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Predation is a key driver of phenotypic diversification with prey having evolved sets
of correlated anti-predator traits. Changes in anti-predator traits can be studied on
an evolutionary as well as on a developmental timescale. Using a common garden
setup, we studied inter- and intraspecific correlations of behavioural and morphological
defences in four damselfly species that either occur in habitats dominated by predatory
fish (fish habitats) or fishless habitats by raising larvae either with predatory fish or in a
control treatment. We found inter- as well as intraspecific trait compensation (negative
correlations) between behavioural and morphological defences. Compared to fishless
habitat species, fish habitat species invested more in behavioural defences and less
in morphological defences. This was mirrored by fish habitat species investing more in
behavioural defences and less in morphological defences when reared with predatory
fish whereas fishless habitat species invested less in morphological defences only. Our
results emphasise the role of context-specific combinations of defensive traits to avoid
predation. We suggest, considering changes in multiple correlated traits on different
timescales when studying the evolution of anti-predator traits.

Keywords: Coenagrion, defensive traits, phenotypic plasticity, predation, trait correlations

INTRODUCTION

Predators are well-known to structure phenotypic abundance and occurrence as well as to generate
species divergence (Wellborn et al., 1996; Vamosi, 2005; Schluter, 2009; Piovia-Scott et al., 2017).
In response to the strong selective impact of predation, prey evolved a multitude of defensive traits
to avoid and evade predation (Edmunds, 1974; Tollrian and Harvell, 1999). It is apparent that prey
animals typically recruit sets of correlated behavioural and morphological anti-predator traits to
avoid predation [reviewed in DeWitt and Langerhans (2003) and Bourdeau and Johansson (2012)].
Trait correlations among defensive traits have been studied in aquatic organisms like snails [e.g.,
Cotton et al. (2004), Bourdeau (2009), Brönmark et al. (2012), and Ahlgren et al. (2015)], odonates
[e.g., Mikolajewski and Johansson (2004) and Mikolajewski et al. (2010)], amphibians [e.g., Hossie
et al. (2017) and Pacheco et al. (2019)], and fish [e.g., Hulthén et al. (2014), Kern et al. (2016),
and Marshall and Wund (2017)], as well as terrestrial organisms such as moths (Vogelweith et al.,
2014), snakes (Mayer et al., 2016), and rodents (Agnani et al., 2020). Functionally and mechanically
independent behavioural and morphological defences can either be negatively (trait compensation)
or positively (trait cospecialization) correlated (DeWitt et al., 1999; DeWitt and Langerhans, 2003).
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In the case of trait cospecialization, prey applies both traits
simultaneously to enhance the overall defence. In the case of
trait compensation, prey applies only one trait, most likely to
trade-off costs of defensive traits (DeWitt et al., 1999; DeWitt and
Langerhans, 2003).

Habitats differ in occurrence of predators, resulting in well-
distinguished predator gradients (Gunzburger and Travis, 2004;
Sorace and Gustin, 2009; Renner et al., 2012; Mori and Saitoh,
2014). The expression of behavioural and morphological defences
strongly depends on the current predation regime (Laurila et al.,
2004; Relyea, 2004a; Bourdeau, 2009; Mikolajewski et al., 2010;
Marshall and Wund, 2017). Such different phenotypes could for
instance arise through developmental plasticity [i.e., intraspecific
differences; e.g., Relyea (2001), Hoverman and Relyea (2009),
and Herzog et al. (2016)] or can be the result of evolutionary
changes [i.e., interspecific differences; e.g., Mikolajewski et al.
(2006), Stoks and McPeek (2006), Langerhans (2009), and Jiang
and Mikolajewski (2018)]. In cases where closely related species
occupy different levels of the predator gradient, we are able to
study inter- and intraspecific phenotypic changes using different
predator treatments in a common garden experiment and by
this to compare developmental with evolutionary timescales
(Mikolajewski et al., 2015a).

