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Many animals have two basic traits for avoiding being killed by a predator: behavioral modification and morphological defense.
We examined the relationship between antipredator behavior and morphological defense in larvae of three closely related
dragonfly species within the genus Leucorrhinia. The three species differ with regard to their morphological defense as expressed
in the length of the larval abdominal spines. Results showed that longer abdominal spines provided protection against an
attacking fish predator (perch) because the probability of being rejected after an attack was significantly higher in the species
with the longest abdominal spines. In contrast to other studies, the species with the strongest morphological defense did not
show the least behavioral predator avoidance. Instead, the species with intermediate morphological defense showed the least
predator behavioral avoidance. The results suggest that the Leucorrhinia system is a mixture of trait cospecialization (a positive
correlation between antipredator behavior and morphological defense) and trait compensation (a negative correlation between
antipredator behavior and morphological defense). Differences in the relationship between morphological and behavioral
defense between species might be related to abundance patterns of the three species in lakes with and without fish predators.
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To avoid predation, animals show morphological defenses
and behavioral modifications (Edmunds, 1974; Sih,

1987). Behavioral modifications to avoid predation are well
studied and include behavior such as reduced activity,
increased use of refuge, and selection of less profitable prey
(Lima, 1998; Lima and Dill, 1990). Morphological defenses
are also well studied and include crypts, armor, spines, and
chemicals (Edmunds, 1974; Tollrian and Harvell, 1999). The
interaction between morphological and behavioral defense is
however less well studied.
Given that species show both morphological and behavioral

adaptations to avoid predation, it is interesting to explore
how these two traits are related. DeWitt et al. (1999) suggested
four functional relationships between such traits: (1) trait
codependence, which occurs when traits are mechanically
linked (e.g., when behavior is dependent on a certain
morphology); (2) trait complementation, when the appropri-
ate behavior depends on morphology; (3) trait cospecializa-
tion, where prey use both types of defenses simultaneously (in
this case a positive relationship between the two traits is
expected); and 4) trait compensation, when there is a negative
relationship between traits (e.g., prey with strong morpho-
logical defense may show less antipredator behavior).
The underlying assumptions of trait compensation is that it

is energetically costly to produce and maintain morphological
defense (Lively, 1986; Pettersson and Brönmark, 1997), and
that antipredator behavior has a cost in terms reducing the
time available for gathering food (Lima, 1998), or that there is
a trade-off between morphological and behavioral defense
(DeWitt et al., 2000). Under the assumption of a limited
amount of energy available to allocate between behavioral and

morphological defenses, a negative relationship between
these two kinds of traits is expected. Animals devoting much
energy to morphological defense should be expected to
behave in a more risky manner to gain more energy. Similarly,
animals that are defended should show less behavioral
response to predators because they are safer.
More studies exploring the relationship between morpho-

logical defense and behavior are needed for two main
reasons. First, only two studies (DeWitt et al., 1999; Rundle
and Brönmark, 2001) have fully considered the four
functional relationships suggested by DeWitt et al. (1999)
between morphological and behavioral defense in response to
predators. More studies will reveal if any of these relationships
have evolved more frequently than have others. Second, no
study has investigated the relationship between closely related
species. Comparing closely related species is an intermediate
complement to the within- and between-species comparisons
that have been performed in past studies (see DeWitt et al.,
1999, Rundle and Brönmark, 2001).
Typically, distantly related species are used in these

comparative studies because distinct morphological differ-
ence among species is evident. Results have shown that species
with a less-pronounced morphological defense are more risk
averse than those with prominent morphological defense and,
hence, show trait compensation (Abrahams, 1995; McLean
and Godin, 1989; Rundle and Brönmark, 2001). However,
distantly related species also differ in many other traits apart
from morphological defense. For example, life history and
body shape could contribute to observed differences in
behavior as well. The second approach is to compare
morphological defense within a species. This is possible in
species with induced predator defense and has been used in
Daphnia (Dodson, 1988; Lüning, 1995), fish (Pettersson et al.,
2000), and snails (Rundle and Brönmark, 2001). These
studies have shown that individuals with an induced morpho-
logical defense show less antipredator behavior compared
with that of those without induced morphological defense,
again providing support for trait compensation. However,
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because defense can only be induced with predators, the
individuals with induced defenses are preconditioned to the
presence of predators. Hence, it might be impossible to
distinguish if the behavioral response observed is an effect of
precondition (learning) to predators or a response caused by
morphology per se. An alternative approach is to compare
closely related species (e.g., within the same genus) that differ
in morphological defense. This comparative method mini-
mizes the risk that other traits (other than the differences in
morphological defense) may cause the differences in behav-
ior. It might also reduce the problem of predator precondi-
tioning.
Dragonfly larvae are the top invertebrate predators in many

