating the growth/predation risk trade-off has been largely
ignored. We examined effects of predation risk on relationships between growth and
storage molecules in Enallagma aspersum and Ischnura verticalis damselfly larvae that differ
in this trade-off. In laboratory and field experiments, both species had similar growth
and mortality rates and similar concentrations of storage molecules in the absence of
mortality threats. However, in the presence of dragonfly predators Ischnura larvae had
higher mortality rates and grew faster than Enallagma larvae. Consistent with the
difference in growth rate, EnallagmaÕs total protein concentrations decreased under
predation risk while those of Ischnura did not. Glucose and glycogen concentrations were
not affected, while triglyceride concentrations were lower under predation risk in
Enallagma but not in Ischnura. Species differences at the physiological level to the
presence of mortality threats may be crucial to understanding patterns in metamorphic
and post-metamorphic traits.
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INTRODUCTION

Animals that grow faster often suffer higher rates of
mortality from predators. This so-called growth/predation
risk trade-off plays a fundamental role in shaping life
histories, species interactions and ultimately community
assembly (Houston et al. 1993; Werner & Anholt 1993;
Leibold 1996, 1998; McPeek 1996; Wellborn et al. 1996).
Despite its importance, surprisingly little attention has been
given to the mechanism underlying the growth/predation
risk trade-off (Noonburg & Nisbet 2005). The typical
assumption is that the trade-off is primarily behaviourally
mediated (Lima 1998). Consequently, many studies have
shown that prey organisms reduce their activity in the
presence of predators to reduce detection, and these
responses are correlated with decreases in growth as well,
presumably because decreased activity resulted in decreased
feeding (reviewed in Lima & Dill 1990; Lima 1998).
However, growth rate is determined by much more than
simply activity. For example, several studies showed that
animalsÕ growth rates decrease under predation risk, and that
these reductions could not be explained by a decrease in
foraging rate (Duvall & Williams 1995; Hechtel & Juliano

1997; Boonstra et al. 1998; McPeek et al. 2001; Stoks 2001;
Stoks & McPeek 2003b; McPeek 2004). In particular,
physiological mechanisms influencing the processing of
ingested food and the metabolic allocation of assimilated
food may also play a key role in mediating the growth/
predation risk trade-off (McPeek 2004; Noonburg & Nisbet
2005; Stoks et al. 2005).
Physiological mechanisms that may be involved in the
trade-off are the allocation of assimilated food to build new
tissue, to storage pools and the depletion of these storage
pools under predation risk (Perrin & Sibly 1993). In
arthropods, two types of storage pools can be distinguished.
Arthropods can only increase in size at ecdysis when they
shed their exoskeleton; at this time they can build new
tissues to increase the sizes of body parts. During an instar,
they must store accumulated amino acids to be used to build
these new tissues in large storage proteins that are dissolved
and circulate in the haemolymph (Telfer & Kunkel 1991). At
a moult, these storage proteins are hydrolysed, and the
liberated amino acids used to build the necessary structures
to increase in size. A second type consists of molecules
involved in the short-term (glucose and glycogen) or longterm (triglycerides) storage of energy to fuel behavioural
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activity (Nation 2002). Under predation risk, reductions in
these storage pools are likely for two reasons. First,
behavioural responses to mortality threats may lower food
intake, which will reduce the rates at which molecules are
added to these pools. Second, prey animals may have
physiological mechanisms that alter how assimilated food is
allocated to various metabolic needs. For example, two
recent studies demonstrated that fish invested less in energy
storage when threatened by predators (Pratt & Fox 2002;
Garvey et al. 2004). However, these studies could not
discriminate whether this pattern was caused by behaviour
or physiology. Identifying whether these storage pools are
affected by predation risk will provide new insights into the
possible consequences of non-consumptive predator effects.
Such predator effects can be more important for population
dynamics than the direct mortality imposed by predators in
many species (McPeek & Peckarsky 1998; Preisser et al.
2005). Although most studies focused on predator-induced
effects on life history traits like growth, age and size at
emergence (Lima 1998), predator-induced reductions in
energy storage pools may also have consequences on many
other fitness components, for example linked to winter
survival and mating success (Lee & Denlinger 1991;
Plaistow & Siva-Jothy 1996).
In this study, we compare how mortality threats influence
growth and pools of various molecules for species in two
genera of damselflies. As theory predicts, Enallagma and
Ischnura damselflies (Zygoptera: Coenagrionidae) appear to
coexist as larvae because they settle the growth/predation
risk trade-off in different ways (McPeek 1996, 1998).
Ischnura larvae suffer higher mortality from the top predator
(fish or dragonfly larvae) but grow substantially faster than
Enallagma larvae (McPeek 1998). These growth differences
in the presence of predators do not result from Ischnura
larvae ingesting more food; rather, Ischnura larvae grow
faster than Enallagma, because they convert more ingested
food into their own biomass than do Enallagma larvae
(McPeek et al. 2001; McPeek 2004). These growth differences are not apparent when larvae are held in complete
isolation of all mortality threats. These results indicate that
in these damselflies behaviour does not mediate the growth/
predation risk trade-off (McPeek 2004). Instead, Ischnura and
Enallagma species have different levels of physiological
responses to the presence of mortality threats that decrease
growth to different degrees (McPeek et al. 2001; McPeek
2004). One way to test the efficacy of the physiological
mechanisms mediating growth differences between these
taxa is to examine the levels of storage molecules possessed
by larvae of these two genera when held under different
mortality threats. We predicted that species showing lower
growth rates under mortality threats should have (1) lower
total protein levels, which should reflect differences in the
concentrations of protein storage molecules; and (2) lower
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energy storage pools, because their physiological responses
to the mortality threats in some way prevent them from
accumulating these molecules.
To test these predictions, we performed a series of
laboratory and field experiments that placed Ischnura and
Enallagma larvae under various levels of mortality threat, and
compared the concentrations of these molecules in larvae.
Because, previous work showed the generality of the growth
and physiological responses across Ischnura and Enallagma
species living in both fish lakes and fishless lakes (McPeek
2004), we have performed this more detailed study on
Ischnura verticalis (Say) and Enallagma aspersum (Hagen) as
representatives of the two genera. These two species are
found together at ponds and lakes that are dominated by
large dragonfly predators across eastern North America.