Because different predator species exhibit distinct hunting
modes and foraging styles, selection on prey phenotypes varies
along predator gradients (Werner and McPeek, 1994; McPeek
et al., 1996; Mikolajewski et al., 2006; Stoks and McPeek,
2006; Marchinko, 2009). The freshwater predator gradient is
an excellent model system to study predator-related changes
in correlated defensive traits. Permanent freshwater habitats
exhibit a well-described predator gradient from habitats being
dominated by predatory fish (hereafter referred to as “fish
habitat”) and habitats that lack predatory fish [hereafter referred
to as “fishless habitat”; Wellborn et al. (1996)]. Because
predatory fish are highly efficient visual predators, selection on
morphological and behavioural traits in fishless habitats [that are
usually dominated by predatory invertebrates like large dragonfly
larvae, notonectids, and beetle larvae; Wellborn et al. (1996)], is
often considerably reduced in comparison to fish habitats (Stoks
and De Block, 2000; Mikolajewski et al., 2015a).

Here, we investigate correlations of behavioural and
morphological anti-predator traits in four species of the
damselfly genus Coenagrion. Two species mainly occur in fish
habitats whereas the other two species occur mainly in fishless
habitats (Kuhn and Burbach, 1998; Dijkstra and Lewington,
2006). Furthermore, previous research showed that Coenagrion
damselfly larvae can detect and respond to chemical cues of
predatory fish (Chivers et al., 1996). Thus, by rearing larvae of
all four species either with or without predatory fish, we were
able to study inter- as well as intraspecific trait correlations. As a
behavioural trait we quantified larval activity. Reducing activity
is a common strategy in damselfly larvae to avoid detection
and encounters with predatory fish (McPeek, 1990; Stoks and
Johansson, 2000; Strobbe et al., 2011), but is costly because
of reduced encounters with food and decelerated growth rate
(Stoks et al., 2005a,b; Biro et al., 2006). As a morphological
trait, we measured larval caudal lamellae size. Larval damselflies

use their caudal lamellae to evade invertebrate predators by
accelerating burst escape swimming (McPeek et al., 1996;
McPeek, 1997; Stoks et al., 1999; Stoks and De Block, 2000;
Strobbe et al., 2010). However, burst escape swimming does not
operate against predatory fish as larval burst escape swimming is
not fast enough to evade predatory fish (Convey, 1988; Stoks and
De Block, 2000; Gyssels and Stoks, 2005). As a result, damselfly
species occurring in fish habitats express smaller caudal lamellae
(McPeek, 1995; McPeek et al., 1996).

Comparing fish habitat species with fishless habitat species,
we expected that (a) fishless habitat species invest less into
behavioural defences than fish habitat species and by this
show higher activity (see above). Furthermore, we expected
that (b) fish habitat species invest less into morphological
defences than fishless habitat species, and by this, express smaller
caudal lamellae (see above). This would result in interspecific
trait compensation of behavioural and morphological defences
comparing fish habitat species with fishless habitat species.
Comparing larvae of one species raised under the fish treatment
with larvae raised under the control treatment, we expected that
(c) only fish habitat species would plastically reduce activity in
the fish treatment. Further, we expected that (d) only fish habitat
species would develop smaller lamellae in the fish treatment.
Thus, we also predicted intraspecific trait compensation of
behavioural and morphological defences within fish habitat
species but not within fishless habitat species. Prediction (c) and
(d) are based on previous findings that showed that freshwater
prey might show reduced or even lack responses to allopatric
predator species (Richardson, 2001; Stoks et al., 2003; Åbjörnsson
et al., 2004; Jiang and Mikolajewski, 2018).

