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A functional understanding of how phenotypic traits may affect growth,

reproduction and survival is necessary to understand their ecological and evolutionary
consequences. Larval dragonflies (Odonata: Anisoptera) swim using jet propulsion,
likely controlled by abdominal traits and perhaps to escape fish predators. I investigated
whether abdominal morphology explains swimming performance and if either explains
the distribution of larvae among ponds that vary in predation risk. I recorded and
measured the swimming performance of dragonflies responding to simulated attack and
tested relationships with abdominal traits expected to influence jet thrust force
generation. Variation in swimming performance was explained by abdomen dry weight,
ventral surface area, and abdominal segment 10 width across genera as hypothesized.
High-performance dragonflies were more likely to occur in ponds containing predatory
fish. This is the first investigation of the morphology responsible for jet propulsion, and
the relationship between swimming performance and larval dragonfly ecology.
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INTRODUCTION
!

When I began researching complex phenotypic traits and predator-prey

interactions in dragonflies, I found myself drawn in by the concept of the flexible
phenotype and how it related to morphological defences against fish predation. I soon
realised, though, that there was a missing link in our understanding of larval dragonfly
ecology. It is standard practice in ecology to link morphological diversity to ecological
complexity (Wainwright & Reilly 1994). Often missing is the specific causal structure
between morphology and ecology, a gap that a functional morphology framework fills by
relating an organismʼs mechanical performance (e.g. locomotary ability, feeding
potential) to its ecological performance (e.g. resource use, predator avoidance, finding
mates). Morphology sets the limits on mechanical performance, which sets limits on the
ecological performance that defines an organismʼs ecology (Arnold 1983; Wainwright &
Reilly 1994). For example, an ostrich has small wings and a large body (morphology),
so is unable to fly like other birds (mechanical performance), and thus cannot exploit
ecological niches that require flight (ecological performance).
!

These causal links between phenotype, mechanical performance, and ecological

performance are important to recognise because ecological research has previously
worked in the reverse, predicting that an organismʼs morphology is related to its
ecology, and has usually assumed a strong link between morphology and mechanical
and ecological performance (Wainwright & Reilly 1994). The functional morphology
framework works in the opposite direction to predict an organismʼs mechanical
performance from its morphology, and then asks to what extent its ecology is related to
how mechanical performance influences ecological performance. This framework
eliminates the uncertainty about how morphology is related to mechanical performance
by careful testing (Wainwright & Reilly 1994). For this reason, I chose to investigate the
ecology of larval dragonflies within a functional morphology framework.
!

Research into morphological variation among larval dragonflies has focused to

date on anti-predator defence, not escape, and not explicitly in a functional morphology

xi

framework. For example, previous studies suggest that large abdominal spines increase
the probability of survival after attack under fish predation (Johansson & Samuelsson
1994; Mikolajewski & Rolff 2004), suggesting that spines were important if the dragonfly
could not escape the fish through swimming. Although noted as an escape behaviour,
the effectiveness of jet propulsion swimming as an anti-predator defence tactic for larval
dragonflies had not been investigated. Physiologists had examined the mechanisms
and abdominal structures involved in jetting (Mill & Lowe 1971; Mill & Pickard 1972,
1975; Olesen 1972), and measured the average swimming velocities of a few larval
dragonflies (Hughes 1958; Mikolajewski et al. 2006). Mill & Pickard (1975) had also
proposed that three abdominal morphological features likely controlled force generation
during jet propulsion in larval dragonflies, but no studies had subsequently investigated
whether morphological variation was related to mechanical performance, or investigated
the ecological or evolutionary consequences of jet propulsion.
!

Jet propulsion swimming presented an opportunity to use a functional

morphology framework to investigate the causal link between variation in morphology,
variation in performance, and the ecology and possibly evolution of larval dragonflies
within a context of predation by suction-feeding fish. Many fish feed by suction,
accomplished by creating negative pressure in the buccal cavity that produces a suction
force when the mouth is opened (Lauder 1980; Ferry-Graham et al. 2003; Carroll et al.
2004; Day et al. 2005; Carroll and Wainwright 2006). A prey organismʼs ability to move
short distances extremely quickly may significantly increase survival under predation by
a suction-feeding fish predator. This is because although the suction force just anterior
to the mouth opening is extremely high, it quickly drops off in all directions, reaching
essentially zero within a distance proportional to the gape size of the fish (Ferry-Graham
et al. 2003, Day et al. 2005). This gradient of suction force appears to be exploited by
numerous aquatic organisms to escape, through fast-start or burst-swimming (Buskey
1994; Wakeling and Johnston 1999; Wakeling 2001; Waggett & Buskey 2007). Another
jetting organism, squid, are known to use jet propulsion swimming for anti-predator
escape, and studies on squid have related morphological variation to variation in thrust
production during jetting (Johnson et al. 1972; Anderson & Demont 2000; Bartol et al.
xii

2001; Bartol et al. 2009). I investigated the ecology of larval dragonflies using a
functional morphology approach within a conceptual framework that tested
hypothesized links between morphology and jetting performance, and jetting
performance and anti-predator escape.
!

Investigating jet propulsion swimming and its influence on the ecology of larval

dragonflies within a framework of functional morphology involved three steps. First, I
quantified the extent of variation in jet propulsion swimming because functional
consequences leading to selection require standing variation in the trait. Second, I
investigated the causal links between abdominal morphology and its effect on swimming
performance (mechanical performance). These two aspects of my research are
documented in chapter 1. Finally, the predicted links between variation in swimming
performance and predator conditions (ecological performance) were evaluated in the
field using a comparative approach that tested for an association between jet swimming
performance, morphology and fish predation risk (chapter 2). If swimming performance
was linked to ecological variation that directly affects larval dragonfly survival, then
selection may act on morphological traits that influence swimming performance and
drive adaptive evolution.
!

To evaluate variation in jet propulsion swimming performance, I adapted the

methods of Mikolajewski et al. (2006) and video-recorded the swimming of 155 larval
dragonflies. Movement of individuals was then digitized by tracking the larvae frameby-frame. I then identified the individuals to genus and measured a variety of
morphological characters, including the ventral surface area of the abdomen, dry body
weight and dry abdomen weight, and the width of abdominal segment 10. These traits
were chosen because they were hypothesized to relate to factors present in a simple
theoretical model that jet propulsion was a function of expelled fluid force and outlet
cross sectional area (Johnson et al. 1972; OʼDor 1988; Verbeek 1992, in Bulten 2006).
I measured morphological characters on 274 preserved dragonflies collected from the
field. I also identified five recognisable abdominal shape “morphotypes” and tested their
relationship to variation in swimming performance and predation risk to evaluate
xiii

whether other morphological features or traits correlated with those features may also
influence jet swimming performance.
!

In chapter 1, I investigated the causal link between morphology and mechanical

performance using hierarchical model competition with Akaikeʼs Information Criterion
(AIC) to select among a set of models for swimming performance. I included models
with specific combinations of abdominal dry weight, ventral surface area, abdominal
segment 10 width, body dry weight, genus, morphotype, and one interaction term:
abdominal dry weight x ventral surface area, as motivated by particular mechanistic
hypotheses. I selected models based on their AIC score, a 95% credibility set, and the
predictive weights of their variables (Symonds and Moussalli 2011). I assumed that the
final model would be closest to the true unknown model predicting swimming
performance.
!

I found that jet swimming performance in larval dragonflies was related to genus

with additional variation explained by abdomen dry weight, ventral surface area, and the
width of segment 10. High-performance dragonflies were characterized by having
greater abdominal dry weight, larger ventral abdominal surface areas, and smaller
segment 10 widths as expected under my simple jet propulsion model. These traits
were correlated with faster acceleration, higher maximum velocity, larger distances
travelled while jetting, and shorter time between accelerations, and suggest strong
causal links between abdominal morphology and jet swimming performance in larval
dragonfly as I expected.
!