aquatic systems (Benke and Benke, 1975; Macan, 1975) and
provide an important food resource for many fish species
(Butler, 1989; Rask, 1986;). To avoid fish predation, they show
behavioral adaptations and morphological adaptations such
as abdominal spines (Corbet, 1999; Nilsson, 1981; Pierce,
1988). A higher activity results in a higher growth rate and
higher predation risk in dragonfly larvae ( Johansson, 2000;
McPeek, 1998; Suhling and Lepkojus, 2001).
Larvae of the genus Leucorrhinia (Odonata: Anisoptera) are

common members of many Palaearctic boreal lake commu-
nities and have similar life cycles (Askew, 1988). Although at
least L. dubia and L. rubicunda larvae show lower abundance in
lakes with fish compared with lakes without fish, species
within the genera do coexist with fish (Henrikson, 1988, 1993;

Johansson and Samuelsson, 1994). Length of abdominal
spines varies greatly among species (Westman et al., 2000)
(Figure 1), and in one species (L. dubia) there is some
indirect evidence that these spines provide protection against
predators, because fish have a longer handling time when
preying upon long-spined larvae (Johansson and Samuelsson,
1994). However, we have no direct evidence on how effective
these spines are in terms of survival of the prey. In addition,
we lack information on how the effectiveness of the
morphological defense depends on the attack properties of
the predator, for example, the direction of an attack.
Leucorrhinia larvae show behavioral adjustments in the
presence of predators, although not as strong as in other
species (Henrikson, 1988, Johansson, 1993). Hence, the
Leucorrhinia system may be appropriate for studying the
relationship between morphological and behavioral defenses.

We have two main aims with the present study. First, we
investigate whether longer spines provide protection against
an attacking fish predator, for three species of Leucorrhinia.
The three species differ in the length of the abdominal spines,
with L. rubicunda (Linneaus, 1758) having short spines, L.
dubia (Van der Linden, 1825) intermediate spines, and L.
albifrons (Burmeister, 1839) long spines (Figure 1). Second,
we analyze the relationship between morphological defense in
terms of spines and predator avoidance in terms of activity.
The purpose is to investigate which of the four relationships
between morphological and behavioral traits outlined by
DeWitt et al. (1999) fits best to our study system.

METHODS

Predation experiments

The aim of the predation experiments was to determine
whether differences in spine length among species influence
survival probabilities after an attack. Preliminary experiments
suggested three variables were likely to be important. These
were (1) probability of being rejected by the perch predator
given an attack from the front, (2) probability of being
rejected given an attack from behind, and (3) direction of last
attack (front or back attack) before being devoured. In cases
in which only one attack occurred, this attack was regarded as
the ‘‘last attack.’’ Experiments were performed in 100-l
aquaria filled with 90 l nonchlorinated tap water. No bottom
substrate or structure was used in the aquaria. Each aquarium
held four perch, which were allowed to acclimate in the
aquaria 2 weeks before the start of the experiment. During
this acclimatization period, perch were fed frozen chirono-
mids. Experiments were started by introducing a dragonfly
larvae into the middle of an aquarium. We noted the
following variables: (1) which fish caught the larvae (in-
dividual fish could easily be recognized by size and color
patterns), and all attacks that included more than one perch
were excluded; (2) whether the first attack on the larvae was
from the front or from behind, (3) whether the larva was
rejected after the first attack, because most larvae were
attacked several times before being devoured; and (4)
whether the last attack before being devoured was from the
front or behind. A total of 19 perch were used (mean size ¼
11.2 cm, range ¼ 9.7–13.4 cm). Thus, some perch were used
several times, but there was at least a week between trials of
reused perch. No perch was used more than three times for
each species to reduce learning effects, such as attack
direction (see below). Because perch might affect the survival
probability of prey (Christensen, 1996), we analyzed the effect
of perch size as well.