METHODS

Laboratory experiment

We quantified the changes in growth rate and storage pools
under predation risk in a short-term (5 days) experiment
with two treatments: one in which larvae were held in
complete isolation of all mortality threats, and another in
which larvae were held in the presence of other damselflies
and predatory Anax dragonflies. Anax is the dominant
predator in fishless ponds in eastern North America
(McPeek 1990; Stoks & McPeek 2003a). Coenagrionid
damselfly larvae are cannibalistic and perceive each other as
predators (McPeek & Crowley 1987). We only included the
combined exposure treatment as previous experiments
showed that digestive physiological responses of Enallagma
and Ischnura larvae to the presence of other damselflies and
to the combined presence of other damselflies and other
predators are not different (McPeek et al. 2001). Fifteen
larvae of each species were included in each of these two
treatments. We used similar rearing conditions as described
in McPeek et al. (2001) and McPeek (2004). Under these
conditions, Enallagma and Ischnura growth rates decrease in
the presence of a predator without associated decreases in
food uptake due to decreases in the amount of assimilated
food that is converted into body mass (McPeek 2004).
Larvae were collected on 22 September 2004 in Sylvester’s pond, a small fishless farm pond in Norwich, VT, USA
and housed in 20 mL glass vials containing pond water and
a wooden dowel to serve as perches and were fed Daphnia
pulex ad libitum every day. Vials were maintained in large
trays with cardboard dividers to isolate larvae from each
other, and held in an incubator at 21 C on a 14L : 10D
photoperiod.
We installed the experimental conditions, 1 day after a
larva moulted in the laboratory. Larvae assigned to the
treatment without predators were placed individually in a
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new 20 mL glass vial in another tray with cardboard
dividers. Larvae assigned to the treatment with predators
were placed individually in a new 20 mL glass vial that was
floated in a 2 L aquarium containing four penultimate instar
A. junius dragonfly larvae. To the top of each vial, a 45-mmtall cylinder of 0.5-mm-mesh Nitex cloth was attached with
a cable tie, and this cloth was attached to a small Styrofoam
float with a metal insect pin. As water could freely pass
through the cloth, damselfly larvae could receive both visual
and chemical stimuli from the dragonfly predators in the
aquarium and from other damselflies in similar floating vials.
Four vials, two with Enallagma larvae and two with Ischnura
larvae were present in each aquarium. Larvae were randomly
reassigned to aquaria each day. Dragonfly larvae in the
aquaria were daily fed two E. aspersum and two I. verticalis
larvae. Cardboard trays and aquaria with vials were placed in
the same incubator as before. Larvae were fed 20–30
D. pulex daily. This ration was adjusted for each larva so that
at least one or two uneaten Daphnia were recovered the next
day. Daphnia were size-sorted before being fed to larvae:
only those passing through a 1.00-mm and retained by a
0.71-mm mesh sieve were used.
We quantified growth rate based on the increase in wet
mass from the start until the end of the 5 day period as
[ln(final wet mass) – ln(initial wet mass)]/5 days. Wet
masses were measured to the nearest 0.01 mg using an
Ohaus Analytical Plus electrobalance (Ohaus, Florham Park,
NJ, USA) after gently blotting larvae dry with absorbent
tissue. At the end of each experiment, larvae were stored
individually in microcentrifuge tubes in a )80 C freezer for
later quantification of storage pools. All larvae were
processed within 6 months of storage in the freezer.
We analysed the effects of species and predator treatment
on growth rate and mass-corrected levels of molecules with
ANCOVAs. Mass corrections were done by dividing the total
quantity of a molecule measured for an individual by the dry
mass of the individual. This enables comparison among
studies as opposed to presenting least squares means. Dry
masses were obtained from wet masses, assuming that dry
mass is 15.0% of wet mass in coenagrionid larvae (McPeek
et al. 2001).
Field enclosure experiment

To quantify the effects of predators on growth rate and
molecule concentrations in the field, we also performed a
field enclosure experiment with three treatments: a lowdensity treatment without predator, and two high-density
treatments, one with and the other without predator. The
low-density treatment (16 larvae in an enclosure with a
bottom area of 0.073 m2 giving a density of 220 larvae m)2)
without predators paralleled the Ôcomplete isolationÕ laboratory treatment which was logistically not feasible to install.