In chapter 2, I investigated the causal link between swimming performance and

ecology by evaluating whether jet swimming performance predicted the distribution of
larval dragonfly across two predation environments: high risk of predation by suction
feeding fish, and no risk of predation by suction feeding fish. I used a logistic regression
with a logit link function to test the likelihood of an individual dragonfly occurring in a
high-risk environment versus a no-risk environment. Additionally, I investigated whether
the distribution of larval dragonflies across three predation risk environments, high-risk,
xiv

low-risk, and no-risk, was related to the abdominal morphology associated with jetting
performance. I used linear regression ANCOVA models with abdominal dry weight,
ventral surface area, or segment 10 width as the dependent variable and body size and
predation risk as the independent variables.
!

Swimming performance predicted the distribution of larval dragonflies between

high- and no-risk fish predation environments. For a given body size, high-performance
dragonflies were more likely to be found in high-risk environments than no-risk.
Additionally, greater variation in the swimming performance of larval dragonflies was
found in high-risk environments, possibly suggesting greater niche diversity in ponds
containing large suction-feeding fish. Two components of abdominal morphology related
to jet propulsion, abdominal dry weight and ventral abdominal surface area, were only
weakly related to the risk of fish predation. This is consistent with a functional
morphology framework of causality, as morphology is indirectly related to ecology,
because it sets limits to performance. The width of abdominal segment 10, however,
more clearly predicted the distribution of larval dragonflies across three levels of fish
predation risk. Dragonflies with narrow abdominal segment 10 widths were more likely
to be found in high-risk environments, while dragonflies with wide segment 10 widths
were more likely to be found in no-risk environments. Larvae with intermediate segment
10 widths were also most likely to be found in environments with a low risk of predation
from suction feeding fish. These results suggest that swimming performance and
certain morphological traits related to swimming performance likely serve an anti-fish
predator function, by enhancing survival of larval dragonfly.
!

My research represents the first investigation of a correlation between the

abdominal morphology associated with producing thrust force, the resulting variation in
jet swimming performance, and the relationships among swimming performance,
morphology, and the predation ecology of larval dragonflies. This correlation is essential
to any study of functional morphology, but is often overlooked in many ecological and
evolutionary studies where many researchers commonly assume a relationship
between form and function (Wainwright & Reilly 1994).
xv

!

My studies also revealed some new uncertainties in understanding how

morphology influences jet swimming performance and plays a role in avoiding fish
predation. Swimming performance is not simply a direct result of the production of
thrust, instead it is a combination of the thrust force generated by the dragonfly and the
oppositional forces such as viscous and inertial drag generated as the dragonfly moves
through the water. To swim, the thrust force (influenced by the internal abdominal
morphology) must overcome the drag forces (influenced by the external morphology of
the dragonfly), so discussing the link between morphology and swimming performance
with more accuracy would require a greater understanding of these forces and the
specific morphology associated with thrust and drag. Secondarily, the abdominal
morphology traits used here only indirectly reflected underlying traits that are expected
to functionally affect the generation of jet thrust forces, such as abdominal muscle
mass, abdominal cavity volume and exit orifice size. Focusing more directly on these
traits may clarify why abdominal size and mass were not related to predation risk as
expected here. Third, focusing further on species-level differences may be warranted.
The large proportion of variation in swimming performance explained by genus here
suggests that additional traits may also influence jet performance either by obscuring
functional variation of the abdominal traits I measured, or else because I did not include
these traits which would require a more fine-grained approach to trait measurement
than applied here. Fourth, my studies revealed that the two poorest jet swimming
performing morphotypes occurred in both high- and no-predation risk environments,
indicating that some low-performing types must avoid fish predation by other means
than jet swimming. Finally, my studies do not test whether jet swimming performance is
under selection by suction feeding fishes. This can begin to be addressed by careful
analyses of how variation in jet swimming performance affects survival during the final
phase of fish attack. Nonetheless, by developing functional models that relate body
form to swimming performance and relating swimming performance and morphology to
larval dragonfly ecology, I have made the important first steps in investigating the
functional morphology of jet propulsion by providing insights into the consequences of
variation in the abdominal morphology of larval dragonflies.
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Chapter 1

The functional morphology of jet propulsion: abdominal
morphology predicts swimming performance in larval
dragonflies (Odonata: Anisoptera)

1

ABSTRACT
!

Only by understanding how complex phenotypic traits are related to growth,

reproduction, and survival can we evaluate their ecological and evolutionary
consequences. Larval dragonflies (Odonata: Anisoptera) swim using jet propulsion
which is likely controlled by complex interactions among abdominal traits. Jet swimming
performance may influence the fitness of larval dragonflies with respect to feeding and
avoiding fish predators, but this has not yet been investigated in a functional
morphology framework. I measured variation in larval dragonfly swimming performance
using high-speed video, and then tested for relationships between swimming
performance and select abdominal morphological traits expected to influence jetting
efficiency using a model selection analysis. Variation in swimming performance was
explained by abdomen dry weight, ventral abdominal surface area, and abdominal
segment 10 width across genera as predicted by a simple biophysical model relating
thrust production to fluid flow rate and exit orifice area. This is the first investigation into
the functional morphology of jet propulsion in larval dragonflies and sets the stage for
further investigations into how a functional relationship between abdominal morphology
and jet propulsion influences survival under fish predation.
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1.1 INTRODUCTION
!

A significant goal of evolutionary ecologists is to understand the evolution of

complex phenotypic traits like growth, feeding, and predator avoidance and defence
mechanisms (Schlichting & Pigliucci 1998). Studying complex traits can contribute to
our understanding of speciation, the sources and targets of selection, and the evolution
of development. Yet, understanding the evolution of complex traits is difficult. Multiple
genetic and environmental factors may affect the expression of phenotype and the
functional influence of phenotype on fitness can be difficult to evaluate.
!

An important first step is to distinguish random, and perhaps non-functional,

phenotypic variation from functional variation that may affect fitness and so potentially
evolve under selection. Selection acting on phenotypic variation that affects ecological
performance is expected to result in the evolution of an association of phenotype with
particular selective environments, that is, adaptation. However, demonstrating that a
phenotype has particular function, and further that function affects fitness, requires
detailed analyses of phenotype within a framework of functional hypotheses followed by
further analyses of the fitness consequences of variation in function.
!

The link between functional phenotype and fitness occurs within an ecological

arena of abiotic and biotic interactions. Ecologically relevant phenotypic variation and
its fitness consequences have been studied across a wide variety of animals, from tiny
organisms such as flagellates (Fenchel 1982) to the largest mammals (Cranford et al.
1996). Commonly, these studies relate complex phenotypic traits to feeding (e.g. AlHussaini 1949; Myers et al. 1996; Wainwright 1996; Van Damme & Aerts 1997) and
locomotion or predator avoidance (e.g. Weihs 1974; Hunt 1994; Kingsolver 1995; Ball &
Baker 1996; Irschick & Losos 1998; Domenici et al 2008; Mikolajewski et al. 2010;
Staudinger et al. 2011). Such functional morphology studies inspire a framework for
making inferences based on performance and morphotype (Wainwright & Reilly 1994).
Wainwright & Reilly (1994) argue that an organismʼs performance (its ability to perform
tasks necessary for survival and reproduction) is the direct link between its morphology
4

and its ecology. I use this framework to motivate biomechanical hypotheses that relate
the abdominal structure of larval dragonflies (Odonata: Anisoptera) to their locomotion
through jet-propulsion swimming performance. The ecological contexts in which larval
locomotion may be important include feeding and predator avoidance, and this is
evaluated in chapter 2.
!