MATERIALS AND METHODS

Study Organisms and Maintenance
In this study we focus on four European Coenagrion species
[Coenagrion lunulatum (Charpentier, 1840), Coenagrion
mercuriale (C., 1840), Coenagrion ornatum (Selys, 1850), and
Coenagrion pulchellum (Vander Linden, 1825)] that occupy
permanent waters (Dijkstra and Lewington, 2006). All four
species emerge in early May (Sternberg and Buchwald, 1999)
with females laying eggs during late spring and summer.
Larvae hatch approximately 2–3 weeks after oviposition. Larvae
overwinter and finish development in the following year. Species
show distinct differences with regards to predator occurrence.
Whereas C. lunulatum and C. pulchellum can dominantly
be found in small permanent ponds lacking predatory fish,
C. mercuriale and C. ornatum dominantly occupy low order
streams that contain small predatory fish species such as three-
spined sticklebacks, Gasterosteus aculeatus and European perch,
Perca fluviatilis (Sternberg and Buchwald, 1999).

To test for differences between fish habitat species and fishless
habitat species as well as the effect of presence/absence of
predatory fish on trait correlations, we reared larvae of all four
species in a full factorial experiment. Therefore, egg clutches
of all four species were collected in June 2017 following the
method described in Mikolajewski et al. (2015b) [n = 4; 4;
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7 and 8 for C. mercuriale, C. ornatum, C. pulchellum, and
C. lunulatum, respectively; sampling location for C. mercuriale
and C. ornatum: Artern (51◦43′ N, 11◦23′ E); sampling location
for C. pulchellum and C. lunulatum: Wilmersdorfer Soll (58◦86′
N, 42◦95′ E)]. Egg clutches were stored separately in opaque
plastic containers (7 × 4 × 10 cm) filled to 8 cm with aged
tap-water. All containers were kept in a climate room at 21◦C
and a day-night light cycle corresponding to beginning of June.
Larvae of all four species hatched after∼2 weeks. Larvae received
Artemia nauplii twice daily ad libitum until they were separated.
The rearing experiment took place in six black 90 L plastic
containers filled with 85 L of aged-tap-water (Mikolajewski et al.,
2008). Half of the containers contained one perch, P. fluviatilis
(body length approx. 10 cm). Perch is a well-known predator of
odonate larvae (Rask, 1986). The fish were fed dead blood worms
(Chironmidae) twice a week ad libitum. In early July 2017, we
randomly distributed larvae of one species among opaque plastic
vials (6 × 6 × 10 cm) floating in the tubs. Each tub had one
vial per species that held 20 larvae of mixed heritage at the start
of the experiment. Larval density within vials corresponded to
densities being observed in nature (Banks and Thompson, 1987).
We placed a 5× 5 cm piece of plastic gauze in each vial for larvae
to perch on. To ensure vials were floating, they were stabilised
by a ring of Styrofoam board. To ensure water exchange between
containers and vials, each vial had two circular holes (Ø 6 cm)
covered with plastic mesh (mesh width 500 µm). Thus, larvae in
the fish treatment could sense the fish by chemical cues but were
safe from predation (Ferrari et al., 2010). Containers were stored
on campus of Freie Universität Berlin. To prevent complete
freezing during winter, we stored containers from December
2017 to March 2018 in a climate room at 5◦C. Damselfly larvae
were fed ad libitum with Daphnia spec. twice a week, ensuring
that vials always held some daphnids as food. Larvae stayed in
their respective vials until the start of the behavioural assays (i.e.,
approx. 9 months). For sample sizes used in this experiment see
Supplementary Table 1.

Behavioural Assays
Behavioural assays were carried out during April and May
2018 using only larvae that had reached one of the last three
developmental instars before metamorphosis. Larvae of all
species were of similar size based on head width (F = 1.833,
DF = 3/119, P = 0.145). All behavioural trials were conducted
by the same person (MM) in a climate room at a constant
temperature of 20◦C. For the observations, we used circular
plastic bowls (Ø 15 cm). The sides of the bowls were covered
with black paper and bottoms of the bowls were roughened
with sandpaper to enable larval foraging. Bowls were placed
70 cm underneath a 20 W light bulb and filled to a height of
5 cm with water mixed from the tubs of the corresponding
treatment. Before usage in the trials, the water was sieved
through a 500 µm Nitex screen to exclude larger items. We used
separate bowls and Nitex screens for either water with or without
chemical cues from predatory fish. This way, we ensured that
water contained or lacked chemical cues by perch. 48 h before
each observation, larvae were collected from the vials and held
separately in opaque plastic cups (ø 14.5 cm, filled to a height of

5.5 cm) with water mixed from the three containers of the larvae’s
respective treatment. We fed the larvae with ten D. pulex and
only larvae that had consumed all D. pulex after the 48 h period
were used in trials.

