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ABSTRACT
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BEHAVIOURS AMONG LARVAL DAMSELFLIES
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Advisor:
Dr. Beren Robinson

Heterogeneous environments play an important role in the evolution of traits when
selection is diversifying between different conditions. One response is the capacity of
individuals to beneficially adjust their phenotype to local conditions, such as different
predators. In larval Enallagma damselflies, diversifying selection from predatory
dragonfly larvae or predatory fish favours opposing traits, respectively high or low levels
of activity, and so appears to drive the adaptive divergence of anti-predator specialists.
However, little work has addressed: i) if anti-predator generalist species exist; ii) if antipredator generalist species express adaptive flexible behaviour; iii) if adaptive flexible
behaviour is influenced by prior experience with predators. I compared individual larval
behaviour in the presence of fish, dragonfly larvae, or no predators, in four Enallagma
species groups from ponds with and without fish predators. Ecological distributions
suggest variation in degree of anti-predator generalization, and this was associated with
increased responsiveness to predator treatment in the most likely ecological generalist.
Responses to predators varied across different behaviours and sometimes were shaped by
prior predation experience. Thus, a variety of adaptive strategies may have evolved to
cope with heterogeneity in predation risk in larval damselflies.
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1.0 INTRODUCTION
1.1 Environmental heterogeneity
Organisms face many challenges over their lifetime, such as variation in food
availability, predator assemblages, inter-specific competition and variation in abiotic
environmental features, all of which may affect fitness. A major concern for ecologists
studying spatial and temporal environmental heterogeneity is how it determines biotic
patterns and processes. When heterogeneity in biotic and abiotic factors influences the
abundance or distribution of predators, competitors or other species interactions, then
processes that regulate or limit populations, communities, and ecosystems may also be
influenced (Palmer and Poff 1997). Heterogeneous environments can also play an
important role in the evolution of populations by driving the adaptive divergence of
populations experiencing different conditions, or the evolution of traits that allow
individuals to adjust themselves to local conditions (Reznick and Ghalambor 2001).
Thus, understanding the causes and consequences of environmental heterogeneity can
inform us about the origins and maintenance of biodiversity.

1.2 Predation and trade-offs faced by prey
Predation risk can be variable in time or space, and failure to recognize a predator
is costly as it increases predation risk (Chivers et al. 1996). Predation is an important
interspecific interaction that influences ecology, such as community structure (Holt
1984), and is a source of strong selection that can favour the evolution of anti-predator
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traits (Abrams 2000). Many prey organisms have evolved ways of dealing with
heterogeneity in predator risk by either evolving fixed or inducible anti-predator traits
against particular predators (Relyea 2001b). Prey must first detect predators through
mechanical, visual, or chemical cues, and then evade predation by altering movement and
foraging activities, and modifying their use of habitats and shelter (Mortensen and
Richardson 2008). Employing these anti-predator strategies, however, may come at a cost
of performing some other important task that affects fitness.
Trade-offs occur when exploitation of a resource or performance on one task can
decrease performance and fitness on another task/resource (Schluter 1995). There are at
least two possibly important trade-offs related to resisting predation. First is the trade-off
between foraging activity and predation risk within environments (Lima and Dill 1990).
Reduced activity reduces feeding activity and food intake, which ultimately leads to
lower growth rates and slower development (Brodin and Johansson 2004). Species
encountering strong selection from predators, relative to selection from food limitation,
should be less active than those species that encounter stronger selective forces from
limited food resources (Richardson 2001). Second, prey organisms may experience a
trade-off in anti-predator performance between different predators. Prey may experience
trade-offs in anti-predator performance when anti-predator traits effective towards one
type of predator decrease survival in the face of another predator type. Particularly strong
predation risk trade-offs can favour the evolution of anti-predator specializations. Top
predators may segregate among communities due to direct negative interactions between
them or because of their own adaptations to heterogeneity in abiotic conditions or
differences in dispersal (McPeek 1996). This can result in community level differences
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at lower trophic levels when certain prey can coexist with particular predators by virtue
of predator-specific anti-predator defenses (McPeek 1996).

1.3 Specialists versus generalists
There are several strategies that may evolve in the face of spatial or temporal
variation in predation risk, where performance with one predator trades off against
performance with the other predator. As noted above, one solution involves maximizing
benefits by specializing in one condition and minimizing costs by avoiding the other (Van
Tienderen 1991). Alternatively, benefits and costs may be optimized among conditions
by adopting a generalist strategy, allowing use of a range of environmental conditions
(Bhagwat and Willis 2008). There are two categories of generalist strategies. A “jack-ofall-trades but a master of none” generalist is expected when a population experiences
heterogeneous environments that favour one optimal phenotype. In this situation, the
distribution of phenotypes that is maintained in the species is often intermediate between
the alternate optimal phenotypes for each ecological condition (McPeek 1996).
Alternatively, if organisms have the capacity to change their phenotype in response to
cues about local conditions, then a phenotypically plastic form may evolve, where
genotypes are capable of expressing different advantageous phenotypes depending on
local ecological conditions (Van Tienderen 1991).
Specialists and generalists can coexist in heterogeneous environments when they
have relatively similar fitness or when they reconcile trade-offs experienced in different
ways. For example, generalist crustose algae occur across all intertidal zones by having
differential abilities to survive desiccation versus engaging in competitive interactions
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with specialist algae and crustaceans that are limited to specific zones in communities on
rocky shores of New England (Lubchenco 1980). The copepod Diaptomus coloradensis
is abundant in ponds with different top predators, including salamanders, midges and
larger copepods. However, other zooplankton are forced to segregate between the
different top predators in this high-altitude pond system in the Rocky Mountains (Dodson
1970, 1974, Sprules 1972). In lakes and ponds of southeast Michigan, some larval
Libellula dragonfly taxa are anti-predator specialists and only coexist with either large
centrarchid fish or large active larval Anax dragonflies, while other Libellula taxa appear
to coexist as generalists with both these top predators (McCauley 2007, 2010).

1.4 Phenotypic plasticity
Adaptive plasticity is one mechanism allowing organisms to be ecological
generalists. Phenotypic plasticity is the ability of a single genotype to produce various
morphologies, behaviours and/or physiological states in response to changes in the
environment (West-Eberhard 1989). Plastic responses can be beneficial or not, but are
often adaptive responses to environmental heterogeneity that are maintained by natural
selection (Nylin and Gotthard 1998, Relyea 2001a). Adaptive plasticity can evolve in
populations that experience heterogeneous environments when no phenotype has superior
fitness in all conditions because of strong fitness trade-offs between environments
(Relyea 2001b). Plastic responses can be induced by heterogeneity in abiotic or biotic
conditions such as temperature, nutrients, competition and predators (Relyea 2001a).
Testing adaptive plasticity under environmental heterogeneity is a prevalent topic in
evolutionary ecology because of the ubiquity of plastic responses in many organisms to