Jet propulsion represents the primary mechanism of swimming for all dragonfly

larvae, and is used for both slow-speed swimming and fast, burst-escape swimming. It
is accomplished using the same abdominal structure that contains the gills for
respiration (Green, 1979). Water drawn into the abdominal cavity through the rectum in
abdominal segment 10 is expelled back out at a high rate, generating a thrust force and
propelling the insect through the water (Mill & Pickard 1975). The dragonfly recruits
nearly all the muscles present in the abdomen in order to produce the pressure required
for jet-propulsion (Mill & Pickard 1975). Numerous transverse and longitudinal
abdominal muscles as well as dorso-ventral abductor muscles contract, forcibly
constricting the water-filled cavity and pressurising the contained water (Mill & Lowe
1971; Olesen 1972; Pickard & Mill 1975). In addition to jetting, this system is also used
to generate the hydraulic force behind the explosive extension of the labium to capture
prey, regulated by a sphincter at the rectum that controls the direction of hydraulic
pressure (Olesen 1972; Parry 1983). Mill & Pickard (1975) predicted that jetting
performance could be linked to the force applied to the abdominal chamber (muscle
mass), the volume of the chamber, and the cross-sectional area of the exit orifice. Thus,
variation in abdominal features may affect multiple aspects of the feeding and
movement performance of dragonfly larvae. However, these predictions have never
been tested.
!

The evolutionary ecology of phenotypic traits such as anti-predator spines and

foraging behaviour (e.g. Johansson & Samuelsson 1994; Mikolajewski & Johansson
2004; Mikolajewski & Rolff 2004; Mikolajewski et al. 2010; Petrin et al. 2010) are wellstudied in dragonflies compared to jet propulsion swimming. While the physiology and
musculature involved in developing jet thrust has been studied in larval dragonflies,
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there is little understanding of variation in swimming performance, its development over
ontogeny, and how variation in morphological traits may influence jetting and thereby
swimming performance.!
!

My goal was to quantify variation in swimming performance of larval dragonflies

and to evaluate various biomechanical, grouping, and allometric hypotheses about the
causes of this variation. This study is the basis, ultimately, for understanding whether
and how the biomechanics of swimming performance explains patterns of
morphological variation observed among dragonflies under different risks of predation in
nature.
1.1.1 Thrust generation, performance and morphology
!

The relationship between jet thrust generation and morphology has been formally

investigated in-depth in only one other aquatic organism, the squid (Mollusca:
Cephalopoda: Teuthida). In squid, the rubber-like but well-muscled mantle generates
the pressure required for jetting, with the water forced through a controllable siphon. It
seems reasonable that jetting performance is directly influenced by the amount of
musculature and volume of the mantle cavity in squid (Johnson et al. 1972; Anderson &
Demont 2000; Bartol et al. 2001; Bartol et al. 2009).
!

However, to discuss appropriately the biomechanics of aquatic jetting, it is

necessary to understand the basic fluid mechanics of jet propulsion and thrust. Thrust is
a reactive force in the direction of an objectʼs forward motion, but opposite to the
direction of an ejected mass of material (Johnson et al. 1972). Contrary to commonly
imagined jetting bodies such as rockets and airplanes, submerged jetting organisms
such as dragonflies and squids are mathematically unaffected by gravity and neutrally
buoyant (Johnson et al. 1972). Without having to account for gravity, the propulsive
thrust force (Ft) reduces to a function of the density of the fluid expelled (ρ), the exiting
jet velocity (uj), and the fluid flow rate (Q) (Johnson et al. 1972; OʼDor 1988):
!

!

!

!

!

Ft = ρ•Q•uj!
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!

!

!

!

!

[1]

OʼDor (1988) further reduced water jet velocity, noting that in practice it is a function of
the flow rate divided by the cross-sectional area of the exit orifice (A):
"

"

"

"

"

uj = Q•A-1"

"

"

"

"

"

[2]

"

[3]

When equation [2] is substituted into equation [1], thrust is defined as:
"

"

"

"

"

Ft = ρ•Q2•A-1,""

"

"

"

consistent with the fluid mechanics of water jets (Verbeek 1992, in Bulten 2006), and
provides a framework in which I form biomechanical hypotheses that relate specific
morphological features of larval dragonflies to thrust generation.
1.1.2 Biomechanical hypotheses
"

Since the thrust generated while jetting is a function of the flow rate of the water

expelled from the abdomen and the size of the exit orifice, I predict that any phenotypic
features that influence flow rate and orifice size will influence performance, assuming
that variation in morphology has evolved under selection for improved swimming
performance. I make three biomechanical hypotheses that link specific larval dragonfly
features to the parameters that determine thrust (see also Table 1):
1. If abdominal musculature generates the hydrostatic pressure within the abdominal

cavity and so determines the subsequent flow rate of expelled water, then more
abdominal muscle mass will result in more thrust and an increase in swimming
performance.
2. Laplaceʼs law specifies that the pressure within a cavity decreases as its radius

increases when wall tension is held constant (Vogel 2003). Laplaceʼs law thus
imposes a physical constraint on thrust generation with increasing size. Thus, if
there are no mechanisms to compensate for Laplaceʼs law in larval dragonflies,
then a larger abdominal cavity will reduce internal pressure and lower thrust force.
Alternatively, if mechanisms exist that compensate for the negative effects on
thrust of Laplaceʼs law, then those compensatory features will allow internal
pressure and thrust force to stay constant or increase with abdomen size.
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3. Expelled water exits the larval dragonfly abdomen posteriorly through the rectum

at abdominal segment 10. If the maximum cross sectional area of the exit orifice is
limited by the size of segment 10, then a smaller abdominal segment 10 will
increase thrust force and so swimming performance.
1.1.3 Allometric hypotheses!
!

Variation in swimming performance may also be influenced by variation in body

size for a variety of reasons related to allometric scaling. Such scaling effects are not
often well-accounted for in studies of morphology, yet are ubiquitous and may underlie
many functional relationships, especially with respect to predator-prey interactions
(Wainwright & Reilly 1994).
4. If the proportional sizes of the biomechanical traits above scale independently and

allometrically with size (within or among genera), then this will generate
interactions among these (and possibly other) traits that affect swimming
performance in complex ways. In this case, variation in body size will have
positive or negative effects on swimming performance depending on the specific
interactions among traits over size that influence swimming performance.
For example, if larger organisms develop more abdominal muscle mass or stronger
muscles for generating hydrodynamic pressure than is required to offset Laplaceʼs law
above, then body size will have a positive effect on thrust and so swimming
performance.
1.1.4 Historical constraint hypotheses
!

There are other possible explanations, however, for variation in swimming

performance among larval dragonfly that may have little to do with the specific
biomechanical hypotheses above. A host of characteristics may have diverged among
dragonfly species that might also influence jetting performance, such as differences in
behaviour, type of muscle, muscle control, rapidly recruited energy storage and stamina.
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These features may be a function of phylogeny or may covary with body shape
independent of taxa. Therefore, I also consider two grouping hypotheses:
5. If a variety of morphological, physiological or behavioural features influence jetting

performance and these have evolutionarily diverged among taxa, then swimming
performance will vary among genera.
My own observations further suggest that gross abdominal shape varies both among
and within taxa, resulting in five identifiable abdominal morphotypes (described below).
Additional features that influence jetting performance may covary with abdominal
morphotypes as a result of simple physical constraints.
6. If abdominal shape covaries with other features that influence hydrodynamic

pressure generation, then thrust and so swimming performance will vary among
abdominal morphotypes.
In addition to testing the various proximal functional hypotheses about swimming
performance above, these grouping hypotheses address a more general question about
the evolution of jetting performance in dragonfly larvae.
1.2 METHODS
1.2.1 Collection and maintenance of dragonfly larvae
!