This is a reduced mortality risk treatment as previous work
has shown that growth rates in field enclosures only
decrease at total densities of c. 400 larvae m)2 (McPeek
1998). The high-density treatment with predator mimicked
the natural conditions in the pond by having larvae at
roughly their natural density (60 larvae per enclosure;
c. 820 larvae m)2) and having one A. junius larva to feed on
the damselflies; this treatment was meant to parallel the
Ômortality riskÕ treatment in the laboratory. In addition, we
also installed a high-density treatment without Anax
predator. Based on previous field experiments (McPeek
1990, 1998), we expected that Enallagma larvae in this
treatment would have high survival as in the lowdensity treatment and slow growth rate as in the highdensity treatment with the Anax predator. The low-density
treatment was replicated five times; both treatments at high
density were replicated three times.
To establish the low and high-density treatments, we
added eight or 30 damselfly larvae of each species to the
enclosures, respectively. The resulting densities are within
the range of observed damselfly densities in fishless lakes
(McPeek 1998). Larvae were collected by dip net in
Sylvester’s Pond on the same day. One penultimate-instar
Anax dragonfly larva was added to three cages 4 days after
the damselfly larvae were added. The experiment was started
on 21 September, and terminated on 6 October. All larvae
recovered from enclosures were sorted to species, gently
blotted dry, and submerged in liquid nitrogen in the field.
The methods used in the enclosure experiment closely
followed those of previous studies (McPeek 1990, 1998;
Stoks & McPeek 2003a). Experiments were carried out in
semi-permeable enclosures in which small prey items could
pass freely in and out of the enclosures. Enclosures were
cylindrical chicken-wire frame cages (30 cm diameter, 1.2 m
high) covered with a bag made of nylon mosquito netting
(0.6 · 1.2 mm mesh size). The nylon bag was filled with
Chara vegetation in natural densities. Eleven enclosures were
placed in water at a depth of 80 cm with their open top
extending 40 cm above the water level. No immigration of
aquatic insects was detected. Enclosures were placed 1 week
before adding the damselfly larvae to allow colonization by
prey items. Coenagrionid damselfly larvae show natural
mortality and growth rates under appropriate treatments in
these enclosures (McPeek 1990, 1998).
Mortality and growth rates were calculated separately for
each species in each enclosure. Mortality rate for each cage
was calculated as –[ln(number recovered) – ln(number
added)]/15 days. Growth rate for each species in each
enclosure was based on the mean wet mass of recovered
larvae, and the mean wet mass of a random sample of 30
larvae of each species collected when the experiment was
initially stocked with larvae. To quantify molecules, we
analysed 15 larvae per species from the initial sample and
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15 larvae per species for each of the three treatments at the
end of the experiment (total of 120 larvae). The 15 larvae
per species by treatment combination were evenly sampled
from the replicate enclosures: for the low-density treatment,
we randomly analysed three larvae per enclosure, for both
high-density treatments we randomly analysed five larvae
per enclosure. Three measurements of triglyceride content
were considered as outliers (> 3 SD larger than the mean)
and not included in the analyses. No transformations were
done as assumptions of ANOVA were not violated. We used
enclosures as our experimental units and therefore calculated enclosure means for each molecule concentration.
Because each enclosure contained the two focal species,
we performed repeated measures ANOVAs (rmANOVAs) with
predation risk treatment as independent variable and the
response variables for each species as sets of ÔrepeatedÕ
measures on each experimental unit. In this analysis,
significance of within subjects effects would identify a
difference in the means of the two species between the
treatments, and an interaction between the predator
treatment and the within-subjects term would indicate that
the species responded differently to the treatments.
Based on previous work (McPeek 1998; McPeek et al.
2001), we had a priori expectations that treatment effects
would differ between the species and different variables
would show different patterns of response for each species.
Therefore, we constructed two sets of linear, orthogonal
contrasts, and tested the interaction between species and
each of these contrasts. For mortality rate, we expected
strong predator effects for Ischnura and weaker effects for
Enallagma, and no species differences in mortality changes at
low and high density in the absence of the Anax predator.
Therefore, a first contrast tested for differences between the
combined response in the treatments without Anax (the
low-density treatment and the high-density treatment
without Anax), and the high-density treatment with Anax.
A second contrast tested for differences between the highdensity treatment without Anax and the high-density
treatment with Anax. For growth rate and molecule
concentrations, we expected strong negative effects of
density for Enallagma and weaker effects for Ischnura and no
additional effects of the Anax predator at high larval density
where larvae already suffered considerable predation risk by
conspecifics. Therefore, a third contrast tested for differences between the low-density treatment and the combined
response at the high-density treatments (without and with
Anax). A fourth contrast tested for differences between the
high-density treatments without Anax and with Anax.
Quantification of storage molecules