All replicates were carried out between 10:00 and 17:00.
Ten minutes before behavioural trials, we added 25 D. pulex
as prey. After each replicate we exchanged the water and
replaced all remaining daphnids with new individuals. Each
larva was observed for 10 min. We gently introduced one larva
to the bottom of the bowl and recorded behaviour after a
brief adaptation time (30 s). The following six variables were
recorded during observations (Jiang and Mikolajewski, 2018): (i)
orientation (= total number of orientations toward prey without
advancing toward the prey); (ii) advance (=total number of
directed advances toward prey); (iii) strike (= total number of
strikes at prey with the extendable labium); (iv) capture (=total
number of successfully caught prey items); (v) walk (=total
number of walks defined by movements with contact to the
bottom but not in the direction of prey); and (vi) swim (=total
number of swims defined by movements with no contact with
the bottom but not in the direction of prey). Walk was easily
distinguishable from orient and advance because larvae would
adapt a lurking position whenever targetting a daphnid as prey.
After the trial, each larva was stored individually in 90% alcohol
for subsequent measurements (see below).

Lamellae Morphometrics
To assess differences in lamellae size, we carried out
morphological measurements of larval caudal lamellae using
a stereomicroscope (Olympus Microscope SZX16) connected
to a CCD-colour-camera (ColorView II). Damselfly larvae
possess three caudal lamellae of which the two lateral lamellae
are identical to each other. Therefore, photos of the medial
and left lateral lamellae were taken with millimetre paper as a
size reference. Subsequently, photos were analyzed using the
image processing software “ImageJ” (Abràmoff et al., 2004). We
quantified lamellae morphometrics that are likely to be related to
lamellae size (McPeek, 1995; Strobbe et al., 2009). In short, for the
two lamellae, we recorded the (i) area, (ii) perimeter, (iii) length
of major axis, (iv) the largest width perpendicular to the major
axis, (v) the distance between the upper end of the lamella base
to the lamella tip, and (vi) the distance between the lower end of
the lamella base to the lamella tip, respectively (Figure 1). Using
the same protocol, we also measured head width of each larva
to standardise the response variables for body size in subsequent
analyses (see below). All morphological variables were measured
in mm or mm2.

Statistical Analyses
All statistical analyses were performed using R 4.0.1 (R Core
Team, 2020). Prior to data analysis, we explored the data
set and did not find any unexplainable outliers (Zuur et al.,
2010). Because of multicollinearity among our variables, we
applied a principal component analysis (PCA) on the correlation
matrices for the behavioural and morphological variables, using
package “psych” (Revelle, 2017). Extracted principal components
(PCs) are orthogonal to each other and therefore uncorrelated
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FIGURE 1 | Caudal lamella of a Coenagrion larva. Marked are distances
measured for each lamella. Distances measured were (i): lamella area, (ii):
perimeter of caudal lamella, (iii): length of major axis, (iv): the largest width
perpendicular to the major axis, (v): the distance between the upper end of
the lamella base and the lamella tip, and (vi): the distance between the lower
end of the lamella base and the lamella tip. Measurements were taken using
“ImageJ” [NIH; Abràmoff et al. (2004)]. All measurements were made in mm or
mm2.

(Jolliffe, 2002). PC axes were rotated using varimax method
(McPeek, 1990). We extracted the first three PCs (Table 1)
as they had eigenvalues >1 (Jolliffe, 2002; Supplementary
Figure 1). In all subsequent analysis, we used PC scores from
the extracted PCs.