The dragonflies used in my performance experiments were all collected from

permanent ponds around the city of Guelph in southern Ontario, Canada. A total of five
ponds (Figure 1) were used as sources for live dragonflies; two without fish, two with
populations of sunfish (Centrarchidae sp.), and one containing a large number of brook
stickleback (Culaea inconstans). Individuals were sampled from the edge of the pond
(0.2m - 1m depth) using a D-net during all seasons except winter. The D-net was drawn
through any standing macrophytes and then tapped along the bottom of the pond edge.
This process was repeated up to five times per 2m - 4m length of shoreline and the
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contents of the net were collected in buckets for sorting. Dragonflies were sorted by
hand using 1cm, 0.5cm, and 1mm screens and transported back to the lab in buckets of
pond water. Later-instar larvae (identified by the presence of developing wing pads)
were then separated into individual 500ml cups of pond water and given unique
identification numbers. Larvae were kept for up to one week in the lab at ambient
temperatures between 18-20oC, before swimming performance was measured during
which they were fed live damselflies or daphnia. Over 180 individuals were collected,
but performance measurements were made for only 155 due to transport or in-lab
mortality, including representatives from at least 10 genera classified into five
morphotypes (see below).
1.2.2 Larval dragonfly swimming performance
!

Swimming performance of larval dragonflies was assessed using methods

adapted from Mikolajewski et al. (2006). A video camera (GoPro HD Hero, 60FPS) was
mounted 30cm above a well-lighted circular smooth-bottomed arena 45cm in diameter
containing 3cm of clean well water at room temperature. Individuals were filmed as
they reacted to stimulation generated by touching the end of their abdomen with soft
tweezers. Each individual was tested only once, with 12 independent individuals tested
at three days and six days in order to evaluate repeatability of swimming performance.
!

I defined a single sprint event as the period between reaction to stimulation and a

complete cessation of movement or reaching the arena wall, whichever came first. Each
individualʼs recorded sprint was composed of a sequential series of jet pulses (at least
three) where the larval dragonfly rapidly inhaled and then expelled a volume of water
moving the animal forward in a series of short bursts of fast locomotion separated by
periods of deceleration.
!

A variety of different locomotor parameters may influence burst swimming in

larval dragonflies. Previous studies that quantified swimming performance only
estimated average velocity of 11-25 cm/s for European Leucorrhinia sp. (Mikolajewski
2006, 2010). I quantified four components of swimming performance averaged over the
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first three jets by each individual: per-jet maximum acceleration, maximum velocity,
distance travelled, and duration. I assumed that earlier jets would be most crucial for
capturing prey or avoiding predators. In any case, some individuals only performed
three jets during their sprint, or the dragonfly would reach the arena edge in three jets.
!

The four jet performance parameters above were calculated from distance

measurements digitized from each sprint video. The videos were divided into their
component frames and each frame analysed using ImageJ software (US National
Institutes of Health Research Services Branch) and the MTrackJ (Meijering et al. in
press) plug-in. I corrected for barrel distortion caused by the wide-angle lens of the
camera using the Final Cut (Apple Inc.) video editing software, before dividing the
videos into frames. In each frame, I digitized the location of the most anterior point of
the head as the individual moved. Immediately following their trial, each individual was
preserved in 70% ethanol in a uniquely labelled vial.
1.2.3 Larval dragonfly abdominal morphology
!

I photographed the ventral aspect of all preserved individuals under a dissecting

microscope at between 6x and 15x magnification. Six morphometric measurements
were then taken on each individual from photographs using ImageJ: head width, body
length, abdomen length, ventral abdominal surface area, width of abdominal segment
six (typically the widest segment), and width of abdominal segment 10 (Figure 2). I
identified individuals to genus using the Michigan Odonate Survey taxonomic key (http://
insects.ummz.lsa.umich.edu/MICHODO/MOS.html) and also assigned them to one of
five mutually exclusive abdominal morphotypes based on the shape of their abdomen
(Figure 3). Separate abdominal and whole-body dry weights were then obtained for
each individual and used in the analyses below. The abdomen of preserved individuals
was removed using a scalpel and dried alongside the thorax (including wing pads and
legs) and head in an incubator at 58oC for 12-36 hours depending on the size of the
individual. Additional drying resulted in little to no additional change in weight. Dry body
mass was a reasonable choice of body size for three reasons: it has historically been
used to represent body size in larval odonates; it affects jetting performance because
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thrust force must be proportionally greater to accelerate individuals with greater mass
(in accordance with Force = Mass x Acceleration); and dry body mass is positively
correlated with body length and head width which are also common body size metrics in
dragonfly studies.
1.2.4 Data analysis
!

Swimming performance of dragonfly larvae may be influenced by any or all of

velocity, acceleration, duration and distance, and it is not immediately obvious which
components of swimming performance are most important in an ecological context.
Therefore, the interrelationships among these four jet performance variables were
evaluated using correlation-based principal components analysis (PCA), and to
estimate an “overall” swimming performance score for each individual that integrates
aspects of velocity, acceleration, duration and distance. The PCA summarised variation
among all 155 individuals across all available taxa and morphotypes.
!

I then evaluated how different factors described in the model hypotheses above

alone and in combination explained variation in overall swimming performance. I
evaluated these hypotheses using a hierarchical model competition analysis with the
second-order Akaike Information Criterium (AICc) as my ranking score (Anderson
2008). The AICc score permits ranking of competing models based on their fit to the
data which is presumed to reflect similarity to the unknown true model of swimming
performance, but also avoids over-fitting by penalizing models based on their
complexity (Anderson 2008). This approach determines which models (and by
extension variables, see below) explain the most amount of variation using the most
parsimonious model.
!

I reduced the risk of over-parameterization first by limiting my total model

universe to only include models with specific underlying hypotheses. Additionally, I
competed models in a hierarchical sequence that first separated classes of models into
distinct “competition universes” before combining and competing the emergent models
from separate universes against each other. My “biomechanical universe”
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encompassed the four biomechanical hypotheses and the allometric hypothesis. First,
several specific biomechanical models were competed against each other. Some
models included an interaction term for ventral abdominal surface area and abdomen
dry weight because Laplaceʼs law suggests that the effect of abdominal muscle mass
may depend on the volume of the abdominal cavity, or vice versa.
"

Models were ranked by AICc scores with the best model defined by the lowest

AICc; however in cases where ∆AICc ≤ 4 for multiple models, a 95% credibility set was
usually used to distinguish the top two or three models (Symonds and Moussalli 2011).
In a 95% credibility set, models are ranked based on their Akaike weight, which is a
measure of their probability of being the best model in the given set. All top models that
have a cumulative Akaike weight of ≤ 0.95 were carried to the next round of competition
(Symonds and Moussalli 2011). These models were then competed against a simple
allometric hypothesis composed only of body size and also against the original best
biomechanical models plus body size.
"

If, in the final stage of selection, multiple models still had nearly equivalent

likelihoods, then they were further distinguished based on the predictive weights of their
component variables. This process involves ranking the individual variables collectively
present in all surviving models based on how many high-quality models they appear in,
and then using this ranking to distinguish the final model set as that which includes the
best ranking variables (Anderson 2008; Symonds and Moussalli 2011).
"

A second model universe competed the hypotheses of grouping categories: ten

genera groups versus the five abdominal morphotype groups. Because there were
comparatively few models in this universe compared to the biomechanical universe,
AICc score was my primary sorting criterion (the lowest AICc denotes the best model).
However as above if multiple models had ∆AICc ≤ 4, a 95% credibility set was then
used to select the best model for explaining variation in swimming performance in the
grouping universe.
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!