To quantify molecular pools, we measured the amounts of
free glucose, glycogen, triglycerides and total proteins in
 2005 The Authors. Journal compilation  Blackwell Publishing Ltd/CNRS

each larva. We were unable to measure the amounts of
storage proteins directly, and so we use total protein as a
surrogate measure. Insects also store glucose in the
disaccharide trehalose, but preliminary measures indicate
that trehalose concentrations in damselfly larvae are < 10%
of free glucose concentrations (M.A. McPeek, unpublished
data). Because of the expense of measuring trehalose, we
have not measured this small fraction of the total glucose
pool.
For quantification of the molecular pools, each larva was
homogenized in a microcentrifuge tube in 150–300 lL of
50 mM imidazole buffer, depending on its wet mass, while on
ice. To prevent protein degradation, the imidazole buffer
contained a broad spectrum protease inhibitor cocktail at the
manufacturer’s recommended concentration (Complete
Protease Inhibitor Cocktail, Roche Diagnostics, Penzberg,
Germany). This sample was then centrifuged at 1310 g for
10 min at 4 C. The supernatant was then assayed for the
concentrations of the various molecules. Throughout this
procedure samples were maintained on ice, and assays were
performed within 2 h of homogenization. Quantification of
each molecule was done colorometrically using a Molecular
Devices (Sunnyvale, CA, USA) SpectraMax 190 96-well plate
spectrophotometer at a temperature of 25 C. Each molecule was assayed in duplicate, and the mean of the duplicate
readings was taken as the measurement for that individual.
To quantify the total amount of free glucose plus
glycogen in each sample, we used the Glucose oxidase
method (Trinder 1969) closely following the protocol
provided by Thermo Electron (Louisville, CO, USA). We
added 75 lL of H2O containing 1 U of amyloglucosidase
to 25 lL of the supernatant. This mixture was incubated
for 1 h at 37 C to hydrolyse the glycogen into glucose.
Total glucose in the sample was then determined using the
Glucose Oxidase Method Kit (Thermo Electron) by
adding 25 lL of the resulting sample to 200 lL of the
enzymatic glucose reagent, and reading the absorbance at
500 nm after 20 min of incubation at room temperature in
the dark. To quantify the amount of only free glucose, we
followed the same procedure except that the initial 25 lL
supernatant sample was added to 75 lL of H2O without
amyloglucosidase. The difference in glucose content
between these two samples equalled the amount of glucose
stored in glycogen.
Triglyceride content of a sample was determined using
the triglycerides lipase/peroxidase method (Fossati &
Prencipe 1982; McGowan et al. 1983) closely following the
protocol provided by the Infinity Triglyceride kit of Thermo
Electron. Two point five microlitre of supernatant was
added to 125 lL of triglyceride reagent, and the absorbance
measured at 520 nm after 10 min of incubation at room
temperature in the dark. Several of the triglyceride values
were estimated to be slightly negative based on the standard
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lines converting absorbances to concentrations. We included these negative values in analyses, even though negative
amounts are not possible; remember that these values are all
measured relative to a standard curve. Analyses of data
replacing the negative values with zeroes gave identical
conclusions.
Total protein content of a sample was quantified using
the Bio-Rad (Hercules, CA, USA) protein assay based on the
Bradford method (Bradford 1976). The supernatant was
first diluted 200 times with water, and 160 lL of this diluted
supernatant was combined with 40 lL of dye reagent. The
absorbance was read at 595 nm after 15 min of incubation
at room temperature. A bovine gamma globulin standard
(Bio-Rad catalogue number 500-0005) was used to construct
standard curves.

RESULTS

Laboratory experiment

Both species grew more slowly in the presence of the Anax
predators (ANOVA, predator effect: F1,56 ¼ 36.77,
P < 0.0001; Fig. 1). Enallagma growth was more greatly
depressed (62.9%) than Ischnura (25.8%) by the dragonfly’s
presence (predator · species: F1,56 ¼ 5.15, P ¼ 0.027).
The response of molecule concentrations to predators
differed between the two species (MANOVA, predator · species: F4,53 ¼ 8.18, P < 0.0001). Triglyceride and total
protein concentrations in Ischnura larvae were similar in
the two treatments, but Enallagma larvae had less triglyceride
and total protein per unit mass in the presence of
dragonflies as compared with when they were held in

isolation (ANOVAs, predator · species terms for triglyderides, F1,56 ¼ 22.29, P < 0.001; for proteins, F1,56 ¼ 9.50,
P ¼ 0.0032; Fig. 2c–d). Glucose and glycogen levels were
not affected by exposure to predators in either species (all
P > 0.20) (Fig. 2a,b).
Field enclosure experiment