All larvae used in the predation experiments were
measured by their size and spine length by using a dissecting

Figure 1
Exuviae (larval skins) of the three Leucorrhinia species studied.
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microscope. Size was estimated as head width, which is the
most reliable measure of overall size in dragonfly larvae
(Benke, 1970). Spine length was measured as the distance
from the tip of the spine to the base of the spine (see
Johansson and Samuelsson, 1994). We measured lateral
spines on the abdominal segments 8 and 9, and dorsal spines
on segments 5 and 6. Because length of the spines is
correlated within an individual ( Johansson and Samuelsson,
1994), we only measured these four spines.

Behavioral experiments

The aim of the behavioral experiments was to estimate activity
differences among Leucorrhinia species in the presence and
absence of a fish predator. Although all three species coexist
in lakes in northern Sweden, it was not possible for us to find
enough larvae for the experiments from a single lake.
Consequently, we had to sample larvae from two lakes, which
allowed us to make pairwise between-species comparisons.
In May 2001 we sampled last instar L. dubia and L. albifrons

larvae from lake Mjösjön, and L. dubia and L. rubicunda larvae
from lake Täftebölesjön. These lakes are situated within
a radius of 10 km from Umeå, Northern Sweden, and contain
several fish species, including perch (Perca fluviatilis), roach
(Rutilus rutilus), and pike (Esox lucius). Dragonfly larvae in
their last instar stop feeding and reduce activity close to
emergence. We therefore avoided using individuals with
swollen wing pads, which are signs of an approaching
emergence. In addition, we checked feeding in larvae placed
in a small water-filled plastic cup (height, 55 mm; diameter, 85
mm) with 10 Daphnia magna 1 day before the experiments.
Larvae that did not eat all 10 Daphnia were not used for
activity estimates. As predators we used perch, Perca fluviatilis
L., which were collected in lakes in the vicinity of Umeå. Perch
is a natural predator on odonate larvae (Rask, 1986). Fish
were held in large plastic tanks or large aquaria when not
being used, and they were fed frozen chironomids and live
damselfly larvae.
Activity experiments were performed in plastic aquaria

(30 3 20 cm; height, 20 cm) filled with 10 l nonchlorinated
tap water. Artificial vegetation was created by fixing small
white floating plastic rope strings (length, 20 cm; diameter,
2.5 mm) to a PVC-plate mounted in the bottom of each
aquaria. The bottom substrate consisted of a 2-cm layer of fine
gravel. The rope strings were arranged in a 3 3 3-cm square
pattern, giving a total of 9 3 5 ¼ 45 rope strings in each
aquaria. Larval position was determined by using a 3 3 3-cm
grid pattern that was drawn on the front of each aquaria. Each
aquarium was divided into two compartments (size, 11 3 20
and 19 3 20 cm) by a transparent Plexiglas partition. To allow
water circulation between the compartments, nine holes
(diameter, 2 mm) had been made in the partition. The small
compartment was used to hold a predator and the large to
hold a Leucorrhinia larva. Water temperature was 20 6 1�C,

and light was provided by fluorescent light tubes with lights
on and off at 0400 and 2100 h, respectively.
Activity was estimated in the presence and absence of

predators. One hour before the start of an activity experi-
ment, one predator (when required) was introduced into the
small compartment and thereafter one larva into the large
compartment. Because of transparency and perforation of
the Plexiglas partition, the larva could get both visual and
chemical cues from the perch predator. The position of the
larvae was recorded every 10 min from 1000–1300 h.
Maximum number of moves (position changes) was thus 18.
Distance moved was not analyzed because it is well correlated
with number of moves (position changes) in odonate larvae
( Johansson, 2000). Trials were replicated 23–25 times for
each species and predator treatment. A total of eight perch
predators (size range ¼ 9.7–12.0 cm) were used; thus, some
perch we used up to four times, but there was always at least
a 3-day interval. Perch were combined randomly in experi-
ments with respect to Leucorrhinia species and perch size.