Combining the superior models from the biomechanical model universe and the

grouping model universe allowed me to evaluate which model (out of many models)
was the most similar to a true model explaining variation in dragonfly swimming
performance. I competed the best models from each universe against each other and
against their combined forms. Selecting the best model from the final round involved the
same 95% credibility set construction process described above for the earlier rounds,
and if necessary making use of the predictive weights of individual variables as
described above. The outcome of this hierarchical model competition approach was one
or more equivalent models that best explained variation in swimming performance
without containing all of the original parameters, each linked to my hypotheses above.
Thus, this approach discriminated among these hypotheses.
1.3 RESULTS
1.3.1 Variation in larval dragonfly morphology
!

The 155 dragonfly larvae used in this study varied 400-fold in dry whole-body

weight (mean = 38.2mg, SE = 4.53, CV = 147.5) and almost 600-fold in abdominal dry
weight (mean = 18.86mg, SE = 2.63, CV = 173.4). Ventral abdominal surface area and
abdominal segment 10 width varied comparatively less, respectively 40-fold (mean =
65.43mm2, SE = 4.53, CV = 86.1) and 10-fold (mean = 1.64mm, SE = 0.083, CV =
63.1). See Appendix I for more detailed morphological data.
1.3.2 Variation in swimming performance
!

There was substantial variation in swimming performance among larval

dragonflies (Figure 4, see also Appendix I). Swimming variation was detectable at the
level of overall performance but individual dragonflies also appeared to vary with
respect to individual jets (Figure 5). During a stimulated sprint event, dragonflies
performed from three to more than 10 individual jets. The average maximum velocity
during individual jets varied 14-fold (min = 4.0cm/s, max = 56.9cm/s, mean = 19.4cm/s,
SE = 7.6, CV = 48.7) and the corresponding maximum accelerations varied 8-fold (min
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= 1.09m/s2, max = 8.96m/s2, mean = 3.77m/s2, SE = 0.13, CV = 43.3). Dragonflies
travelled an average of 3.07cm per jet (SE = 1.13, CV = 45.8). Absolute duration only
varied 4-fold, the lowest variation, although relative variation was consistent with other
jetting parameters (min = 0.144s, max = 0.639s, mean = 0.29s, SE = 0.0096, CV =
41.0).
!

Across the body sizes and average maximum velocities of dragonflies in this

study, Reynolds numbers varied 65-fold (min = 296.1, max = 19,525.2, mean = 4142.9,
SE = 224.5; Figure 6).
!

As an estimate of overall swimming performance integrated over all four

performance components, the first principal component (PC1) explained 69.4% of total
variation. PC1 was well correlated with each individual performance variable (Table 2).
Variation in PC1 was positively related to average maximum acceleration and velocity,
average distance, and negatively related to average duration. Variation in PC2 was
positively related to all components of swimming performance except average
maximum acceleration. PC2 explained an additional 25.6% of variation in swimming
performance, but only average duration and average distance were strongly related to
this component (Appendix II). Thus, variation in PC1 scores reasonably represent most
of the variation among individuals in overall swimming performance.
1.3.3 Model competition: Biomechanical and allometric universe
!

Dragonfly jet propulsion performance (PC1 variation) varied positively with

abdominal dry weight and the width of abdominal segment 10, and negatively with
ventral abdominal surface area. Of the nine starting models in the biomechanical
universe, three were carried forward to be competed additively with body mass (Table
3a). Although the model including only the width of abdominal segment 10 was not
carried forward in the selection analysis, it nonetheless notably explained 42% of
variation in swimming performance. Including the other abdominal variables only
explained up to 4% additional variation over segment 10 alone. Abdominal dry weight
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and ventral abdominal surface area alone explained 29% and 24% of the variation in
swimming performance, respectively.
!

There was little difference among the top three models emerging from the

biomechanical competition universe (all ∆AICc < 1), each model explaining
approximately 44% of variation in swimming performance (Table 3a). Furthermore, the
95% credibility set was unable to provide further resolution among these three models
(Table 3a). Comparing the predictive weights among the variables collectively included
in these models indicated that ventral abdominal surface area (AbArea) and the width of
abdominal segment 10 (Seg10) were consistently the best predicting variables (Table
3a). Abdominal dry-weight (AbMass) had better predictive value than both body dryweight (BodyMass) and the interaction between abdominal mass and abdominal area
(Table 3a). Reinforcing the low predictive value of the interaction term, the addition of
AbMass*AbArea explained only 1% greater variation than either of the other two top
models. Thus, evaluating the predictive values of the model variables and favouring
parsimony to select between the top three models, the third-placed model (P = AbMass
- AbArea + Seg10) was judged to be most likely the closest to full reality given these
data.
1.3.4 Model competition: Historical constraints universe
!

Genus and morphotype were both found to be related to swimming performance

(Figure 7), however genus explained 5% more variation than morphotype, and the
model selection analysis indicated that genus was closer to full reality as an explanatory
variable (Table 3b). Additionally, genus and morphotype appear to strongly covary and
so confound one another because the Genus and Morphotype additive model was
unstable. I evaluated the additive effects of genus and morphotype using a limited data
set including only five genera (Leucorrhinia, Sympetrum, Epitheca, Tramea, and
Cordulia) each expressing two morphotypes (C and R; Table 3b). In this limited data set,
the model selection analysis indicated that although genus and morphotype together
explain 1% more variation than genus alone, the two models were equally likely (Table
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3b). This confirms that morphotype provides little additional power over variation in
swimming performance already explained by genus.
1.3.5 Final Model competition: combining model universes
!

Five models were carried forward in the 95% credibility set from the

biomechanical universe to be competed additively with genus, which was carried
forward from the grouping universe (Table 3c). The top three models were, all things
considered equal, identical (∆AICc < 2), each explaining between 61% and 62% of
variation in swimming performance. The independent variables of genus, AbArea, and
Seg10 had the greatest value in predicting overall swimming performance; appearing in
all four models in the 95% credibility set (Table 3c). AbMass had the fourth-best
predictive value followed by BodyMass and the interaction, AbMass*AbArea (Table 3c).
The model, P = AbMass + AbArea - Seg10 + Genus, was chosen as closest to full
reality for explaining variation in swimming performance performance because of the
superior predictive value of its variables and for reasons of parsimony (Table 3c).
1.4 DISCUSSION
1.4.1 Variation in larval dragonfly swimming performance!
!

Larval dragonfly can move underwater by walking and by jetting when they expel

water forcibly from the posterior of their abdomen. Individuals can perform a jet sprint
driven by a single round of intaking and expelling water from their abdomen, or can
string multiple rapid intake-expel cycles together that result in sequential jet pulses for
longer sprint events. The variation in larval dragonfly swimming performance is
impressive, from differences among individuals in many aspects of their jet sprints to
fine-scale variation within and among individual jets of an individual dragonfly. Some
variation in swimming performance could also be due to differences in the forces
experienced by larval dragonflies while swimming, especially at early instars with small
body sizes. It is unlikely, though, that the type of dominant force (viscous or inertial)
contributed confounding variation with respect to the maximum performance of the
dragonflies in this study, because 97.5% of individuals experienced primarily inertial
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forces at Reynolds number (Re) ≥ 500 (Robert 2003). I characterized variation in
swimming performance in larval dragonflies using acceleration, velocity, distance, and
duration. This is an advance over prior studies of swimming performance in larval
dragonflies which only quantified variation in mean velocity (Hughes 1958; Mill &
Pickard 1975; Mikolajewski et al. 2006). Over the course of their sprint, I defined “high
performance” individuals as maintaining high acceleration and high velocity, achieving
consistently farther distance in each jet, and doing so in a comparably short time. A
deviation in any of these characteristics should reduce swimming performance. For
example, certain individuals travelled well over the average distance per jet, however
the duration of the jet was extended and their speed reduced. Such performance
reductions may have ecological and evolutionary consequences if jet propulsion
performance is ecologically relevant to inter- or intraspecific interactions that influence
fitness (see Chapter 2).
"