Both species had a higher mortality rate in the presence of
the dragonfly, with IschnuraÕs mortality rate being significantly higher than that of Enallagma (rmANOVA, species · contrast 1; Table 1, Fig. 3a). Mortality rates in the
absence of Anax did not differ between high density and
low density (contrast 2; Table 1). While Enallagma grew
slower at high density than at low density, this was not the
case for Ischnura (species · contrast 3; Table 1, Fig. 3b). As
a result, the two speciesÕ growth rates were similar at the low
density, but Ischnura growth rates were higher than those of
Enallagma at high density. Growth rates at high density were
not affected by the presence of the Anax predator (contrast
4; Table 1).
At the start of the experiment, molecule concentrations
were not different between the species (MANOVA, species
main effect: F4,25 ¼ 1.12, P ¼ 0.37; Fig. 2a–d), but molecule concentrations responded differently to mortality
threats in the two species (species · contrast 3; Table 1,
Fig. 4). Triglyceride and total protein concentrations in
Ischnura larvae were similar at the low-density and both highdensity treatments, but Enallagma larvae had less triglyceride
and total protein per unit mass at high density in both the
absence and presence of dragonflies as compared with when
they were held at low density (contrast 4; Table 1, Fig. 4c,d).
Glucose and glycogen levels were not different among the
treatments (Table 1, Fig. 4a,b).

0.035

DISCUSSION

Growth rate (d–1)

0.030
0.025

0.020

0.015

0.010

0.005

Enallagma
Ischnura

0.000

Isolation

+ Anax

Figure 1 Growth rate of Enallagma and Ischnura larvae in isolation
and in the combined presence of conspecific larvae and Anax
dragonfly larvae in the laboratory experiment. Means ± 1 SE are
presented.

The data from our field experiment are consistent with the
growth/predation risk trade-off (Werner & Anholt 1993)
and previous field experiments comparing survival and
growth of these two genera (McPeek 1998). In the
presence of a dragonfly predator both growth rate and
mortality rate were higher in Ischnura than in Enallagma.
Growth differences between genera were absent at low
density, but at high-density Enallagma had a much lower
growth rate than at low density, while growth rate of
Ischnura was not affected by density (Fig. 3b). Growth
differences between the genera were also observed in the
presence of a dragonfly predator in the laboratory
experiment where larvae were fed ad libitum food amounts
(see also McPeek et al. 2001; McPeek 2004). This indicates
that food limitation at high density alone cannot explain
our results (see also McPeek 1998). Damselfly larvae are
 2005 The Authors. Journal compilation  Blackwell Publishing Ltd/CNRS
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Figure 2 Mass-corrected levels of glucose
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(a), glycogen (b), triglyceride (c) and protein
(d) of Enallagma and Ischnura larvae in
isolation and in the combined presence of
conspecific larvae and Anax dragonfly larvae
in the laboratory experiment. Means ± 1 SE
are presented.

Table 1 Contrast analyses testing for differences in mortality rate, growth rate and mass-corrected levels of storage molecules among
treatment levels for Enallagma and Ischnura

Response variable

Mortality rate

Growth rate
Glucose
Glycogen
Triglycerides
Proteins

Species · Contrast

Enallagma

Ischnura

Species · Contrast

Both species

Contrast 1 (low density no Anax and high density no Anax
vs. high density with Anax)

Contrast 2 (low density no Anax vs. high
density no Anax)

10.85*
241.62***
56.65***
Contrast 3 (low density no Anax vs. high density no Anax
and high density with Anax)

0.21
4.72
Contrast 4 (high density no Anax vs. high
density with Anax)

5.58*
2.42
3.27
5.26*
9.41*

30.14***
2.61
2.87
16.83**
28.75***

0.26
0.57
1.17
0.04
0.56

0.05
0.19
3.09
0.30
1.98

0.40
1.06
4.10
0.45
2.47

When the interaction between species and the contrast was significant, contrasts are given separately per species, otherwise the joint contrast
for both species is given. Given are F-values from rmANOVAs with d.f. ¼ 1, 8.
*P < 0.05; **P < 0.01; ***P < 0.001.

cannibalistic (McPeek & Crowley 1987), and therefore
represent mortality threats to one another in addition to
the threats posed by other predators. Growth rates in the
presence of predators in these laboratory experiments are
very similar to growth rates observed in the field (McPeek
et al. 2001; McPeek 2004; this study), indicating that the
differential responses of Ischnura and Enallagma species to
 2005 The Authors. Journal compilation  Blackwell Publishing Ltd/CNRS

mortality threats is the primary cause of their growth
differences in the field.
Previous laboratory experiments showed that Ischnura
and Enallagma species ingest the same amounts of food in
both the presence and absence of predators over the
course of days (McPeek et al. 2001; McPeek 2004). In
addition, the presence of mortality threats does not
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Figure 3 Mortality rate (a) and growth rate