5
local environmental conditions (e.g., Van Buskirk and Relyea 1998, Micheli 1995,
Stearns and Koella 1986).
The ideal solution to the trade-off between foraging gain, which is often a
function of activity and predation risk, is some form of unconstrained plasticity that
optimizes a response to the current environment to maximize foraging while minimizing
predation risk (Brodin 2009). An important component is to first recognize predators
(Chivers et al. 1996). In aquatic environments, chemical stimuli are a common source of
information about predators, especially when visual recognition is impaired, such as at
night or in turbid waters (Wisenden et al. 1997). Chemical cues that negatively affect the
emitter referred to as “kairomones” can come from predators, or “alarm cues” can
originate from injured conspecific or heterospecific prey (Schoeppner and Relyea 2005).
Several anti-predator behavioural or morphological responses can arise in response to
such cues. Aquatic prey can reduce activity levels, increase refuge use, reduce foraging,
or increase/decrease body length/depth measurements (Van Buskirk and Relyea 1998,
Mortensen and Richardson 2008).
Behaviour is one of the most flexible of ecologically relevant traits allowing rapid
responses to fine scale environmental heterogeneity. Behavioural responses to predator
cues are of particular interest because predation can exert very strong selection on antipredator behaviour (Relyea 2001b). For example, larval anurans reduce their activity and
alter their space use (e.g., they perform avoidance behaviours) in the presence of larval
dragonfly predators (Werner 1991, Relyea 2001a). Marine planktonic copepods exhibit
behavioural plasticity by changing their vertical distribution and diel migration in the
presence of planktivorous fish (Bollens and Frost 1991). Mayfly nymphs also exhibit
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flexible predator avoidance behaviour in the presence of minnow predators by increasing
their refuge use (Tikkanen et al. 1996).
In addition, prior experience can sometimes modify subsequent responses to
environmental cues (Chivers et al. 1996), and such modification of future behavioural
responses can reveal a deeper functional integration of behaviour representing how
environmental heterogeneity is encountered. For example, predation risk may be spatially
heterogeneous, but an individual organism may not experience that heterogeneity if they
stay in one environment. Environmental heterogeneity may only be experienced when an
organism or its progeny randomly disperse, exposing their genotype to contrasting
selection perhaps only between generations. In this case, adaptive plasticity may enhance
fitness by allowing responses to environmental heterogeneity between generations, but
plasticity may also have a cost within a generation if an organism remains flexible when
it is not necessary. Costs and limits to plasticity may be related to cognitive trade-offs
(information acquisition costs) or an incorrect response to a particular predation cue
(information reliability limit; DeWitt et al. 1998). In this case, selection may favour some
form of irreversible plasticity (such as developmental plasticity or polyphenisms) that can
strictly fix behaviour or limit the nature of behavioural responses available to the
organism when there is a high probability of staying in a particular environment. This has
the effect of reducing the costs of plasticity (Stearns 1989, Schlichting and Pigliucci
1998).
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1.5 Damselfly study system
Some damselfly larvae may face heterogeneity in predation risk that shapes their
community structure and the evolution of anti-predator traits. Coenagrionid (Odonata:
Zygoptera) damselflies are restricted to relatively permanent water bodies because they
require 10–11 months to complete the aquatic egg and larval stages of their life cycle
before they metamorphose into their terrestrial adult phase. Larval damselfly face two
different guilds of important predators. In eastern North America (from Tennessee to
Michigan and southern Ontario), centrarchid fish are the top predators of damselflies in
most ponds containing fish and active aeshnid dragonfly larvae are a dominant predator
of damselflies in ponds with no fish (Johnson and Crowley 1980, McPeek 1990a, 1990b).
In western North America, the top fish predators in ponds are no longer Centrarchidae but
instead are Esocidae and thus, the patterns seen in eastern North America for
specialization of Enallagma are not seen in western North America (M.A. McPeek,
personal communication).
How have damselflies evolved to cope with heterogeneity in predation risk?
Some Enallagma species are only found in ponds populated by fish and other species are
only found in ponds lacking fish but populated by large active dragonfly larvae (Johnson
and Crowley 1980, McPeek 1989, 1990a), suggesting that different Enallagma species
have evolved specialized anti-predator adaptations against particular predators. Ponds
with fish predators are hypothesized to be the ancestral habitat, and so species inhabiting
dragonfly ponds are thought to have been derived twice from fish-pond lineages that
invaded and adapted to coexist with large dragonfly predators that dominate ponds
lacking fish (McPeek and Brown 2000, Brown et al. 2000). These studies suggest that
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anti-predator specialization may be the primary response by larval damselflies to
heterogeneity in predation risk.
Activity is a classic target of predation selection because lowering activity levels
may enable prey to escape detection by large visual predators and thereby benefits the
individual (Lima and Dill 1990). Greater activity levels also benefit individuals by
increasing prey encounter rate and, thus, food intake, thereby improving growth rate
(Werner and Anholt 1993). For damselfly larvae, reduced activity is well suited for
evading detection by fish, but may be maladaptive against a sit-and-wait predator like
large larval dragonflies that, upon detection, are better evaded by active escape
swimming (McPeek 1990b, McPeek and Brown 2000). Thus, high and low activity may
constitute a significant fitness trade-off for damselfly larvae between fish and large
invertebrate predators. Reduced activity has evolved in Enallagma species that inhabit
ponds with predatory fish (hereafter referred to as “fish ponds”) while high levels of
activity has evolved in species inhabiting ponds without fish, where it may function in
avoiding large dragonfly predators and enhance foraging (hereafter referred to as
“dragonfly ponds”) (McPeek 1990a, 1990b, McPeek et al. 1996, Stoks et al. 2003).
Enallagma species exhibit some plastic behavioural responses to predators.
Larval damselflies from ponds with fish reduce their activity in the immediate presence
of fish and larval dragonflies, and larvae from dragonfly ponds also are reported to reduce
their activity in the presence of larval dragonfly predators (McPeek 1990b), although
variation in individual responses to predator cues have not been studied. Predator-naïve
larval Enallagma damselflies can recognize conspecific alarm cues and respond by
reducing activity, and can even learn to recognize pike predators based on predator
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kairomone cues (Chivers et al. 1996, Wisenden et al. 1997). They also respond to
predator and prey cues by reducing foraging when exposed to predators that have been
fed conspecifics or coexisting heterospecifics (Mortensen and Richardson 2008). Thus,
Enallagma damselflies appear to have some short-term capacity to identify and learn
responses to predators in their environment, but we know little about the consistency of
such responses, nor if they can evolutionarily diverge between species.
McPeek (1996) hypothesized that certain Enallagma species are anti-predator
specialists, only inhabiting either fish ponds or dragonfly ponds. Conversely, some
Ischnura larvae, the sister genus to Enallagma, are found in both fish and dragonfly
ponds (Johnson and Crowley 1980, McPeek 1990a, McPeek 1998), suggesting that
generalist anti-predator strategies may also be possible in larval damselflies. Observations
on adult Enallagma ebrium show that this species lay their eggs in both fish and
dragonfly ponds, providing the opportunity for selection to favor more generalist antipredator traits (McPeek 1989, McPeek 1990a, McGuffin et al. 2006, see Methods).
However, little effort has explicitly focused on whether larval Enallagma damselflies
vary in their ability to employ a more generalist anti-predator strategy against these two
groups of predators, and if so, whether this is achieved by beneficial plastic responses.
Here, I examine the evolution of phenotypic plasticity in anti-predator behaviours
of larval Enallagma damselflies. Where prior work has reported extensively on the
ecology and evolution of anti-predator specialist Enallagma species, little research has
evaluated whether anti-predator generalist species have evolved in this genus, and the
role that behavioural plasticity plays in the distribution and coexistence of different
damselfly species among populations that experience fish or larval dragonfly predation.