Individuals varied in the consistency of their jetting behaviour; some dragonflies

exhibit almost completely consistent jet pulses, with all three jets essentially identical,
whereas the jets of other individuals were considerably more variable. Many dragonflies
would slow to nearly a full stop between jets, others would maintain a base velocity (the
velocity between jets if the dragonfly does not slow to a full stop, see Figure 5), whereas
some individuals appeared to increase their base velocity between jets. Some dragonfly
jets were characterized by a sharp acceleration followed by a steady deceleration while
others accelerated and decelerated steadily throughout their sprint. The duration of a
single jet varied the least within and among individuals out of the four performance
variables measured here although there was only a minor reduction in the relative
variation (e.g., coefficient of variation in duration) compared to other aspects of
swimming performance. This suggests that jet duration and whichever phenotypic traits
control jet duration may face somewhat greater evolutionary or biomechanical
constraints than the other features of swimming performance.
"

It is necessary to distinguish between jetting and swimming performance in this

study. I was limited to measuring variables that reflect swimming performance
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(acceleration, velocity, duration and distance) which includes both jet strength (thrust
force produced) and any other variables that may affect swimming performance, such
as drag, behavior, and the influence of test conditions. So to test functional hypotheses
relating morphology to jetting performance, I assumed that jetting performance is
strongly correlated with swimming performance because I did not quantify thrust force.
Direct measurements of jet force could perhaps be made using force transducers
placed behind or immediately in front of tethered or free-swimming animals.
!

Previous studies on swimming performance in dragonflies have only measured

average velocity over an entire sprint event. Hughes (1958) measured Anax imperator
larvae jetting at 30-50cm/s, consistent with my maximum velocity values also measured
in Anax sp.. Mill and Pickard (1975) and more recently Mikolajewski et al. (2006)
measured average swimming velocity in Libellulidae dragonfly species to be 10cm/s
and 11.4-12.2cm/s respectively. These values are considerably lower than the average
velocity of 19.4cm/s that I measured, which represents the average maximal swimming
velocities achieved. However, the average velocity for the Libellulidae dragonflies in my
study was 11.5cm/s, consistent with the values from previous studies. In addition to
velocity, Hughes (1958) reported a frequency of 3 jets/s for A. imperator, a value
consistent with the average duration measurement from this study 0.29s. The
consistency of these results over different studies suggests that there is no reason to
believe that my methods may have influenced swimming performance measures here,
at least any more than the methods of other studies.
!

The previous studies of dragonfly swimming performance by Hughes (1958) and

Mill & Pickard (1975) were also limited by smaller sample sizes, low taxonomic
coverage and slower video technology resulting in poorer resolution of swimming
behaviour. Average velocity can be simply and reliably obtained by dividing
measurements of total distance travelled by total time. The finer measurement scales of
individual jets and precise estimates of acceleration, though, require faster cameras,
such as those used here. Thus, my work provides greater precision in a variety of
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swimming performance parameters, at the scale of individual jets and for a wider range
of genera than previously achieved.
!

It is important to distinguish performance assessed under controlled laboratory

conditions from performance under natural conditions. This is because many of the
factors that contribute to performance under natural conditions may not be present in
the lab, and the lab conditions tend to be designed to facilitate maximal performance
(Wainwright & Reilly 1994). The swimming performance variables I measured are
strictly laboratory values and may only provide a partial glimpse into real-world
performance (Wainwright & Reilly 1994). However, given the difficult and resourceintensive nature of measuring swimming performance with precision in the field, I
believe that laboratory values are an acceptable analogue. By using a standardized
protocol, I ensured that I would be able to make reasonable comparisons among the
individuals in this experiment.
!

Although cautionary, Wainwright & Reilly (1994) also condone the use of

laboratory performance measurements for investigating real-world ecological questions
as long as any shortcomings are recognized. In this study, inaccuracies may arise
because there was occasional uncertainty regarding to the beginning/end points of
individual jets, especially in low-performance dragonflies. Additionally, because I
digitized swimming performance from videos by hand, there was some human error in
selecting precisely the same point on the dragonfly in each frame. I was required to
retrieve each individual from its 500ml storage cup prior to placing it in the arena for
measuring its performance. Some individuals took longer to catch than others, which by
potentially tiring the individual may have affected their performance or their response to
stimulation. Finally, the video camera I used to film sprint events used a wide-angle lens
that distorted the image slightly, necessitating digital correction that could have
influenced digitization.
!

In the framework presented in Wainwright & Reilly (1994), performance

represents the causal link between an organismʼs phenotype and its ecology. Below I
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discuss the necessary link between phenotype and performance, with respect to jet
propulsion performance in larval dragonflies and the abdominal structures (or otherwise)
responsible for variation in performance.
!
1.4.2 Functional morphology of larval dragonfly jet propulsion
!

I found evidence that abdominal morphology was related to swimming

performance. The relationships between abdominal morphology and swimming
performance suggested by the coefficients in the top model emerging from the model
selection are consistent with two of my three biomechanical hypotheses. Abdominal dry
weight varied positively with performance as expected assuming that this is related to
the amount of muscle in the abdomen. The width of abdominal segment 10 also varied
negatively with swimming performance as expected if it constrains the size of the exit
orifice. Finally, ventral abdominal surface area, used as an approximation for abdominal
cavity volume, was positively related to swimming performance. Laplaceʼs Law
represents a physical constraint, and so cavity volume should vary negatively with
swimming performance. Thus, the positive variation between abdominal size and
swimming performance here suggests that dragonfly larvae possess traits that offset
this size-based constraint on swimming performance, again providing indirect evidence
that morphological or physiological features influence swimming performance.
!

Although my model suggests that swimming performance is a function of

abdominal dry weight, ventral abdominal surface area, and segment 10 width, these
may not exclusively represent the effects of just these traits. Each variable was also
positively related to body size, and so the model likely represents an amalgam of
abdominal dry weight, ventral surface area, and segment 10 width, with body size and
possibly even other unknown characters that may influence jet thrust and which are
correlated with abdominal morphology or the individual traits. However, the body size
alone model explained only 26.6% of the variation in swimming performance, whereas
the best fitting model (including abdominal dry weight, ventral surface area, and
segment 10 width) explained 61.8% of variation. Thus, abdominal dry weight, ventral
surface area, and segment 10 width explained considerably more variation in swimming
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performance than size alone, indicating that morphology independent of size
functionally contributes to swimming performance in these larval dragonflies.
!

The positive relationship between abdominal dry weight and swimming

performance is consistent with the physiology of jet propulsion. Mill & Pickard (1975)
note that the dragonfly contracts its abdomen both dorsoventrally and longitudinally, and
likely recruits most of the muscle in the abdomen. With all the muscles in the abdomen
recruited, greater muscle mass in the abdomen would create a stronger jet. I believe
that measuring whole abdominal dry weight is an accurate analogue for muscle mass
because an increase in abdominal muscle mass must result in an increase in overall
abdominal mass.
!