(b) of Enallagma and Ischnura larvae in the
different predation risk treatments in the
field enclosure experiment. Means ± 1 SE
are presented. There was no variation for the
mortality rates of Enallagma at low density in
the absence of Anax.
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(c)

(a), glycogen (b), triglyceride (c) and protein
(d) content of Enallagma and Ischnura larvae
at the start and in the different predation risk
treatments at the end of the field enclosure
experiment. Means ± 1 SE are presented.
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Figure 4 Mass-corrected levels of glucose
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Low density

negatively affect the amount of ingested food that is
assimilated (McPeek 2004). The primary difference
between the genera appears to result from differences in
what is done with this assimilated food. Enallagma species,
including the study species, show a larger reduction in the
efficiency of converting assimilated food into their own
biomass in the presence of mortality threats than Ischnura
(McPeek et al. 2001; McPeek 2004). Thus, the difference in

+ Anax

High density

Start

– Anax
Low density

– Anax

+ Anax

High density

growth between the genera must lie in the molecular
machinery they possess to process assimilated food into
the various metabolic needs.
Our laboratory and field results confirm this conclusion,
as Enallagma larvae had lower concentrations of total
proteins and triglycerides in the presence of mortality
threats than Ischnura larvae. Our total protein measures can
account for 60–70% of the total dry mass of larvae,
 2005 The Authors. Journal compilation  Blackwell Publishing Ltd/CNRS
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meaning that differences in the accumulation of mass by
larvae over the course of the experiments was primarily the
result of differences in protein accumulation. Within an
instar, damselfly larvae, like other arthropods, store amino
acids in large storage molecules (Telfer & Kunkel 1991) in
their haemolymph. We hypothesize that the presence of
mortality threats induce molecular physiological changes in
Enallagma larvae that either decrease the production rate of
these storage proteins or increase their degradation rate.
Parallel responses in other metabolic pathways may
influence triglyceride concentrations. Interestingly, concentrations of glucose and glycogen, the molecules that fuel
short-term behavioural and physiological demands were
not affected. Various stressors have been shown to elevate
haemolymph levels of neurotransmitters such as octopamine, dopamine and serotonine in insects (e.g. Woodring
et al. 1988; Adamo et al. 1995; Hirashima et al. 2000;
Gruntenko et al. 2004). These neurotransmitters are the
mediating signalling system for such physiological responses. Increased levels of these neurotransmitters cause
increased mobilization of carbohydrates and lipids into the
haemolymph (Fields & Woodring 1991; Meyer-Fernandes
et al. 2000) and are associated with decreased growth rates
(Woodring et al. 1988). Whatever the exact mechanism, the
fact that many studies have shown growth reductions in
prey animals that cannot be explained by reduced foraging
(see Introduction) suggests that predator-induced physiological responses may be widespread, and these changes
may often manifest themselves as differences in the
concentrations of critical molecules like triglycerides and
proteins. Interestingly, our results also suggest that species
may differ largely in these predator-induced physiological
responses, and that this may be linked to how they settle
the growth/predation risk trade-off.
The negative, non-consumptive effects of predation risk
on the concentrations of critical molecules may cause longterm fitness costs in the larval and adult stage. Coenagrionid damselfly larvae overwinter in their pond and
emerge the following spring. Winter survival is likely to be
dependent upon long-term energy storage (e.g. triglycerides) (Lee & Denlinger 1991), which may lead to reduced
winter survival in predator-stressed larvae. Further, lower
energy pools are likely to persist into the adult stage and
may affect survival to maturation and mating success
(Plaistow & Siva-Jothy 1996). These reductions in energy
pools are not captured by measuring typical life history
variables like age and size at emergence and therefore may
cause hidden carry over effects to the adult stage (De
Block & Stoks 2005). Predator-induced changes in
physiology that bridge the transition between the larval
and adult stage may be widespread in animals with a
complex life cycle. For example, Benard & Fordyce (2003)
showed that in larval western toads, Bufo boreas, age and
 2005 The Authors. Journal compilation  Blackwell Publishing Ltd/CNRS

size at emergence were not affected by predation risk in
the larval stage but that tadpoles reared under predation
risk had reduced post-metamorphic chemical defences,
suggesting a physiological carry-over effect from the larval
into the adult stage. As suggested by our results, such
carry-over effects may strongly differ between species that
differ in how they settle the growth/predation risk tradeoff.
A recent review showed that predator-induced plasticity
in metamorphic traits in animals with a complex life cycle
may be related to predator-induced changes in larval
morphology and behaviour and urged that future work
should incorporate more detailed studies of growth rate,
morphology, and behaviour during the larval period
(Benard 2004). Based on this study and our previous
work on this problem, we also submit that the physiological consequences of stress from various agents of
mortality may be at least as important as morphology
and behaviour to understanding patterns in both metamorphic and post-metamorphic traits within and among
species. Damselflies respond to predators and other
mortality threats by decreasing activity, but these behavioural responses cannot account for the concomitant
alterations of growth rates that are seen in the presence of
these mortality threats (McPeek et al. 2001; Stoks &
McPeek 2003b; McPeek 2004). Changes in growth are
only accountable by understanding physiological changes in
assimilation and utilization of ingested resources (McPeek
2004). Moreover, the results of the current study challenge
many current formulations of physiological models that try
to understand the population dynamic and ecosystem
function consequences of energy allocation in individual
organisms (cf. Gurney & Nisbet 2004; Kooijman et al.
2004).
ACKNOWLEDGEMENTS