To analyse differences between habitats and treatments in
behavioural and morphological anti-predator traits, we fitted
separate linear mixed-effect models with the three PCs as
response variables, using packages “lmer4” (Bates et al., 2015)
and “car” (Fox and Weisberg, 2011). PCs were log10(x + 3)
transformed to meet normal distribution of residuals errors. As
predictor variables, we used species (C. lunulatum, C. mercuriale,
C. ornatum, or C. pulchellum) nested within habitat (fish
habitat or fishless habitat), treatment (fish or control), and the
interaction term. We added log-transformed head width as an
additive independent variable to control for body size differences
(Mikolajewski et al., 2015a, 2016) and used tub number as a
random effect to control for differences between larvae from
different tubs but of the same treatment.

RESULTS

Principal Component Analysis
The extracted PCs captured 86.1% variation of the original
data set (Table 1). PC1 (hereafter referred to as “Lamella Size”)
explained 61.3% of variation and was highly positively correlated
with the variables describing medial and lateral lamellae size
metrics (Table 1A). PC2 (hereafter referred to as “Foraging
Activity”) explained 17.7% of variation and was highly positively
correlated with the variables orient, advance, strike, and capture
(Table 1B). PC3 (hereafter referred to as “Movement Activity”)
explained 7.1% of variation and was highly positively correlated
with the variables walk and swim (Table 1C).

Interspecific Differences
Overall, lamellae of fish habitat species were smaller compared to
lamellae of fishless habitat species (Wald-χ2 = 126.789, DF = 1,
P < 0.001; Figure 2A). Foraging activity (Wald-χ2 = 5,293,
DF = 1, P = 0.021; Figure 2B) but not movement activity
(Wald-χ 2 = 2.360, DF = 1, P = 0.124; Figure 2C) was

lower in fish habitat species than in fishless habitat species.
This resulted in a pattern of trait compensation of foraging
activity with lamella size comparing fish- and fishless habitat
species. Here, fish habitat species invest in reduced foraging but
express smaller lamellae whereas fishless habitat species show
lower investment in behaviour by expressing higher foraging
activity but also exhibit larger lamellae. Within fishless habitat
species, C. pulchellum had larger lamellae than C. lunulatum and
within fish habitat species C. mercuriale had larger lamellae than
C. ornatum (Wald-χ2 = 6.916, DF = 2, P = 0.031; Figure 2A). No
other significant two- or three-way interaction has been detected
(see Supplementary Table 2).

Intraspecific Differences
Overall, in the fish treatment individuals expressed smaller
lamellae than in the control (Wald-χ2 = 9.289, DF = 1, P = 0.002;
Figure 2A) which did not differ between individuals from
fishless and fish habitats (Wald-χ2 < 0.001, DF = 1, P = 0.991;
Figure 2A). Foraging activity did not differ between treatments

TABLE 1 | The principal component (PC) loadings for the variables describing (A)
lamellae morphometrics and (B,C) behavioural variables examined in this study.

PC1 (61.3%) PC2 (17.7%) PC3 (7.1%)

(A) Lamellae Morphometrics

Area (Medial Lamella) 0.96 0.19 –0.01

Perimeter (Medial Lamella) 0.97 0.14 0.01

Length of major axis
(Medial Lamella)

0.95 0.14 0.00

Width of major axis (Medial
Lamella)

0.85 0.27 –0.06

Distance upper lamella
base to lamella tip (Medial
Lamella)

0.98 0.14 0.04

Distance lower lamella base
to lamella tip (Medial
Lamella)

0.98 0.14 0.04

Area (Lateral Lamella) 0.97 0.10 –0.01

Perimeter (Lateral Lamella) 0.98 0.07 0.01

Length of major axis
(Lateral Lamella)

0.96 0.08 0.00

Width of major axis (Lateral
Lamella)

0.91 0.21 0.02

Distance upper lamella
base to lamella tip (Lateral
Lamella)

0.97 0.07 0.03

Distance lower lamella base
to lamella tip (Lateral
Lamella)

0.97 0.07 0.03

(B) Behavioural variables associated with foraging activity

Orientation 0.15 0.89 0.03

Advance 0.20 0.84 0.08

Strike 0.14 0.78 –0.02

Capture 0.05 0.89 –0.02

(C) Behavioural variables associated with movement activity

Walk –0.06 –0.11 0.80

Swim 0.08 0.16 0.79

Given in parentheses after the PCs is the amount of variation explained by that PC.