Some of the variation in dragonfly jetting may also be due to ontogenetic

changes possibly including an increase in abdominal musculature strength. Thrust force
appears to increase with body mass in squid; which suggests, given that muscle mass
comprises much of body mass in these animals, that thrust force also increases with
muscle mass (Thompson & Kier 2002). Additionally, the muscles in larger squid produce
more thrust force per unit muscle area (Thompson & Kier 2002). Some of this variation
could be ontogenetic as measurements were taken over stages of squid development.
Unfortunately the role of development on functional morphology in larval dragonflies is
beyond the scope of this research because I did not include a complete size range of
individuals, focusing primarily on later instars, judged by the presence of developing
wing pads. Additionally, it is nearly impossible to gauge instar level without rearing the
dragonflies from eggs. As well, there may be species-level differences that confound
variation due to ontogeny, and since identification of larvae to species is a difficult and
time-consuming process, I cannot make such comparisons. Future research into
ontogenetic or developmental changes in the functional morphology of jet propulsion
require a more detailed approach, such as including more variation in size within a
single taxa, or measuring performance throughout development from conspecifics
reared in-lab from eggs.
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!

Ventral abdominal surface area had the opposite relationship to swimming

performance as the relationship predicted by Laplaceʼs Law. This may be due to
compensation by other traits, such as an increase in abdominal muscle mass.
According to Laplaceʼs Law, wall tension must vary isometrically with radius in order to
compensate for the drop in internal pressure as radius increases. Because the
relationship between performance and volume suggested by my model is positive, the
wall tension must increase by a amount greater than the increase in volume. In larval
dragonflies, wall tension is represented by the abdominal musculature that applies force
to the abdominal cavity. In the larval dragonflies measured for this study, a 40-fold
increase in ventral surface area was accompanied by a 600-fold increase in abdominal
dry weight. This unequal scaling may be just such a compensatory mechanism as
suggested above. Jet propulsion performance increases with size (and developmental
stage) in squid, and mantle cavity volume is also known to increase with size (Anderson
& Demont 2000; Thompson & Kier 2002; Bartol et al. 2008). This indicates that like
dragonflies, squid must compensate for effects due to Laplaceʼs Law as their mantle
cavity volume increases. They may accomplish this not only by increasing muscle mass
at a greater rate than the mantle cavity volume, but also by having muscles that are
more effective at generating thrust (Thompson & Kier 2002).
!

My ultimate model explaining swimming performance suggested positive

relationships with both abdominal dry weight and ventral surface area but a negative
relationship to segment 10 width. The negative relationship between the width of
abdominal segment 10 and swimming performance was consistent with a hypothesis
derived from thrust physics; that a smaller exit orifice will increase thrust force.
Strangely, a model with segment 10 width alone indicated that it was positively related
to swimming performance while also explaining 42% of the variation in swimming
performance, more than any other individual abdominal character. This paradox about
the functional relationship between segment 10 width and swimming performance only
results when genus is included in my models and so suggests that variation in segment
10 width may be related to variation in other traits that varies with genus. Nonetheless,
the surprisingly large proportion of variation in swimming performance ascribed to
23

segment 10 width alone suggests that it may reasonably explain the swimming
performance of dragonfly larvae (Figure 8, 9). This potentially makes the width of
segment 10 a useful indirect measure of swimming performance for future studies
where measuring performance is prohibitive.
!

The negative relationship between segment 10 width and swimming performance

revealed here also complements previous studies that suggest dragonfly larvae have
considerable control over the size of their exit orifice. Mill & Pickard (1975) suggest that
dragonfly larvae can manipulate the size of their exit orifice while jetting, noting that
Hughes (1958) estimated it to be 0.01mm2 in Anax imperator. Squid can also actively
decrease the cross-sectional area of their jet orifice while jetting perhaps to control their
swimming velocity (Mill & Pickard 1975; Anderson & Demont 2000; Thompson & Kier
2002). Here, I assumed that segment 10 width limited the size of the exit orifice, and so
would influence swimming performance. My evidence supports the idea that segment
10 width constrains swimming performance through its effect on orifice size. However,
segment 10 width explained only 42% of variation in swimming performance, and so
larval dragonfly may still have some capacity to regulate the cross-sectional area of the
exit orifice within a limit imposed by segment 10 size. Evaluating the relationship
between exit orifice diameter and segment 10 width would be an interesting direction for
future research; if they are found to be correlated it could suggest differences in the
relative importance of morphological traits for thrust generation, possibly across genera,
body size, or ontogeny.
!

In addition to abdominal morphology, I found that jet propulsion performance in

larval dragonflies was strongly influenced by genus. Most notably the largest and best
performing individuals were consistently Anax sp. and Aeschna sp. while the worst
performing individuals were Gomphus sp. and Libellula sp.. This variation indicates that
jetting performance has evolutionarily diverged among taxa perhaps in response to
selection imposed by foraging or avoiding predators (Olesen 1972; Parry 1983; McPeek
1990; Hopper 2001; Stoks et al. 2003).
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!

To my knowledge, this is the first time that the jet propulsion performance of

larval dragonflies has been investigated within a functional morphology framework.
Previous studies have examined the physiological control and muscle activity of
dragonfly jetting (Olesen 1972; Parry 1983; Mill & Pickard 1975) and quantified average
velocity (Hughes 1958; Mill & Pickard 1975; Mikolajewski et al. 2006), but the causal
link between body features and swimming or jetting performance had not been
investigated. Mill & Pickard (1975) hypothesized that jetting performance was linked to
the force applied to the abdominal chamber (muscle mass), the volume of the chamber,
and the cross-sectional area of the exit orifice but did not proceed to test these
hypotheses. The only other jet-propulsing organisms that have been studied in a rough
functional morphology framework are cephalopods, such as squid (Anderson & Demont
2000; Thompson & Kier 2002; Bartol et al. 2008). Thus, my work extends our basic
understanding of the functional morphology behind jetting in aquatic organisms.
!

In this study I quantified extensive variation in the swimming performance and

abdominal morphology of larval dragonflies and tested whether morphology predicts
performance. I demonstrated a relationship between swimming performance and each
of abdominal dry weight, ventral abdominal surface area, and the width of abdominal
segment 10. Swimming performance varied positively with abdominal dry mass and
ventral surface area and negatively with segment 10 width. The strongest relationship
between morphology and swimming performance occurred for segment 10 width,
potentially making it a useful predictor of swimming performance. This study focused on
the first first steps in the causal relationships between form, function, ecology, fitness
and evolution outlined by Wainwright & Reilly (1994). Jet propulsion performance may
have ecological implications relating to resource use, territoriality, mate acquisition, and
predator avoidance and it may also have evolutionary consequences relating to survival
if jetting affects adult fitness. In Chapter 2, I investigate the link between swimming
performance and dragonfly ecology in the context of anti-predator defence against
predation by suction feeding fish.
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TABLES & FIGURES
Table 1. Biomechanical hypotheses explaining variation in larval dragonfly swimming performance and
their predicted effects on parameters of the thrust equation and measured swimming performance.

Abdominal muscle mass should have a
positive relationship with flow (Q).

!"#$%

Abdominal muscle mass generates the
hydrostatic pressure in the abdomen,
affecting the flow rate of the jet.

Predicted effect on thrust parameter

Predicted effect on swimming
performance
Abdominal muscle mass should have a
positive relationship with swimming
performance.
!"#$$#%&'()*+,*$-%.)'

Hypothesis

&'()"*%+,((%

/01.2)'$-11'

Abdominal cavity volume should have a
negative relationship with swimming
performance.
!"#$$#%&'()*+,*$-%.)'

Abdominal cavity volume should have a
negative relationship with flow (Q).

!"#$%

Abdominal cavity volume affects flow
rate during jetting based on the physical
constraint of Laplaceʼs law.

&'()*+%(#",-.%
/-0#12'0,34$)'

Abdominal cavity volume may have a
neutral or positive relationship with
swimming performance.

!"#$%

!"#$$#%&'()*+,*$-%.)'

unless compensatory mechanisms for
this effect exist, then abdominal cavity
volume may have a neutral or positive
relationship with flow.