10
1.6 Hypotheses and predictions
I test four related research hypotheses about larval damselfly ecology and behaviour; one
relating to the distributions of different species of larval damselflies over a heterogeneous
predation environment among different ponds, and three related to the nature of selection
by predator types and the evolutionary responses in larval damselfly prey. Each
hypothesis is followed by the prediction tested.

Variation in anti-predator ecology: If some species are able to coexist with both fish and
dragonfly predators (anti-predator generalists), and other species are only able to coexist
with fish or dragonfly predators, but not both (anti-predator specialists), then different
Enallagma species should have distinct patterns of distributions across ponds with
different predators in these populations.

Diversifying selection by predators: If damselfly populations respond to selection on
larval damselfly behaviour that is diversifying between fish predator and dragonfly
predator environments, then the behavioural phenotypes of anti-predator fish specialists
will have diverged from anti-predator dragonfly specialists in their respective predator
environments.

Beneficial plasticity responses: If selection is diversifying between environments
favoring alternative anti-predator behaviours, then anti-predator generalists will have a
behaviour reaction norm expressing anti-predator behaviours best suited to specific local
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predation risks, such as high activity in dragonfly predation environments and low
activity in fish predation environments.

Irreversible plasticity: If variation in predation risk is experienced between generations
and larvae experience costs to plasticity within generations where predation is constant,
then plastic responses may evolve to be partially irreversible, limiting subsequent
behavioural responses to new changes in predation risk. If this is true, then individuals of
the same anti-predator generalist species groups from different predation risk
backgrounds will exhibit differences in behaviour in response to predation cues.

2.0 METHODS
2.1 Sampling odonate diversity and identifying local predation risk
Odonate species assemblages were obtained for 48 ponds sampled around the city
of Guelph, southern Ontario, Canada, between April and October 2010 (Figure 1). To
sample benthic invertebrates, a standard D-net was used along a 1-meter transect (one
sweep through the macrophyta and one sweep just above the sediment) at six sample sites
per pond. Heterogeneous transect sites (in terms of depth and presence of macrophytes)
were chosen in each pond to increase local habitat and organismal diversity. Samples
were sorted (1cm, 0.5cm, and 0.1cm sieves) and all larval damselflies greater than 0.1cm
were preserved in 70% ethanol for identification to species. The fish status of each pond
was determined by visual observation and sampling with standard minnow fish traps.
Ponds were designated as “fish ponds” if at least one fish was caught or was clearly
observed from the shore. Ponds were designated as “dragonfly ponds” if no fish were
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trapped after 100 trap hours (G.M. Edwards, unpublished manuscript). For this study,
only large fish (Centrarchidae, Ictaluridae and Salmonidae) and dragonfly (no fish) ponds
were considered.

2.2 Identification of focal damselfly species by anti-predator ecology
I selected Enallagma species identified in the published literature as having larvae
present only in fish or dragonfly ponds, and that were also abundant in the Guelph
sampling area. E. signatum Hagen 1861 is a potential fish pond species, and E. boreale
Selys 1875 and E. annexum Hagen 1861 are potential dragonfly pond species based on
prior studies (McPeek 1989, 1990a). E. ebrium Hagen 1861 and E. hageni Walsh 1863
are a possible anti-predator generalist species group found in both fish and dragonfly
ponds, based on their wide distribution in the data set from 2010 above and prior studies
(McPeek 1989, 1990a). Adults of E. ebrium can disperse far from natal ponds and adult
Enallagma damselflies do not distinguish between fish and dragonfly ponds (McPeek
1989). Evidence that adult Ischnura damselflies are found at both fish and dragonfly
ponds suggests that larvae of these damselflies are anti-predator generalists (McPeek
1990a), and the same logic applied to adult E. ebrium was used to identify these as
potential anti-predator generalists.
Some Enallagma species appear to represent a complex of possibly young species
because neither currently known larval morphological features, nor neutral diagnostic loci
of the 658bp fragment of the mitochondrial cytochrome c oxidase subunit 1 (CO1) gene
can be used to reliably distinguish all species (Turgeon and McPeek 2002; M. Reynolds,
unpublished data). Certain species could not be distinguished here, and so I grouped
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together larvae of E. boreale with E. annexum, and E. ebrium with E. hageni (McPeek
1990b, Stoks et al. 2003, Turgeon et al. 2005, Bose and Robinson 2012). Hereafter, I
refer to these two groupings and E. signatum as species groups.
To test my ecological hypothesis, I classified each pond with respect to the
presence/absence of each of the damselfly species groups above, and cross-classified the
frequency of pond presence against dominant predator type (Figure 2). Chi-square tests
tested for an association between dominant predator type (fish predator versus dragonfly
predator) and the frequency of ponds containing each damselfly species group.

2.3 Assaying individual behavioural responses to predator cues: specimen collection
and lab holding conditions
Larval damselflies for my behavioural assays were collected from three local fishpresent ponds (containing centrarchid fish), and three dragonfly ponds (containing large
active dragonflies but no fish) between September and December 2011 (Figure 1).
Sampling of each pond targeted habitats known to yield sufficient quantities of
Enallagma taxa for the behavioural studies described below. Individuals were sampled
from the edge of the pond (0.2m - 1m depth) by drawing a D-net through standing
macrophytes and along the benthic surface. Insect larvae were sorted as above and late
instars identified by the presence of wing pads of members of the three species groups (E.
ebrium/hageni, E. annexum/boreale, and E. signatum) were transported to the lab in
buckets of local pond water. In order to evaluate if prior experience with predation may
influence behavioural responses, I collected individuals of E. ebrium/hageni from both
fish and dragonfly ponds.
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Larvae of each damselfly group were given unique identification numbers and
housed individually in white plastic cups filled with 250ml of well water for a minimum
of 4 days and a maximum of 2 weeks in the lab at ambient temperatures between 18-20°C
and on a 12:12 L:D photoperiod. Larvae were fed live Daphnia spp. ad libitum up to 1-2
days before behaviour was assessed as in previous studies (McPeek 1990b, Stoks et al.
2003).

2.4 Experimental design and behavioural assays
I quantified the behaviour of individual damselfly larvae in each of three
predation treatments, using a protocol modified from McPeek (1990b) and Stoks et al.
(2003). The three treatments were: (1) a no predator control to serve as a baseline so as to
distinguish between cues that may generate responses from a known non-predator cue
treatment; (2) the presence of three Anax dragonfly predators; and (3) the presence of a
single Lepomis gibbosus sunfish.
I recorded 23 measures of behaviour (Table 1) using JWatcher version 0.9
(Blumstein et al. 2000) on individual damselfly larvae exposed to each of the three
predation treatments above during a 30 minute observation period in real time.
Behaviours scored were those evaluated by McPeek (1990b) and reflect certain classes of
larval activity, such as feeding, walking, swimming and rigid abdominal bend displays
(Dixon and Baker 1988, McPeek 1990b, Richardson and Baker 1996).
Behaviour was assessed on individuals placed in an experimental arena where
larvae could feed on live Daphnia prey, yet could detect predators by sight,
mechanoreception, and/or olfaction without risk of actual predation (Figure 3). Arenas
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were designated solely as fish, dragonfly or no predator arenas for the duration of the
study in order to avoid transferring predator cues among trials. A 25W incandescent light
bulb was suspended above each arena to simulate reduced sunlight in the habitat, and also
served to disperse live Daphnia prey within the damselfly compartment during trials. No
other light source was present.
Trials were performed between 1000 hours and 1600 hours to minimize diurnal
variation in behaviour. At 0900 hours every day, each arena was filled to a depth of
8.5cm with well water that had been aerating for at least 24 hours. Thirty minutes prior to
trial start either no predator, or 2-3 Anax dragonflies, or 1 pumpkinseed sunfish was
placed in the predator compartment. Just prior to the start of a trial, 25 live Daphnia were
placed in the damselfly compartment. Lastly, a focal larva was placed in the damselfly
compartment. Behavioural observations started as the damselfly reached the bottom of
the arena and trials lasted for 30 minutes. Each damselfly experienced one trial per day
over a consecutive 3-day period with randomized predator treatment.