Frontiers in Ecology and Evolution | www.frontiersin.org 4 April 2022 | Volume 10 | Article 874276

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-874276 April 19, 2022 Time: 14:11 # 5

Mühlenhaupt et al. Trait Compensation in Damselflies

FIGURE 2 | Differences in (A) PC1: Lamella Size, (B) PC2: Foraging Activity,
and (C) PC3: Movement Activity between larval damselflies of fishless habitat
species (Coenagrion lunulatum and Coenagrion pulchellum) and fish habitat
species (Coenagrion mercuriale and Coenagrion ornatum) that were either
raised with predatory fish (black circles) or in a control treatment (white
circles). Error bars correspond to standard errors.

(Wald-χ2 = 0.402, DF = 1, P = 0.526; Figure 2B) which was
the case for individuals from fishless and fish habitats (Wald-
χ2 = 0.219, DF = 1, P = 0.640, Figure 2B). However, individuals
reduced movement activity in the fish compared to the control
treatment (Wald-χ2 = 6.164, DF = 1, P = 0.013; Figure 2C), but
this was only true for individuals stemming from fish habitats
(Wald-χ2 = 4.994, DF = 1, P = 0.025; Figure 2C). This resulted
in a pattern of trait compensation of movement activity with
lamella size within fish habitat species. Here, individuals of fish
habitat species in the fish treatment, show higher investment

in behaviour by reducing movement, but also express smaller
lamellae in the presence of predatory fish. This pattern was
not present in fishless habitat species as individuals of these
species did not show reduced movement activity. No other
significant two- or three-way interaction has been detected (see
Supplementary Table 2).

DISCUSSION

Selection by predators on prey defensive traits plays a key
role in promoting the diversity of prey phenotypes [reviewed
in Langerhans (2007) and Schluter (2009)]. To avoid and/or
repel predators, prey relies on sets of correlated defensive
traits (DeWitt and Langerhans, 2003; Pigliucci, 2003; Relyea,
2004b). Here, we show that larvae of damselfly species, occurring
in fish habitats, express lower foraging activity and smaller
caudal lamellae than species from fishless habitats, resulting in
interspecific trait compensation. This pattern of trait correlation
was mirrored by intraspecific differences in individuals of fish
habitat species, expressing lower movement activity and smaller
caudal lamellae in the presence of predatory fish than in the
control whereas individuals of fishless habitat species expressed
smaller lamellae only. The convergence of developmental and
evolutionary trajectories is not surprising given the identical
selective environmental conditions, with predation being a major
driver of phenotypic appearance.

By investigating trait correlations between closely related
species, we were able to study trait correlation on an
evolutionary timescale (Mikolajewski et al., 2016; Reilly et al.,
2016; Messier et al., 2017; Coley et al., 2018). Our results
indicate interspecific trait compensation in morphological
and behavioural defences in Coenagrion species. Both trait
compensation (Abrahams, 1995; Relyea, 2000; Rundle and
Brönmark, 2001; Mikolajewski and Johansson, 2004; Vogelweith
et al., 2014) and trait cospecialization (Smith and Van Buskirk,
1995; Relyea, 2001; Mikolajewski and Johansson, 2004; Dayton
et al., 2005; Mikolajewski et al., 2010) have frequently been
reported on an interspecific level. Cospecialization is expected
when strengthening both defences is more effective in reducing
mortality caused by predation than strengthening a single defence
would be (Garcia and Sih, 2003). Conversely, compensation
is expected when enhancing one defensive trait produces a
strong defence while trading off costs for other defences
(Mikolajewski and Johansson, 2004).