Data analysis

Behavior was analyzed with two-way ANOVAs using species
and predator treatment as factors. Because L. dubia larvae
were used from both lakes, we also performed a two-way
ANOVA on behavior of this species using lake origin and
predator treatment as factors. Because spine lengths of larva
are correlated (Johansson and Samuelsson, 1994), differences
among species in length of larval spines were analyzed with
a MANOVA. Size differences between larvae was analyzed with
a one-way ANOVA. We merged data on size and spine length
of L. dubia larvae from the two lakes in our analyses of size and
spine differences among species. The differences in size and
spine length among L. dubia populations from fish lakes is
negligible compared with differences among species and does
therefore not affect our results with regard to size and spine
length differences among species ( Johansson and Samuels-
son, 1994), and see also SE of larval size and spine length in
Table 1.
Data on attacks by perch on larvae, rejected or devoured,

are dichotomous. We therefore modeled the variance in these
response variables in generalized linear models, using bi-
nomial error distributions and logit link functions (Crawley,
1993). Our model contained species as the variable and fish
size and larval size as covariates. The effects of species, fish
size, and larval head width were tested in log-likelihood ratio
tests comparing the deviance of a model including all factors
with a model excluding the one being tested. The interaction
species 3 head width and species 3 fish size were tested by
comparing the deviance of a full model with a model
excluding the interaction term (Crawley, 1993). Because we
were not interested in the fish size 3 head width and fish
size 3 head width 3 species interactions, we did not include
these in our analysis. The dichotomous data were analyzed

Table 1

Mean head width (mm) and mean spine length (mm) of dorsal spines on abdominal segment 5 and 6
and of lateral spines on abdominal segment 8 and 9 of the three Leucorrhinia species

Species Head width D5 D6 L8 L9 n

Leucorrhinia albifrons 5.67 (0.015) 0.47 (0.009) 0.53 (0.008) 0.56 (0.011) 1.06 (0.015) 48
L. dubia 5.19 (0.019) 0.16 (0.014) 0.06 (0.011) 0.40 (0.012) 0.61 (0.017) 57
L. rubicunda 5.78 (0.026) 0.03 (0.008) 0.002 (0.002) 0.28 (0.007) 0.43 (0.010) 44

Values within parentheses are SE. n is the number of individuals used for measurement. D5 and D6
indicate abdominal segment 5 and 6, respectively. L8 and L9 indicate lateral spines on abdominal
segment 8 and 9, respectively.
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with GLIM 3.77 and all other data with StatView 5.0. We did
not consider to evaluate a lake effect in the predation experi-
ment because we could see no reason why the variables an-
alyzed should differ between lakes. We were only interested
in a morphological species effects, which is not influenced by
which lake the larvae originated from.

RESULTS

Larval size and spine length

Last instar larva differed in size among species (ANOVA; MS¼
5.17, F2,146 ¼ 253.2, p , .001) (Table 1). L. rubicunda was
significantly larger than L. albifrons, which in turn was
significantly larger than L. dubia (all p , .001, Tukey’s test).
Larval head width was not correlated with any spine length in
any of the species (p . .05 in all comparisons; L. rubicunda: r
range ¼ �0.286–0.173, L. albifrons : r range ¼ �0.060–0.066, L.
dubia: r range ¼ 0.057–0.236). We found a significant
difference in spine length among species (MANOVA; Wilk’s
k ¼ 0.026, F8,286 ¼ 184.2, p , .001) (Table 1), with L. albifrons
having the largest spines, and L. rubicunda the smallest spines.
In summary, these results show that species differ in final
instar larval size with L. rubicunda being the largest and L.
dubia the smallest. These larval size difference are not
mirrored in the size of larval spines because L. albifrons had
the largest spines and L. rubicunda the smallest.

Predation experiments

Survival probability, that is, the probability of being rejected
(spat out), was affected by the direction of perch attacks
(Tables 2 and 3). When attacked from the front, only a few
larvae were rejected after the first attack, and there was no
significant difference with regard to species or covariates (test
of full model; v2 ¼ 11.06, df ¼ 8, p ¼ .20) (Tables 2 and 3). In
contrast, significant effects were detected when larvae were
attacked from behind (test of full model; v2 ¼ 25.22, df ¼ 8,
p ¼ .0015) (Tables 2 and 3). Although the long-spined species,

L. albifrons was always rejected on the first attack when
attacked from behind; L. rubicunda, the short-spined species,
was rejected in 65% of the attacks from behind. L. dubia,
which is intermediate in spine length, was rejected in 90% of
the attacks. All larvae that were rejected after an attack were
alive as determined by movements of legs and jet propulsion.