2.5 Statistical analysis
I first evaluated whether, overall, all 23 behaviours combined responded to
predation treatment for each damselfly species group: E. ebrium/hageni from fish and
from dragonfly ponds, E. annexum/boreale from dragonfly ponds, and E. signatum from
fish ponds. Predation treatment effects were tested with a repeated measures multivariate
analyses of variance treating individuals as replicate blocks (one MANOVA per species
group).
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I then evaluated in more detail the effects of predation treatment and species
group on variation in four statistically uncorrelated components of behaviour (Wold et al.
1987) following McPeek (1990b). First, I performed a principal components analysis
(PCA) of the 23 transformed behaviours assessed on all larvae in all predation treatments.
I extracted the first four principal components using the correlation-based matrix because
the data spanned a large range of values (Jackson 1993). The principal components were
then rotated using the orthogonal varimax method to obtain rotated factor scores of
multivariate behaviour for each individual that were more readily interpretable against the
original behaviour measures while still remaining uncorrelated (SAS 2010). Second, I
tested each set of rotated factor scores for the effects of predator treatment (3 levels: no
predator, fish, dragonfly), species group (4 levels: E. ebrium/hageni from fish; E.
ebrium/hageni from dragonfly; E. annexum/boreale from dragonfly; E. signatum from
fish) and their interaction, nesting individual within species group with 2-factor
ANOVAs. Where necessary, the specific response of each species group to predation
treatment was also estimated using separate 1-factor repeated measures models followed
where necessary by pair-wise comparisons of treatments using Tukey’s tests.
Repeated measures MANOVAs were also used to test how prior experience with
fish versus larval dragonfly predators influenced variation in the four sets of rotated
factor scores, Separate analyses were performed on E. ebrium/hageni from fish versus
no-fish ponds.
Prior to analysis, the frequencies of each of the original 23 behaviours were
transformed to loge(Y+1) to normalize variance and make it independent of the mean
(Sokal and Rohlf 2012). Statistical analyses were performed in JMP version 9.0.2 (SAS
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2010) and two-sided tests are reported. I interpret p-values less than 0.05 as statistically
significant and p-values between 0.051 – 0.1 as approaching significance.

3.0 RESULTS
3.1 Distribution of larval Enallagma taxa over ponds with different predators
The presence of the three species groups varied among ponds with and without
fish predators, possibly indicating differences in their ability to coexist with different
types of predators (Figure 2). E. signatum was found at significantly more ponds with
fish than at dragonfly ponds (!2= 4.47, df= 1, p= 0.03). E. signatum larvae were found in
30% of fish ponds but were not found in dragonfly ponds. The frequency of ponds with
fish and no fish were roughly equal for both the E. ebrium/hageni group and the E.
annexum/boreale group (respectively, !2= 0.114, df= 1, p= 0.74; and !2= 0.15, df= 1, p=
0.70). Thus, these damselfly larvae fall into at least two categories, those that coexist with
both fish and dragonfly predators (Enallagma ebrium/hageni and Enallagma
annexum/boreale), and those specific to ponds with fish (Enallagma signatum).

3.2 General behavioural responses to predator cues
The strongest evidence of behavioural responses to predator treatment occurred
for Enallagma ebrium/hageni from fish backgrounds, followed by results that approached
significance of behavioural plasticity in E. ebrium/hageni from dragonfly backgrounds,
and no evidence for plastic behaviour in response to predator cues in either E. signatum
or E. annexum/boreale (Table 2). The absence of plastic responsiveness of all behaviours
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may reflect either that individual behaviour is non-responsive in some species groups or
that individuals within these species groups express a great variety of plastic responses.

3.3 Principal components of behavioural responses to predator cues
Different functional categories of behaviours were identified by the rotated factor
analysis. The first four rotated components collectively explained 84.6% of the variation
present in the original 23 behavioural variables (Table 3). Rotated PC 1 was positively
correlated with all variables related to swimming and weakly with the number of walks
(30.3% of variation in behaviour within and among all individuals). Rotated PC 2 was
positively correlated with feeding activity behaviours and negatively with the maximum
period of inactivity (20.1% of variation). Rotated PC 3 was strongly positively associated
with walking behaviours and negatively with the maximum period of inactivity (17.6% of
variation), and rotated PC 4 was positively correlated with rigid abdominal bend
behaviours (16.6% of variation).
There was no evidence that species groups differed in their responsiveness to
predation cues based on the results of a nested 2-factor ANOVA of each set of rotated
factor scores (species X predation interaction, all p > 0.10). However, separate analyses
of predation effects for each species group and rotated component suggested otherwise.
For example, E. ebrium/hageni from ponds with fish predators and those from ponds with
dragonfly predators both reduced feeding activity in response to fish cues by orienting
towards prey less, striking at and capturing prey less, not advancing towards prey as
often, and having longer maximum periods of time spent motionless (Figure 5; Rotated
PC2 Predation treatment: Fish ponds, F2,20 = 5.18, p = 0.01; Dragonfly ponds, F2,24 = 4.29,
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p = 0.019; other two species groups, p > 0.14). Both groups of E. ebrium/hageni also
reduced walking activity in response to fish cues (Figure 6; rotated PC3 Predation
treatment: Fish ponds, F2,20 = 6.8, p = 0.003; Dragonfly ponds, F2,24 = 6.95, p = 0.002;
other two species groups, p > 0.39). Only E. annexum/boreale reduced abdominal
bending behaviour in the presence of fish (Figure 7; rotated PC4 Predation treatment:
F2,24 = 6.24, p = 0.004; for all other species groups, p > 0.20). E. signatum showed no
significant behavioural responses to either fish or dragonfly cues for any of the four
rotated PCs (Figures 4-7; Predation, all p > 0.2), and there was no evidence that any
species group changed swimming behaviours in response to predator cues (Figure 4;
Rotated PC1, Predation, all p > 0.10).
In addition to variation among species groups in their responsiveness to predator
cues, species groups also varied in mean activity levels for swimming, feeding, walking,
and bending behaviours averaged over the three predation treatments. There was
evidence that approached significance that E. annexum/boreale exhibited lower
swimming activity than either E. ebrium/hageni from a fish background or E. signatum
(rotated PC1 species group, F3,87 = 2.57, p = 0.06; Figure 4). E. signatum displayed lower
feeding activity and higher maximum periods of time spent motionless than any other
species group (rotated PC2 species group, F3,87 = 5.90, p = 0.001; Figure 5). E.
annexum/boreale walked less and for shorter periods compared to any other species
group (rotated PC3 species group, F3,87 = 5.88, p = 0.001; Figure 6). E. ebrium/hageni
from a dragonfly background performed more abdominal bending behaviour than E.
annexum/boreale or E. ebrium/hageni from a fish background, while E. ebrium/hageni
from a fish background reduced bending behaviours compared to E. ebrium/hageni from
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a dragonfly background and E. signatum but this result only approached significance
(rotated PC4 species group, F3,87 = 2.43, p = 0.07; Figure 7).
Predation treatments also influenced mean behaviours averaged over species
groups. Behavioural acivity tended to be reduced in the fish compared to other predation
treatments for feeding (rotated PC2 Predation F2,87 = 4.53, p = 0.01), walking (rotated
PC3 predation, F2,87 = 4.38, p = 0.01), and bending behaviours (rotated PC4 predation,
F2,87 = 5.00, p = 0.0078), but not for swimming activity (rotated PC1 predation, F2,87 =
1.21, p = 0.30).