It is unsurprising that in fish habitat species, lamella size is
traded-off for foraging activity. Increasing lamella size represents
an ineffective defence as larval burst escape swimming is not
fast enough to outswim predatory fish (Convey, 1988; Stoks
and De Block, 2000; Gyssels and Stoks, 2005; Strobbe et al.,
2010). Reducing foraging activity on the other hand is an
effective defence as it reduces the encounter rate with predatory
fish and predation by fish therefore imposes strong selection
on foraging activity (Werner and Anholt, 1993; Stoks and
McPeek, 2006; Strobbe et al., 2011; Jiang and Mikolajewski, 2018).
Conversely, fishless habitat species trade-off foraging activity for
lamella size. In fishless habitats, predatory invertebrates such
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as large dragonfly larvae are the main predators of damselfly
larvae (Wellborn et al., 1996; Stoks and McPeek, 2006). Most
invertebrate predators can be evaded by larval burst escape
swimming (Stoks, 1998; Bose and Robinson, 2013). Therefore,
the underlying morphological trait of burst escape swimming,
lamella size, represents an effective defence in this habitat type
and selection by invertebrate predators acts strongly on lamella
size in fishless habitat species [e.g., McPeek (1995, 1997) and
Strobbe et al. (2009)]. Investment into behavioural defences
(i.e., reducing foraging activity), however, is lower in fishless
habitat species. Reducing activity decreases encounter rates with
predators (Werner and Anholt, 1993; Stoks and McPeek, 2006;
Strobbe et al., 2011; Jiang and Mikolajewski, 2018), but carries the
cost of reduced encounter rates with food and reduced growth
rate (Stoks et al., 2005a,b; Biro et al., 2006). Increased activity
is common in freshwater prey facing invertebrate predators
compared to prey facing predatory fish [e.g., Richardson (2001),
Stoks and McPeek (2006), and Jiang and Mikolajewski (2018)].
This prey usually relies on other defensive traits, such as larger
appendages like fins or lamellae to accelerate burst escape
swimming (Wellborn et al., 1996). While these morphological
defences carry costs as well [e.g., Tollrian (1995), Van Buskirk
and Schmidt (2000), Benard and Fordyce (2003), Flenner et al.
(2009), Van Donk et al. (2011), and Vinterstare et al. (2019)],
reducing foraging activity is likely costlier [e.g., Steiner and
Pfeiffer (2009)] and fishless habitat species instead rely on lamella
size, underlying burst escape swimming, instead of reducing
foraging. Thus, differences in predator-driven selection and costs
associated with defensive traits led to this pattern of interspecific
trait compensation in Coenagrion species with fishless habitat
species trading off behavioural avoidance for larger lamellae and
vice versa in fish habitat species.

By rearing larvae of all four species either with or
without a predatory fish, we were able to study intraspecific
trait correlation mediated by developmental plasticity [e.g.,
Relyea (2001); Hoverman and Relyea (2009), and Herzog
et al. (2016)]. Interestingly, only individuals of fish habitat
species showed plastic reduction in movement activity whereas
all species plastically expressed smaller caudal lamellae in
the presence of predatory fish. This resulted in a pattern
of intraspecific trait compensation for fish habitat species
which mirrored the correlational pattern we found comparing
species from different habitat types. Conversely, no pattern
of intraspecific correlation was observed in fishless habitat
species (see below).

Our results correspond to previous work reporting that
prey species respond behaviourally to co-existing predator
species while being oblivious of allopatric predator species
[e.g., Stoks et al. (2003), Åbjörnsson et al. (2004), Jiang and
Mikolajewski (2018), and Kadye et al. (2020)], supporting
the prey naïvety-hypothesis. However, all Coenagrion species
regardless of habitat plastically reduced lamellae size in the
fish treatment, resulting in intraspecific trait compensation
in fish habitat species and no observable trait correlation in
fishless habitat species. This hints at functional and mechanistic
differences in morphological and behavioural responses to
predators. For example, Dijk et al. (2016) found that tadpoles