The direction of the last perch attack before being
devoured differed significantly among the species (test of full
model; v2 ¼ 29.20, df ¼ 8, p ¼ .0003) (Tables 2 and 3). L.
albifrons was never devoured when attacked from behind. In
contrast, L. rubicunda was devoured in 28% of the attacks from
behind. Only 4% of L. dubia were devoured after an attack
from behind (Table 2).

Size of larvae (head width) did not affect the attack
variables significantly (Table 3). Fish size, however, had
a significant effect on attacks from behind and direction of
being devoured. Larger fish rejected fewer larvae when
attacked from behind, and they were less selective compared
with small fish as to whether the last attack was from the front
or behind. No significant effects of fish size were found when
fish attacked larvae from the front (Table 3).

Behavioral experiments

Lake origin had a significant effect on the larval behavior of L.
dubia (Table 4), suggesting that larvae from different lakes
might behave differently. We therefore treated each lake
separately in our analysis. In lake Mjösjön, L. albifrons larvae
were less active than were L. dubia larvae (Table 4 and Figure
2). This is in agreement with the cospecialization prediction,
which is that L. albifrons should be less active because this
species has longer spines than does L. dubia. In lake
Täftebölesjön L. dubia larvae were more active than were L.
rubicunda larvae (Table 4 and Figure 2), which is in agreement
with the trait compensation prediction.

The presence of a perch predator reduced activity of both
species from lake Mjösjön (Table 4 and Figure 2). A
significant interaction term in the ANOVA, with the long-
spined species decreasing behavior more than the short-
spined species, should support the trait compensation
mechanism. Because no interaction term was evident from
the ANOVA, we found no support for trait compensation,
which predicts that L. albifrons, which had longer spines than

Table 2

(a) Number of larvae and percentage of larvae rejected after the first
attack by perch on the three different Leucorrhinia-species when
attacked from front or from behind

Rejected

yes no % rejected

Frontal attacks

L. albifrons 6 23 20.7
L. dubia 2 33 5.7
L. rubicunda 4 14 22.2

Attack from behind

L. albifrons 19 0 100.0
L. dubia 20 2 90.9
L. rubicunda 17 9 65.4

(b) Number of larvae devoured after last attack from behind and
from the front and percentage of larvae devoured from behind

Behind Frontal
Devoured
from behind (%)

L. albifrons 0 42 0.0
L. dubia 2 51 3.9
L. rubicunda 12 31 27.9

Table 3

Results of generalized linear models of the attack direction
(front/behind) on probability of being rejected by the attacking
perch, and the direction of the last attack (front or back) by perch
on the Leucorrhinia larvae species

Source Deviance LLR df p

Attack front 68.27 — 81 —

Attack behind 59.84 — 66 —

Species — 13.27 2 .001
Head-width — 1.34 1 .24
Fish size — 8.85 1 .003
Species 3 head width — 1.74 2 .41
Species 3 fish size — 3.23 2 .20

Direction last attack 90.60 — 137 —

Species — 19.10 2 .0001
Head width — 0.01 1 .92
Fish size — 4.90 1 .03
Species 3 head width — 0.30 2 .86
Species 3 fish size — 1.70 2 .43

Larval head width and fish size are used as covariates in the model.
LLR is the value of the log-likelihood ratio test.
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does L. dubia, should reduce activity to a lesser extent in the
presence fish. Larvae from lake Täftebölesjön did not show
a strong reduction in activity in response to the presence of a
perch predator (Table 4 and Figure 2). There was, however,
a trend for a reduction in activity in the presence of perch in
L. dubia larvae (p ¼ .059, Tukey’s test) (Figure 2). Again, the
absence of a significant interaction term does not support
trait compensation, which predicts that the long-spined
species (L. dubia) should reduce its activity less in the
presence of fish compared with the short-spined species
(L. rubicunda).
In summary, these results suggest that spine length of the

three species is not correlated with general activity, because L.
dubia, which was intermediate in spine length, had a higher
activity than did both the long-spined L. albifrons and the
short-spined L. rubicunda. We did not find any support for the
commonly observed pattern that well-armored species (long-
spined) should have a lower reduction in activity in the
presence of predators than less-armored species (short-
spined).