3.4 Effects of prior predation experience on behaviour in E. ebrium/hageni
There was some weak direct and indirect evidence that prior experience with fish
predation risk may influence the responsiveness of bending and walking behaviours in E.
ebrium/hageni. Larvae collected from dragonfly ponds performed the rigid abdominal
bend behaviours more than the same larvae collected from fish ponds, but this result only
approached significance (rotated PC4, species group F3,87 = 2.43, p = 0.07, Figure 7).
Also, while the behaviours of E. ebrium/hageni from fish and from dragonfly
backgrounds both declined under fish predation cues, there was stronger statistical
evidence for a response to predation treatment by E. ebrium/hageni with prior history
under fish predation (MANOVA of four rotated factors; Wilks’ ! = 0.53, F8,74 = 2.28, p <
0.0001) than those from dragonfly ponds (Wilks’ ! = 0.6, F8,90 = 3.22, p = 0.003). Finally,
there appeared to be less consistency in walking responses to predation risk among larvae
from dragonfly compared to fish backgrounds because the amount of variation among
individuals averaged over predation treatment (predation mean squared error) was 1.5
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times greater in larvae from the dragonfly compared to fish background (See Appendix A
for individual reaction norms).

4.0 DISCUSSION
This is the first study to provide evidence that some species of Enallagma
damselflies in eastern North America may be anti-predator generalists. My work also
provides insights into how they may be able to cope with spatial and temporal
heterogeneity in predation risk. My protocols also allow direct comparisons with other
studies that have led to important findings about the evolution of anti-predator behaviour
in these larval damselflies (Table 4). For example, my results confirm McPeek's (1990b)
original conclusions that some Enallagma species appear to be anti-predator specialists
and that species vary in their behavioural responses to fish and larval dragonfly predators.
However, contrary to prior evidence, species groups may vary along an ecological
continuum from anti-predator specialization to generalization because coexistence with
different predators in some cases corresponds with variation in the flexibility of
behavioural responses to different predators.

4.1 Variation in predator ecology of larval Enallagma
In the Guelph region, the E. ebrium/hageni and E. annexum/boreale species
groups appear to be anti-predator generalists, occurring in equal numbers of ponds
dominated by either fish or dragonfly predators. These results do not support the idea that
larval Enallagma species respond to heterogeneity in predation risk by only segregating
among ponds either with centrarchid fish as the dominant predator or ponds with large
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dragonfly larvae as the dominant predator in eastern North America (Johnson and
Crowley 1980, McPeek 1990b, McPeek 1995, Stoks et al. 2003). For example, E. ebrium
and E. hageni are often described as fish anti-predator specialists (McPeek 1989, Stoks et
al. 2003), but E. ebrium has been reported in ponds both with and without fish (McPeek
1989), signifying that this species may be able to coexist with both large fishes and large
dragonflies. E. ebrium/hageni larvae were found equally in both fish and dragonfly ponds
in the Guelph region of southern Ontario, suggesting that they may be anti-predator
generalists. E. annexum/boreale are also commonly described as dragonfly anti-predator
specialists (annexum was referred to as cyathigerum; McPeek 1989 and Stoks et al.
2003), but in the Guelph region larvae were only slightly more common in dragonfly
compared to fish ponds,, also suggesting some capacity to coexist in both types of ponds.
E. signatum, however, was consistently found only in fish dominated ponds here as
elsewhere, strongly suggesting that they are fish anti-predator specialists (Stoks et al.
2003). The distributions of these species groups across a heterogeneous predator pond
environment in this region may not support simple dichotomies based on classification to
specific predator types, but rather a spectrum of anti-predator ecologies bounded by
specialization for some species groups (E. signatum) and generalization for others (E.
ebrium/hageni, E. annexum/boreale).
An alternative possibility is that E. ebrium/hageni and E. annexum/boreale may
not necessarily have evolved anti-predator generalist ecologies but are instead nonfunctional or non-adaptive generalists by virtue of source-sink dynamics in a
metapopulation. For example, if E. ebrium/hageni is a fish anti-predator specialist
(McPeek 1989) then its presence in dragonfly ponds may represent a population sink
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because of immigration from more productive source populations in fish ponds (Pulliam
1988, Hermsen and Hwa 2012). The reverse may be true for E. annexum/boreale if it is a
dragonfly anti-predator specialist (McPeek 1989) because dragonfly dominated ponds
may be the source of emigrating adults who then lay their eggs indiscriminately into fish
dominated ponds. I cannot directly test for patterns of immigration/emigration with my
data set, but if this explanation were true, then I would not expect to see any consistent
association between predator distribution and trait variation along this specialistgeneralist axis. However, I do see some evidence that ecological distribution is associated
with behavioural flexibility (discussed further below) that is not consistent with a simple
source-sink population dynamic explanation.

4.2 Variation in flexibility of behaviour in response to predator cues
How can species groups with generalized anti-predator distribution coexist with
two predator guilds that appear to favour very different anti-predator strategies? There are
clear differences among these species groups with respect to their behavioural
responsiveness to predation cues. Based on the MANOVA of the 23 original behaviours,
E. ebrium/hageni from fish or dragonfly backgrounds were more flexible in their
responses to predators across all behaviours compared to either E. annexum/boreale or E.
signatum. Of the two possible generalist strategies that larval could employ, E.
ebrium/hageni appear to have evolved a flexible behavioural response to predation cues
rather than a fixed jack-of-all-trades behavioural syndrome. There are two pieces of
evidence supporting that E. ebrium/hageni is an adaptive anti-predator generalist in this
study, 1) its ecological distribution in both types of predation environments, and 2) a
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greater plastic responsiveness to predation cues than exhibited by the other species
groups, as was expected if diversifying selection between predator types has favoured
adaptive plasticity. The next question to address is the nature of the plastic responses for
each functional class of behaviours that may differentially influence risk of predation.