with reduced morphological defences (i.e., smaller tail fins)
but with no differences in behaviour were less likely to be
attacked by a predator, possibly due to the “lure effect” [see also
Crowder and Cooper (1982), Morin (1984a,b), and Robinson
et al. (1991)]. Offering an alternative explanation, Relyea et al.
(2021) showed that plasticity might evolve more quickly in
morphological defences than in behavioural defences. Likewise,
Hossie et al. (2017) found that the strength of morphological
and/or behavioural anti-predator responses in tadpoles strongly
differed with exposure to different predators and whether
predator and prey shared a co-evolutionary history or not. In the
case of Coenagrion damselfly larvae, fish habitat species increase
behavioural avoidance while saving on a morphological defence.
Conversely, fishless habitat species only save on a presumably
maladaptive morphological defence in response to a predator that
is only rarely encountered in the specific natural habitats (Kuhn
and Burbach, 1998; Dijkstra and Lewington, 2006). Thus, we
show that intraspecific correlations between anti-predator traits
may vary among species, again driven by the predator gradient
(Wellborn et al., 1996).

Our results indicate intraspecific trait compensation in
fish habitat species, contrasting previous results of a meta-
analysis by Hossie et al. (2017) on intraspecific anti-predator
trait correlation in tadpoles. Hossie et al. (2017) showed that
tadpoles most frequently cospecialise behavioural (i.e., activity
reduction) with morphological (i.e., inducing deeper or larger
tail fins) defences as a response to perceived predation risk
by predatory fish. Both prey types show similar responses
on the behavioural axis by reducing activity, most likely
because visually hunting predators such as fish are attracted
by movements (McPeek, 1990; Skelly, 1994; Wellborn et al.,
1996; Stoks and De Block, 2000; Strobbe et al., 2011).
However, they show diverging responses on the morphological
axis. Tadpoles can escape predatory fish by swimming and
thus, the underlying morphological trait: tail size, operates
against predatory fish (Teplitsky et al., 2005). Damselfly larvae,
however, cannot reach swimming speeds high enough to
escape predatory fish by relying on burst escape swimming,
and therefore, caudal lamellae size does not operate against
predatory fish in damselfly larvae (Convey, 1988; Stoks and
De Block, 2000; Gyssels and Stoks, 2005). Thus, functional
differences in morphological defences might have resulted in
diverging correlational patterns in both prey taxa with tadpoles
showing trait cospecialization and damselfly larvae showing
trait compensation.

Intriguingly, McPeek (1997) and Stoks et al. (1999) [see
also Strobbe et al. (2009) and Strobbe et al. (2010)] reported
the lack of plasticity in lamellae size in damselfly larvae of
the genera Enallagma and Lestes, contrasting to our results.
However, Black et al. (2019) reported functional plasticity in
breaking joint sizes in two Enallagma-species, by investigating
intraspecific differences driven by predator cues. Strikingly, the
studies of McPeek (1997), Stoks et al. (1999), and this study
is the experimental duration [1 week, 1 month, 9 months, for
McPeek (1997), Stoks et al. (1999), and this study, respectively;
the experimental duration in Black et al. (2019) was roughly
2 months]. Thus, experimental duration in the studies by
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McPeek (1997) and Stoks et al. (1999) might have been too short,
to induce an effect of predator presence on lamellae size in
damselfly larvae [see also DeWitt et al. (1998) and Diggle (2002)].

CONCLUSION

Phenotypic changes are frequently studied either on evolutionary
timescales (i.e., comparing populations or species) or on
developmental timescales (i.e., comparing individuals raised
under different conditions). Thereby, research might ignore the
interactive effect of natural selection and phenotypic plasticity on
shaping phenotypic diversity [e.g., Schlichting (2021)]. Moreover,
research on phenotypic changes is often limited only to single
traits while most traits with a similar function likely change in
concert and a single-trait focus could limit our understanding of
phenotypic change [e.g., DeWitt and Langerhans (2003)]. Our
research is important in linking different timescales with trait
correlations in a freshwater predator gradient. Although our
sample size was rather limited, our findings indicate that when
studying the evolution of traits, it is important to consider a
multiple timescale and trait approach to better understand how
selection drives phenotypic divergence.
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