DISCUSSION

Because longer spines provided protection against an attack-
ing fish predator, the Leucorrhinia system is a good comple-
ment to other approaches suited for testing the functional
relationships. As far as we know, the present study is one of
few studies (for another example, see De Witt et al., 1999) to
explore the four suggested functional relationships between
morphological defense and behavioral avoidance in closely
related species. Spines provided protection from predation,
and decreased activity reduces the probability of encounters
with predators. Because neither of these traits requires the
other to function in Leucorrhinia larvae, trait codependence
seems as an unlikely defense mechanism in the present study.
Similarly, neither of the traits requires the other to be
effective, and therefore, also trait complementation seems
unlikely as a defense mechanism. The results were not
consistent trait compensation, the general hypothesis that
morphological defense results in less antipredator behavior.

Although many other studies have found support for this
hypothesis (Abrahams, 1995; McLean and Godin, 1989;
Rundle and Brönmark, 2001), the longer-spined L. albifrons
did not show less strong antipredator behavior than did the
short-spined species in the present study. This was true for
activity in the presence/absence of fish as well as for the
antipredator response.
Our results suggest that the Leucorrhinia system we studied

shows a mixture of trait cospecialization and trait compensa-
tion. Had we only studied the species pair L. albifrons and L.
dubia, a positive relationship between activity and spine length
would have been found, which corresponds to trait cospe-
cialization. The species with the better morphological defense
(L. albifrons) showed the strongest antipredator behavior. In
contrast, had we studied the species pair L. rubicunda and
L. dubia, a negative relationship, which corresponds to trait
compensation would have been found. The species with poor
morphological defense showed stronger antipredator behav-
ior. Currently, we have no explanation for the pattern
observed, but our working hypothesis is related to species
abundance of Leucorrhinia in relation to fish presence/
absence in lakes. Fish do influence abundance of many
aquatic organisms (Wellborn et al., 1996), and comparative
studies on other species that differ in their abundance in lakes
with and without fish might be rewarding with regard to our
understanding of the patterns and evolution of the relation-
ship between morphological defense and antipredator
behavior.
In our study area, we have found L. albifrons in only two

lakes, which both contain fish, and we have never found it in
a lake without fish, even though we have sampled 34 lakes. In
contrast, L. dubia and L. rubicunda have much lower
abundance in lakes with fish compared with lakes without
fish (Johansson and Samuelsson, 1994, Johansson F, un-
published data). The average abundance from standardized
sweep net samples in lakes with fish (n ¼ 7) is 1.8 and 2.5 for
L. dubia and L. rubicunda, respectively, and the corresponding
figures for lakes without fish (n ¼ 9) is 13.9 and 7.2. L.
albifrons might be adapted to coexisting with fish and
therefore has long spines and a relatively low activity, that is,
it shows cospecialization, which provides protection against
fish predation. In contrast, L. dubia and L. rubicunda co-occur
with fish only occasionally, and L. dubia presumably saves the
cost of the morphological defense by being more active. In
conclusion, our results suggest that L. albifrons enhances
overall defense, whereas L. dubia tries to save the cost of using
the morphological defense, and L. rubicunda shows low

Table 4

Differences in number of moves between the species L. albifrons
and L. dubia from lake Mjösjön and L. rubicunda and L. dubia from
lake Täftebölesjön and, difference between individuals of L. dubia
from the two different lakes

Source
Mean
square df F ratio p

Lake Mjösjön

Species 231.70 1 21.85 ,.001
Treatment 88.04 1 8.30 .005
Species 3 treatment 7.34 1 0.30 .41
Error 10.60 88

Lake Täftebölesjön

Species 104.26 1 22.92 ,.001
Treatment 12.15 1 2.67 .10
Species 3 treatment 8.04 1 1.84 .18
Error 4.55 92

L. dubia from two lakes

Lakes 108.70 1 10.20 .002
Treatment 84.17 1 7.90 .006
Lake 3 treatment 8.52 1 0.80 .38
Error 10.66 88

Results of two-way-ANOVAs testing. Treatment is presence and
absence of fish.