4.3 Behavioural responses to predator treatments
Feeding activity is one of the most important behaviours to consider under
predation risk because theory predicts very strong trade-offs between feeding and antipredator behaviour that will shape evolutionary responses to predation. In a
homogeneous, high predation risk environment, selection favours inactive foragers
because animals face stronger selection from predators than from reduced feeding
(Richardson 2001). Alternatively, under heterogeneity in predation risk, selection may
favour an intermediate level of foraging behaviour that balances the benefits of feeding
against the costs of predation, or favour modifiable behaviour depending on local
conditions of predation risk and food reward (Richardson 2001). There appears to be
evidence of some of these strategies here as explained below.
Variation in feeding behaviours (PC2) represented 20.1% of total variation in our
system suggesting that feeding is an important behaviour for these larval damselflies. I
found some evidence that some species groups showed greater plasticity in feeding
behaviours than others. E. ebrium/hageni from both fish and dragonfly ponds reduced
feeding-related behaviours in response to fish cues. This is consistent with functional
predictions about the costs and benefits of feeding activity under risk of fish predation,

25
and so suggests that the plastic foraging behaviour responses to fish predators may be
beneficial in E. ebrium/hageni.
E. signatum modified feeding behaviours the least of the four species groups in
response to predation cues and also had the lowest feeding behaviour activity across all
predation treatments among the species considered here. E. signatum is found only in
ponds with fish predators, and so selection appears to favour overall reduced feeding
behaviour (McPeek 1990b, Stoks et al. 2003).
These species groups have divergent foraging activity along a spectrum from
generally low and inflexible behaviour (E. signatum), to much more flexible feeding
responses to predation cues (E. ebrium/hageni), or between these two extremes (E.
annexum/boreale). This variation in flexibility of response to predation cues partially
parallels the observed variation in their anti-predator distribution for E. signatum and E.
ebrium/hageni but perhaps less so for E. annexum/boreale, and so suggests that variation
in feeding behaviour and its responsiveness to predation cues may be adaptive.
The variation in responses to predation cues also depended on the type of
behaviour. There were only weak differences in the mean PC scores and no differences
in the flexibility of responses to predation treatment related to swimming behaviours
between species groups in this study. McPeek (1990b) found that swimming behaviour
varied among species groups but also found little correspondence between predator
treatment and larval swimming behaviours in Enallagma. Swimming behaviour (PC1)
was more variable than other behaviours (PC2-4) in my data set but the high proportion
of variation in swimming behaviours on PC1 (30.1%) arose primarily among individuals
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within each species group rather than among species groups. Variation in swimming
behaviour primarily appears to differentiate individuals with low to no behavioural
activity from those that were more active swimmers (See Appendix A for individual
reaction norms). The absence of strong predation effects on swimming activity here and
elsewhere suggest that the fitness consequences of variation in swimming behaviours in
Enallagma under predation by fish or large larval dragonflies may be relatively minor, at
least compared to other behaviours, such as feeding, abdominal bending and walking.
The species groups also varied in the degree of plasticity in their plastic walking
behaviours (PC3) in ways that were fairly similar with their predator distributions, but
also revealed some key uncertainties about how these behaviours might affect survival
under predation. The anti-predator generalist E. ebrium/hageni from both fish and
dragonfly ponds reduced walking behaviours to fish predator cues more than E.
annexum/boreale (the other anti-predator generalist here) or E. signatum (the antipredator specialist). Reducing walking in the presence of fish predators by larvae may
reduce detection by fish predators. I expected that E. ebrium/hageni damselfly larvae
from dragonfly ponds would also reduce walking behaviour under dragonfly predation,
but it may be the case that damselflies facing dragonfly predators have less of a risk of
being detected and so perhaps enhance foraging by maintaining higher levels of walking
activity. There were also differences in mean walking behaviour averaged over predation
treatments among species groups because E. annexum/boreale performed less walking
behaviours than other species groups. Reduced walking activity here could reflect fewer
bouts of walking or shorter mean durations of walking bouts. Prior work has shown that
larval damselfly species from dragonfly ponds have shorter mean durations of walks than
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species from fish ponds, suggesting that walking in short bursts is favoured under
dragonfly predation rather than reduced walking (McPeek 1990b, Stoks et al. 2003).
Rigid abdominal bending behaviours (PC4) were moderately common, and there
was some evidence of differences in responses to predation treatments between the
species groups. E. annexum/boreale reduced rigid abdominal bending behaviour in the
presence of fish predators relative to no predators while other species groups did not.
Reducing this conspicuous behaviour in the presence of visual predators like fish may
also reduce the probability of detection and subsequent mortality. There were also mean
(elevational) differences in behaviour among species groups averaged over predation
treatments. E. ebrium/hageni from dragonfly ponds regularly performed bending
behaviours across predator treatments while E. ebrium/hageni from fish ponds only rarely
performed bending behaviours. E. annexum/boreale and E. signatum showed
intermediate levels of bending behaviours compared to E. ebrium/hageni. These resulsts
are consistent with previous studies where damselflies from fish ponds, on average,
performed bending behaviours less than damselflies from dragonfly ponds (McPeek
1990b, Stoks et al. 2003). However, a key uncertainty about the fitness consequences of
abdominal bending behaviour is revealed by E. signatum that expresses moderate levels
of rigid abdominal bending behaviours, despite being solely found in fish ponds.
Enallagma ebrium/hageni and E. annexum/boreale can both coexist in ponds with
fish or dragonfly predators and appear to express more flexible behaviour in response to
predators than E. signatum. This flexibility may influence their persistence should
predation regime change in their ponds. McPeek (1990b) suggested that larval
damselflies specialized for coexisting with dragonfly predators may face extirpation if
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fish colonized dragonfly ponds (Table 4). However, both E. ebrium/hageni and the E.
annexum/boreale from dragonfly ponds can modify some of their behaviours in response
to fish predators and also coexist with fish predators in southern Ontario. This may allow
them to persist with fish predators that colonize previously fishless ponds if modifying
behaviour reduces risk of predation by fishes and minimally impacts other important
functions such as feeding.

4.4 Modification of behaviour by prior predation experience in E. ebrium/hageni
My results show clear evidence that prior predator experience influenced some
behaviours in the anti-predator generalist species group E. ebrium/hageni. Larvae
sampled from ponds with fish predators rarely performed rigid abdominal bend displays
whereas those sampled from ponds without fish, under presumably a greater risk of larval
dragonfly predation, regularly performed abdominal bends in all predation treatments.
There are two explanations for why bending behaviour may be reduced under risk of fish
predation. First, if rigid abdominal bending behaviour is conspicuous and increases
predation risk from visual fish predators, then natural selection by fish predation may
favour individuals that irreversibly reduce their display of rigid abdominal bends.
However, the value of abdominal bending in the absence of fish but presence of larval
dragonflies is unclear. It may help rid the organism of carbon dioxide and metabolites
following a meal and so contribute to more efficient food processing (Richardson and
Baker 1996). However, such a metabolic function would also provide a second
explanation for reduced abdominal bends under fish predation. Larvae from fishdominated ponds may reduce their foraging activity in the presence of fish predators
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because of the trade-off between predation risk and foraging activity. Such a reduction in
feeding would also result in reduced frequency of abdominal bend displays in
conjunction with reduced food processing (McPeek et al. 2001). These two explanations
are not mutually exclusive. Future studies could evaluate the uncertainty around the
functional significance of rigid abdominal bends both with respect to predation risk and
food processing.
A second piece of evidence suggesting that past predation experience influences
behaviour is that E. ebrium/hageni from the fish background were more consistent in
their responses particularly to fish predators than larvae from the dragonfly background.
For example, larvae from the dragonfly background expressed more variation among
individuals in walking behaviour (PC3) than larvae from fish backgrounds, even though
larvae from both backgrounds on average tended to reduce walking behaviour in response
to fish predators. This suggests that E. ebrium/hageni may learn to cope with fish
predators by altering their walking behaviour. Predation by fish is thought to impose
stronger selection on larval damselflies than selection from larval dragonfly predators,
because damselfly larvae can potentially escape an attacking larval dragonfly more easily
than an attacking fish because of the size and speed advantage of the fish (McPeek
1990b, Stoks et al. 2003). Performing noticeable and prominent behaviours like walking
in the presence of dragonflies is likely not as risky as it would be in the presence of fish
that select for inconspicuousness and vigilance (McPeek 1990b). Reducing conspicuous
behaviours in the immediate presence of dragonfly larvae is advantageous, but increasing
activity in order to obtain food when there is no immediate predation threat can also
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increase fitness especially when resources are limited and competition among larvae is
high (Dixon and Baker 1988).
These differences in the behaviour of E. ebrium/hageni from fish and dragonfly
ponds suggest that larval damselfly behaviour is influenced by prior experience. Larval
Enallagma have some capacity to learn: for example, larval E. boreale can learn to
recognize chemical cues from pike fed on damselflies and to associate these cues to
injured conspecifics (Chivers et al. 1996, Wisenden et al. 1997). This contrasts with
conclusions reached by McPeek (1990b) and Stoks et al. (2003), who suggested that
learning was not a significant factor of the behavioural responses by larval Enallagma
from dragonfly ponds as these species went extinct when fish became established.
An alternative is that differences in behaviour between E. ebrium/hageni from
fish and larval dragonfly backgrounds could reflect the differential selection by fish and
dragonflies for behavioural phenotypes that reduce predation by these different predators;
individuals performing conspicuous behaviours in fish populations may have been eaten
and so removed from the population before sampling. To distinguish learning from the
effects of selection by different predators requires manipulating E. ebrium/hageni from
dragonfly backgrounds by exposing some to risk of fish predation to see if experience
with fish permanently changes the behaviour of the individual.