We are grateful to Stefanie Slos and three anonymous
referees for comments. MDB and RS are postdoctoral
fellows of the Fund for Scientific Research Flanders (FWO).
This study was supported by FWO research grant
G.0269.04 and KU Leuven research fund OT/04/23 to
Luc De Meester and RS, and NSF grant IBN-0130021 to
MAM.
REFERENCES
Adamo, S.A., Linn, C.E. & Hoy, R.R. (1995). The role of neurohormonal octopamine during fight or flight behavior in the field
cricket Gryllus bimaculatus. J. Exp. Biol., 198, 1691–1700.
Benard, M.F. (2004). Predator-induced phenotypic plasticity in
organisms with complex life histories. Annu. Rev. Ecol. Syst., 35,
651–673.

Growth and storage responses to mortality threats 1315

Benard, M.F. & Fordyce, J.A. (2003). Are induced defenses costly?
Consequences of predator-induced defenses in western toads,
Bufo boreas. Ecology, 84, 68–78.
Boonstra, R., Hik, D., Singleton, G.R. & Tinnikov, A. (1998). The
impact of predator-induced stress on the snowshoe hare cycle.
Ecol. Monogr., 68, 371–394.
Bradford, M.M. (1976). Rapid and sensitive method for quantitation of microgram quantities of protein utilizing principle of
protein-dye binding. Anal. Biochem., 72, 248–254.
De Block, M. & Stoks, R. (2005). Fitness effects from egg to
reproduction: bridging the life history transition. Ecology, 86,
185–197.
Duvall, C.J. & Williams, D.D. (1995). Individuality in the growth of
stonefly nymphs in response to stress from a predator. Arch.
Hydrobiol., 133, 273–286.
Fields, P.E. & Woodring, J.P. (1991). Octopamine mobilization of
lipids and carbohydrates in the house cricket Acheta domesticus.
J. Insect. Physiol., 37, 193–199.
Fossati, P. & Prencipe, L. (1982). Serum triglycerides determined
colorimetrically with an enzyme that produces hydrogen peroxide. Clin. Chem., 28, 2077–2080.
Garvey, J.E., Ostrand, K.G. & Wahl, D.H. (2004). Energetics,
predation, and ration affect size-dependent growth and mortality
of fish during winter. Ecology, 85, 2860–2871.
Gruntenko, N., Chentsova, N.A., Bogomolva, E.V., Karpova,
E.K., Glazko, G.V., Faddeeva, N.V. et al. (2004). The effect of
mutations altering biogenic amine metabolism in Drosophila on
viability and the response to environmental stresses. Arch. Insect
Biochem. Phys., 55, 55–67.
Gurney, W.C. & Nisbet, R.M. (2004). Resource allocation, hyperphagia and compensatory growth. Bull. Math. Biosc., 66:1731–
1753.
Hechtel, L.J. & Juliano, S.A. (1997). Effects of a predator on prey
metamorphosis: plastic responses by prey or selective mortality?
Ecology, 78, 838–851.
Hirashima, A., Sukhanova, M.J. & Rauschenbach, I.Y. (2000).
Biogenic amines in Drosophila virilis under stress conditions. Biosc.
Biotechnol. Biochem., 64, 2625–2630.
Houston, A.I., McNamara, J.M., Hutchinson, J.M.C. (1993).
General results concerning the trade-off between gaining energy
and avoiding predation. Phil. Trans. R. Soc. Lond. B, 341, 375–397.
Kooijman, S.A.L.M., Andersen, T. & Kooi, B.W. (2004). Dynamic
energy budget representations of stoichiometric constraints on
population dynamics. Ecology, 85, 1230–1243.
Lee, R.E. & Denlinger, D.L. (1991). Insects at Low Temperature.
Chapman and Hall, New York.
Leibold, M.A. (1996). A graphical model of keystone predators in
food webs: trophic regulation of abundance, incidence, and
diversity patterns in communities. Am. Nat., 147, 784–812.
Leibold, M.A. (1998). Similarity and local co-existence of species in
regional biotas. Evol. Ecol., 12, 95–110.
Lima, S.L. (1998). Stress and decision making under the risk of
predation: recent developments from behavioral, reproductive,
and ecological perspectives. Adv. Stud. Behav., 27, 215–290.
Lima, S.L. & Dill, L.M. (1990). Behavioral decisions made under
the risk of predation – a review and prospectus. Can. J. Zool., 68,
619–640.
McGowan, M.W., Artiss, J.D., Strandbergh, D.R. & Zak, B. (1983).
A peroxidase-coupled method for the colorimetric determination of serum triglycerides. Clin. Chem., 29, 538–542.