Figure 2
Mean number of moves by larvae of three Leucorrhinia-species from
lakes Mjösjön and Täftebölesjön studied in the laboratory.
White bars are without predators and black bars with predators.
Error bars are SE, and number in the bars are n values.
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activity because it displays no morphological defense. In
addition, L. rubicunda showed no response in activity to the
presence of fish, which further strengthens our interpretation
that the species with the least morphological defense showed
the strongest fixed anti-predator behavior. However, more
experiments are needed to confirm that the low activity of
L. rubicunda is an antipredator behavior.
We would like to stress that although there were differences

in the behavior of L. dubia between lakes, the relationships
between species regarding activity does not depend on lake
origin. For example, it could be argued that larvae from lake
Täftebölesjön are less active and therefore if L. rubicunda
larvae from lake Mjösjön had been studied instead, then this
species would have been more active than was L. albifrons.
However, the relationship between L. dubia and the sympatric
species would still be the same, given that lake origin does not
affect relative activity of the species.
It could be argued that trait compensation would be the

expected relationship in the Leucorrhinia system, because this
relationship is the most commonly observed in other studies,
and several explanations could be put forward to why we did
not find trait compensation. First, larvae may differ in some
other antipredator behavior that we did not measure.
Although this might be the case, activity has been shown to
be very important for predation risk (Skelly, 1994), and hence,
any adjustment in activity should influence predation risk.
Second, the activity differences observed among species could
reflect the time left until emergence. When larvae are close to
emergence, they reduce activity, and early emerging species
should therefore show less activity. However, the order of
emergence in our three species did not reflect the behavior
pattern observed. Activity decreases in the following order: L.
dubia, L. albifrons, and L. rubicunda. The order of emergence is
L. rubicunda, L. dubia, and L. albifrons (Valle, 1938). Third,
larvae might differ in habitat choice, which in turn might
make them differentially vulnerable to predation. For
example, L. rubicunda might use a much more risky
microhabitat and therefore not behave very actively or not
show a flexible response to the presence of the predator. All
larvae were sampled within the same macrohabitat, that is, at
a depth of 0.1–0.5 m along the shoreline, but unfortunately,
we have no data on microhabitat use in the larvae of these
species. Hence, we conclude that trait compensation, as
a single explanation for our result, seems unlikely in system
we have studied.
The spines of the Leucorrhinia larvae point backward, and

therefore, their protection potentially works best when a larva
is attacked from behind. Our results suggest that the direction
of an attack is important. When a larva was attacked from the
front, species did not differ in escape probability, but when
attacked from behind, the long-spined species had a higher
escape probability. Similarly, when the long-spined L. albifrons
was devoured, it was always when it was attacked from the
front, whereas this was not the case for the other two species.
Similar results with respect to attack direction and rejection of
attacked prey have been found in stonefly larvae, which
possess stiff abdominal cerci (Otto and Sjöström, 1983).
Furthermore, the size of larvae differed between our Leucor-
rhinia species. We expected fish to have more difficulties
handling larger larvae and, hence, the survival probability of
larger larvae would be higher (Christensen, 1996). We did
not, however, find support for this pattern, which further
strengthens our suggestion that spine size is important for
survival probability in these larvae. Although all larvae in our
experiments were eventually devoured, rejected larvae in
a natural environment would have a higher probability of
escaping, because many larvae did survive their first attack.
The structural complexity in the littoral zones where

dragonfly larvae live should increase the chances of escaping
a second attack after being rejected.

Spines might also be adaptations to factors other than
predation. It has been suggested that spines provide an
advantage when larvae are moving among the vegetation
(Aguiar, 1989), act as a backstop that reduces recoil during
protraction of the labium (Nestler, 1980), or help to avoid
sinking into the substrate (Corbet, 1957). Another benefit
could be that spines help stabilize larvae during jet propulsion
in the water column. More work regarding alternative use of
these spines is certainly needed.

Trait compensation is the commonly observed response
between traits used to avoid predation (Abrahams, 1995;
DeWitt et al., 1999; Rundle and Brönmark, 2001). We are only
aware of one other study in which cospecialization has been
showed. That study showed that snails that were morpholog-
ically protected showed a stronger antipredator behavior than
less protected snails (DeWitt et al., 1999). We suggest that
cospecialization is more common than suggested from the
literature and that more examples will be found if they are
looked for. We should be able to find species or genotypes
with strong morphological defense in systems with a high
predation risk. In such systems we should also expect to find
animals with a high antipredator behavior. Hence, in such
systems animals (relative to others) might benefit from having
superior morphological defense in addition to having a strong
antipredator behavior.
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