4.5 Canalization of behaviour in Enallagma signatum
Canalization is the evolutionary loss of the capacity of organisms to develop
different phenotypes in different environments (Waddington 1942, Edgell et al. 2009).
Overall, E. signatum was the least behaviourally flexible species group in this study,
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suggesting that its behaviour is more canalized than that of the other species. However,
canalization may not be uniform across all behaviours. E. signatum was strongly
canalized in its swimming, feeding and walking behaviours, but there was greater
variation in rigid abdominal bending behaviours (PC3) between the no-predator control
and the dragonfly treatment. This suggests that some behaviours can be expressed and
evolve independently of others, and that the evolution of canalization/flexibility will be a
function of how each trait influences fitness and the genetic architecture connecting
different traits.

5.0 CONCLUSION
Organisms live in habitats that are often heterogeneous in space and time for
many features that may affect their ability to grow, survive and reproduce successfully.
Environmental heterogeneity is common in natural environments. Ecologists and
behavioural biologists seek to understand the effects of this heterogeneity on individuals,
populations and communities. Prey organisms are frequently exposed to differences in
predation risk throughout their lives or across generations (Orizaola et al. 2012). There
are several strategies that prey can use to cope with heterogeneity in predators. One
strategy is to become specialized in behaviour for one type of predator and avoid other
types of predation risk. Another strategy is to become a generalist, with anti-predator
defenses that are sufficiently effective against different predators. This can be
accomplished by flexibly expressing phenotypes that coincide with the local predation
environment (Van Tienderen 1991, McPeek 1996). I found evidence that larval
damselflies use both of these strategies. Enallagma signatum is found only in ponds with
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fish as the top predator and is relatively inflexible in its behaviour. E. annexum/boreale is
found in roughly equal proportions in fish-dominated ponds and dragonfly-dominated
ponds and is somewhat flexible in its behaviour. E. ebrium/hageni is found in equal
proportions in fish and dragonfly predator environments and is quite flexible in its
behaviour.
My study also reveals variation among species in the flexibility of behaviour in
response to predation cues, and that this varies across all behaviours consistently with the
degree of anti-predator generalization, as expected if flexible behavioural responses are
adaptive. However, a more fine-scaled analysis reveals that the flexibility of behaviour
depends somewhat on the type of behaviour considered, so that one species is not always
the most (or least) flexible across all behaviours. This suggests that behaviours
influencing anti-predator function may be under stronger selection than those that do not
influence larval survival, and so may evolve to be more flexible or less flexible than other
behaviours. Predicting which behaviours evolve to become more flexible or less flexible
in species experiencing a heterogeneous environment likely requires that the functional
and fitness consequences of these behaviours must be understood with respect to each
predator type. While we know that anti-predator behaviour has evolutionarily diverged
among damselfly species groups, we are now finding evidence that diversifying selection
imposed by different predators may also drive the evolution of differences in the
flexibility of those behaviours.
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7.0 TABLES
Table 1. Description of 23 behavioural variables recorded during 30 minute observation
periods for individual larval Enallagma damselflies from four species groups. Modified
from McPeek (1990b).
Behaviour Name
WALKNUM
WALKTOT
WALKMEAN
WALKMAX
SWIMNUM
SWIMTOT
SWIMMEAN
SWIMMAX
ENDSTOT
ENDSMEAN
ENDSMAX
ORIENT
ADVNUM
ADVTOT
ADVMEAN
ADVMAX
STRIKE
CAPTURE
INACTIVE
RABNUM
RABTOT
RABMEAN
RABMAX

Description
Number of walks
Total time spent walking
Mean duration of walks
Maximum duration of a walk
Number of swims
Total time spent swimming
Mean duration of swims
Maximum duration of a swim
Total time spent motionless following swims
Mean duration of motionless periods following swims
Maximum duration of a motionless period following a swim
Number of orientations of the head or body toward prey
Number of advances toward prey
Total time spent advancing toward prey
Mean duration of advances toward prey
Maximum duration of an advance toward prey
Number of unsuccessful strikes at prey with labium
Number of prey captured
Duration of longest motionless period
Number of rigid abdominal bend displays
Total time spent performing rigid abdominal bend displays
Mean duration of rigid abdominal bend displays
Maximum duration of a rigid abdominal bend display