McPeek, M.A. (1990). Determination of species composition in the
Enallagma damselfly assemblages of permanent lakes. Ecology, 71,
83–98.
McPeek, M.A. (1996). Trade-offs, food web structure, and the
coexistence of habitat specialists and generalists. Am. Nat., 148,
S124–S138.
McPeek, M.A. (1998). The consequences of changing the top
predator in a food web: a comparative experimental approach.
Ecol. Monogr., 68, 1–23.
McPeek, M.A. (2004). The growth/predation risk trade-off: so
what is the mechanism? Am. Nat., 163, E88–E111.
McPeek, M.A. & Crowley, P.H. (1987). The effects of density and
relative size on the aggressive-behavior, movement and feeding
of damselfly larvae (Odonata, Coenagrionidae). Anim. Behav., 35,
1051–1061.
McPeek, M.A. & Peckarsky, B.L. (1998). Life histories and the
strengths of species interactions: combining mortality, growth,
and fecundity effects. Ecology, 79, 867–879.
McPeek, M.A., Grace, M. & Richardson, J.M.L. (2001). Physiological and behavioral responses to predators shape the
growth/predation risk trade-off in damselflies. Ecology, 82,
1535–1545.
Meyer-Fernandes, J.R.., Gondim, K.C. & Wells, M.A. (2000).
Developmental changes in the response of larval Manduca sexta
fat body glycogen phosphorylase to starvation, stress and octopamine. Insect Biochem. Mol. Biol., 30, 415–422.
Nation, J.L. (2002). Insect Physiology and Biochemistry. CRC Press,
Washington, DC.
Noonburg, E.G. & Nisbet, R.M. (2005). Behavioural and physiological responses to food availability and predation risk. Evol.
Ecol. Res., 7, 89–104.
Perrin, N. & Sibly, R.M. (1993). Dynamic models of energy allocation and investment. Annu. Rev. Ecol. Syst., 24, 379–410.
Plaistow, S. & Siva-Jothy, M.T. (1996). Energetic constraints and
male mate-securing tactics in the damselfly Calopteryx splendens
xanthostoma (Charpentier). Proc. R. Soc. Lond. B, 263, 1233–
1239.
Pratt, T.C. & Fox, M.G. (2002). Influence of predation risk on the
overwinter mortality and energetic relationships of youngof-year walleyes. Trans. Am. Fish. Soc., 131, 885–898.
Preisser, E.L., Bolnick, D.I. & Benard, M.F. (2005). Scared to
death? The effects of intimidation and consumption in predator–prey interactions. Ecology, 86, 501–509.
Stoks, R. (2001). Food stress and predator-induced stress shape
developmental performance in a damselfly. Oecologia, 127, 222–
229.
Stoks, R. & McPeek, M.A. (2003a). Predators and life histories
shape Lestes damselfly assemblages along a freshwater habitat
gradient. Ecology, 84, 1576–1587.
Stoks, R. & McPeek, M.A. (2003b). Antipredator behaviour and
physiology determine Lestes species turnover along the pondpermanence gradient. Ecology, 84, 3327–3338.
Stoks, R., De Block, M., Van de Meutter, F. & Johansson, F.
(2005). Predation cost of rapid growth: behavioural coupling and
physiological decoupling. J. Anim. Ecol., 74, 708–715.
Telfer, W.H. & Kunkel, J.G. (1991). The function and evolution of
insect storage hexamers. Annu. Rev. Entomol., 36, 205–228.
Trinder, P. (1969). Determination of glucose in blood using glucose oxidase with an alternative oxygen acceptor. Ann. Clin.
Biochem., 6, 24–27.

 2005 The Authors. Journal compilation  Blackwell Publishing Ltd/CNRS

1316 R. Stoks, M. De Block and M. A. McPeek

Wellborn, G.A., Skelly, D.K. & Werner, E.E. (1996). Mechanisms
creating community structure across a freshwater habitat gradient. Annu. Rev. Ecol. Syst., 27, 337–363.
Werner, E.E. & Anholt, B.R. (1993). Ecological consequences of
the trade-off between growth and mortality rates mediated by
foraging activity. Am. Nat., 142, 242–272.
Woodring, J.P., Meier, O.W. & Rose, R. (1988). Effect of development, photoperiod, and stress on octopamine levels in the
house cricket, Acheta domesticus. J. Insect Physiol., 34, 759–765.

 2005 The Authors. Journal compilation  Blackwell Publishing Ltd/CNRS

Editor, Leon Blaustein
Manuscript received 12 July 2005
First decision made 18 August 2005
Manuscript accepted 13 September 2005