39

Table 2. Results from separate repeated measures MANOVAs of the 23 behaviours for
each species group testing the effect of predation treatment. Wilks’ Lambda is a measure
of the proportion of the variation in behaviour not explained by predation treatment. E.
ebrium/hageni from fish predator environments respond to predation treatment whereas
the other species groups do not appear to respond to predation treatment.
Species Group
F-Value Degrees of
Wilks’
P-Value
Freedom
Lambda
E. ebrium/hageni fish
1.83
46, 36
0.09
0.03*
E. ebrium/hageni dragonfly
1.52
46, 52
0.18
0.07
E. annexum/boreale
1.26
46, 52
0.22
0.21
E. signatum
0.86
46, 32
0.20
0.69
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Table 3. Correlations between the rotated principal components and the original log
transformed behaviours from the principle components analysis. Bolded values represent
correlations of 0.4 or larger, regardless of sign. The total amount of variation explained
by the four principal components is 84.6%. The amounts of variation explained by each
principal component after rotations are as follows: Swimming 30.3% (PC1), Feeding
20.1% (PC2), Walking 17.6% (PC3), and Bending 16.6% (PC4).
Ln(Behaviour +1)
PC 1
PC 2
PC 3
PC 4
LnWalknum1
0.412
0.115
0.780
0.119
LnWalktot1
0.228
0.054
0.943
0.091
LnWalkmean
0.086
0.008
0.920
0.055
LnWalkmax1
0.142
0.023
0.941
0.059
LnSwimnum1
0.911
0.020
0.152
-0.036
LnSwimtot1
0.986
-0.012
0.141
-0.041
LnSwimmean1
0.983
-0.019
0.135
-0.040
LnSwimmax1
0.985
-0.016
0.138
-0.041
LnEndstot1
0.986
-0.015
0.124
-0.039
LnEndsmean1
0.979
-0.021
0.117
-0.038
LnEndsmax1
0.984
-0.020
0.120
-0.038
LnOrient1
-0.033
0.685
0.350
0.101
LnAdvnum1
-0.021
0.901
0.031
0.048
LnAdvtot1
-0.026
0.951
-0.079
0.021
LnAdvmean1
-0.026
0.910
-0.115
0.011
LnAdvmax1
-0.027
0.926
-0.105
0.016
LnStrike1
0.133
0.666
0.324
0.050
LnCapture1
-0.130
0.515
0.347
0.118
LnInactive1
-0.193
-0.443
-0.520
-0.180
LnRabnum1
-0.076
0.079
0.082
0.903
LnRabtot1
-0.048
0.068
0.094
0.990
LnRabmean1
-0.038
0.060
0.094
0.972
LnRabmax1
-0.042
0.067
0.095
0.982
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Table 4. Comparison of conclusions about larval Enallagma anti-predator ecology and
behavioural responses to predators from prior studies (McPeek 1990b, Stoks et al. 2003)
with this study. E. sig is E. signatum, E. a/b is E. annexum/boreale, and E. e/h fish and E.
e/h dragonfly are E. ebrium/hageni from fish and dragonfly backgrounds. More species
were studied (and then grouped together as dragonfly or fish pond damselflies) in the
prior studies than those species focused upon in my study, and thus, direct taxa
comparisons are not possible in some cases.
Conclusions from prior studies
Conclusions in this Study
1. E. e/h = fish specialist
1. E. e/h = generalist
E. a/b = dragonfly specialist
E. a/b = generalist
E. sig = fish specialist
E. sig = fish specialist
2. Damselflies that are specialists in fish
ponds respond to both fish and dragonfly
predators

2. Damselflies that are specialists in fish
ponds (E. sig) do not respond to predators
(canalized in their behaviour)

3. Damselflies that are specialists in
dragonfly ponds respond only to dragonfly
predators

3. E. e/h from dragonfly ponds and E. a/b
respond only to fish predators

4. Damselflies that are specialists in fish
ponds were much less active overall than
ones from dragonfly ponds

4. Damselflies that are specialists in fish
ponds (E. sig) were much less active
overall than ones from dragonfly ponds

5. Damselflies that are specialists in
dragonfly ponds should be eradicated when
in presence of fish

5. Damselflies found in dragonfly ponds
(E. e/h and E. a/b) can flexibly respond to
fish

6. Damselflies that are specialists in
dragonfly ponds perform bending
behaviours more than damselflies that are
specialists in fish ponds

6. Damselflies that are found in dragonfly
ponds (E. e/h from dragonfly ponds)
performed bending behaviours more than
damselflies that are found in fish ponds (E.
e/h from fish ponds).
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8.0 FIGURES

Figure 1. Map of Guelph, Ontario and the surrounding area depicting 48 ponds sampled
for abundance of Odonate larvae in 2010. The yellow pins represent the 6 ponds sampled
for damselfly larvae in 2011 and used to assay individual behaviour.
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Figure 2. Percent frequency of presence in fish and dragonfly ponds for each species.
The total number of ponds sampled was 35 (fish n =13; dragonfly n=22). Asterisk
denotes significant difference between relative percent frequencies between ponds types
(Chi-Square; p < 0.05). Numbers in brackets over bars indicate the actual number of
ponds in which each species was found out of 13 (for fish ponds) and 22 (for dragonfly
ponds).

44

a)

b)
OR

Predator
OR

+ 25 Daphnia
Figure 3. Experimental arena used to observe larval damselfly behaviour. Plexiglass
containers measured 34.5 cm long x 24.0 cm wide x 12.5 cm deep. Focal damselfly and
Daphnia prey were placed in a 10.0 x 10.5 cm inner compartment against the front wall.
Predators were free to move in the U-shaped outer compartment. A 2 x 2 cm hole covered
with 0.5-mm mesh Nitex screen allows movement of water between the predator and
larval damselfly compartments (red dotted line in panel b) and pointed to in panel a).
Panel a) shows the front side view, and panel b) shows the view from above. Organisms
are not to scale.
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Figure 4. Mean rotated PC1 score related to swimming activity for each of the four
species groups in each of three predation treatments. E. sig is E. signatum, E. a/b is E.
annexum/boreale, and E. e/h fish and E. e/h dragonfly are E. ebrium/hageni from fish and
dragonfly predator environments, respectively. Lighter lines and no fill in marker indicate
species groups from dragonfly predation backgrounds. Darker lines and filled markers
indicate species groups from fish predation backgrounds. Different marker shapes
represent different species groups. Data are means ± 1 SE.
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Figure 5. Mean rotated PC2 score related to feeding activity for each of the four species
groups in each of three predation treatments. E. sig is E. signatum, E. a/b is E.
annexum/boreale, and E. e/h fish and E. e/h dragonfly are E. ebrium/hageni from fish and
dragonfly predator environments, respectively. Lighter lines and no fill in marker indicate
species groups from dragonfly predation backgrounds. Darker lines and filled markers
indicate species groups from fish predation backgrounds. Different marker shapes
represent different species groups. Data are means ± 1 SE.
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Figure 6. Mean rotated PC3 score related to walking activity for each of the four species
groups in each of three predation treatments. E. sig is E. signatum, E. a/b is E.
annexum/boreale, and E. e/h fish and E. e/h dragonfly are E. ebrium/hageni from fish and
dragonfly predator environments, respectively. Lighter lines and no fill in marker indicate
species groups from dragonfly predation backgrounds. Darker lines and filled markers
indicate species groups from fish predation backgrounds. Different marker shapes
represent different species groups. Data are means ± 1 SE.
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Figure 7. Mean rotated PC4 score related to rigid abdominal bending activity for each of
the four species groups in each of three predation treatments. E. sig is E. signatum, E. a/b
is E. annexum/boreale, and E. e/h fish and E. e/h dragonfly are E. ebrium/hageni from
fish and dragonfly predator environments, respectively. Lighter lines and no fill in marker
indicate species groups from dragonfly predation backgrounds. Darker lines and filled
markers indicate species groups from fish predation backgrounds. Different marker
shapes represent different species groups. Data are means ± 1 SE.
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APPENDIX A. Variation in Individual Responses to Predation Treatment Among the
Four Species Groups.
Goal: To show the amount of variation in responsiveness to predation treatment by the
individuals in each species groups.
Description of Data: I plotted the rotated factor scores obtained from the behavioural
assays for each individual damselfly. Each figure shows the variation among individuals
in their reaction norms across the three predator treatments. A single line represents the
response of each individual’s behaviour in the no-predator treatment, the dragonfly
treatment and the fish treatment. Each set of four graphs represents the four rotated
principal components: Swimming (PC1), Feeding (PC2), Walking (PC3), and Bending
(PC4). For each set of graphs Figure a) represents E. signatum individuals (n=20), Figure
b) represents E. annexum/boreale individuals (n=25), Figure c) shows E. ebrium/hageni
individuals from fish ponds (n=21), and Figure d) shows E. ebrium/hageni individuals
from dragonfly ponds (n=25).
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