&'()*+%(#",-.%

Segment 10 width should have a
negative relationship with swimming
performance.

!"#$$#%&'()*+,*$-%.)'

The width of abdominal segment 10
limits the cross-sectional area of the exit
orifice.

Segment 10 width should have a
positive relationship with aperture area
(A).

!"#$%&$#'($#('

The cross-sectional area of the exit
orifice affects the velocity of the water
exiting the abdomen.

/-0#12'0,34$)'

)#*+#,%'-.'/01%2'
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Table 2. Loading matrix from the principal components analysis of larval dragonfly swimming
performance. PC1 was selected to represent swimming performance during the model competition
analysis based on its superior explanatory power and high degree of correlation with all four performance
variables.
Performance measure

PC1 correlation

PC2 correlation

Avg. Max. Acceleration

0.943

-0.085

Avg. Max. Velocity

0.981

0.070

Avg. Distance

0.796

0.574

Avg. Duration

-0.537

0.827

Eigenvalue

2.775

1.025

Explained variation

69.4%

25.6%
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Table 3. Model selection for larval dragonfly jet propulsion in two model universes, biomechanical (a) and
grouping (b) and the combined final model selection (c). Signs in the models are indicative of the
direction of the relationship based on the model coefficients. The columns left to right are: no. of
parameters (K), adjusted R2 (R2), secondary Akaike information criterium (AICc), change in AICc from
best model (∆AICci), Akaike weight (wi), accumulated Akaike weight (acc wi), and evidence ratio (ER). For
each selection round, the 95% credibility set of models (based on accumulated Akaike weight) is
highlighted in grey. Round 1 shows the results of competition between models based on only the
biomechanical hypotheses. Round 2 shows the results of competition between models following the
addition of the body size variable to the best models from Round 1. Round 3 (c) shows the final
competition after combining model universes. The predictive weights of the model variables were used to
distinguish models within the 95% credibility set with very similar AICc scores.
a.
K

R2

AICc

∆AICci

wi

acc wi

ER

AbMass - AbArea + Seg10 + AbMass*AbArea

4

0.442

515.05

0

0.458

0.458

1.0

AbMass - AbArea + Seg10

3

0.435

515.97

0.92

0.289

0.748

1.584

Seg10 - AbArea

2

0.425

517.64

2.59

0.126

0.873

3.65

Seg10

1

0.418

518.23

3.23

0.091

0.965

5.035

AbMass + Seg10

2

0.415

520.17

5.12

0.035

0.999

12.93

AbMass

1

0.292

548.59

33.55

2.38E-08

0.999

1.92E+07

AbMass + AbArea + AbMass*AbArea

3

0.299

549.36

34.31

1.62E-08

0.999

2.82E+07

AbMass + AbArea

2

0.289

550.42

35.38

9.54E-09

1

4.80E+07

AbArea

1

0.243

559.14

44.09

1.22E-10

1

3.75E+09

AbMass - AbArea + Seg10 + AbMass*AbArea

4

0.442

515.05

0

0.287

0.287

1.0

BodyMass - AbArea + Seg10

3

0.438

515.21

0.16

0.265

0.552

1.085

AbMass - AbArea + Seg10

3

0.435

515.97

0.92

0.181

0.734

1.584

-BodyMass + AbMass - AbArea + Seg10 + AbMass*AbArea

5

0.439

517.22

2.18

0.097

0.831

2.968

BodyMass - AbMass - AbArea + Seg10

4

0.434

517.36

2.31

0.091

0.921

3.173

Seg10 - AbArea

2

0.425

517.64

2.59

0.079

0.999

3.65

BodyMass

1

0.266

554.19

39.14

9.09E-10

1

3.16E+08

Candidate model
Round 1

Round 2

Predictive weight of model variables
AbArea

0.9213

Seg10

0.9213

AbMass

0.6563

BodyMass

0.4524

AbMass*AbArea

0.3842
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b.
K

R2

AICc

∆AICci

wi

acc wi

ER

Genus

11

0.549

489.6

0

0.89

0.89

1

Morphotype

6

0.514

493.79

4.19

0.11

1

8.12

Genus + Morphotype

16

--

--

--

--

--

--

Genus + Morphotype

8

0.138

287.46

0

0.501

0.501

1

Genus (Leucorrhinia, Sympetrum, Epitheca, Tramea, Cordulia)

6

0.126

287.48

0.02

0.496

0.999

1.01

Morphotype (C, R)

3

0

297.17

9.71

0.004

1

128.1

Candidate model

Stable model set

c.
K

R2

AICc

∆AICci

wi

acc wi

ER

AbMass + AbArea - Seg10 + Genus

14

0.618

467.89

0

0.389

0.389

1

-BodyMass + AbMass + AbArea - Seg10 + Genus

15

0.619

468.67

0.78

0.263

0.652

1.48

BodyMass + AbArea - Seg10 + Genus

14

0.613

469.78

1.88

0.152

0.804

2.57

AbMass + AbArea - Seg10 + AbMass*AbArea + Genus

15

0.615

470.37

2.48

0.113

0.916

3.45

-BodyMass + AbMass + AbArea - Seg10 + AbMass*AbArea + Genus

16

0.617

470.97

3.07

0.084

0.999

4.65

Genus

11

0.549

489.6

21.71

7.52E-06

1

5.17E+04

AbMass - AbArea + Seg10 + AbMass*AbArea

4

0.442

515.05

47.16

2.24E-11

1

1.74E+10

BodyMass - AbArea + Seg10

3

0.438

515.21

47.32

2.06E-11

1

1.88E+10

AbMass - AbArea + Seg10

3

0.435

515.97

48.08

1.41E-11

1

2.75E+10

-BodyMass + AbMass - AbArea + Seg10 + AbMass*AbArea

5

0.439

517.22

49.33

7.54E-12

1

5.16E+10

BodyMass - AbMass - AbArea + Seg10

4

0.434

517.36

49.47

7.06E-12

1

5.51E+10

Candidate model
Round 3

Predictive weight of model variables
AbArea

0.91638

Seg10

0.91638

Genus

0.91638

AbMass

0.76482

BodyMass

0.41487

AbMass*AbArea

0.11266
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Figure 1. Map of the Guelph, Ontario region showing ponds (1-5) from which larval dragonflies were
collected for performance measurements. Ponds 1 & 2 contained no fish, 3 & 4 contained sunfish
(Centrarchidae), and pond 5 contained brook stickleback (C. inconstans) and mudminnows (U. limi).
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Figure 2. Ventral aspect of Libellula sp. showing morphological measurements taken. a) head width, b)
body length (to posterior margin of 10th abdominal segment), c) abdomen width (at posterior margin of
6th abdominal segment), d) abdomen length (anterior margin of 1st segment to posterior margin of 10th
segment), e) width of abdominal segment 10. The red line (f) represents the outline used to measure
ventral abdominal surface area. The scale seen at the top of the picture measured 0.5mm increments and
was used to calibrate the ImageJ program. The distance that can be seen above is 2cm denoted by the
longest lines with 5mm increments also visible.
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Figure 3. Diagramatic representations of each abdominal morphotype identified with a corresponding
specimen photograph. Morphotypes were distinguished based on the following characteristics: A:
abdomen ≥ 2.5x long as wide, width of segment 10 ≥ 40% of segment 6. R: abdomen blunt-ended,
generally uniform in width, < 70% wide as long. C: abdomen blunt-ended, ≥ 70% wide as long. T:
abdomen tapering gradually to an elongated segment 10. G: segment 9 long, segment 10 at least as long
as wide, abdomen generally bottle-shaped. Sketches courtesy of Mary Reynolds.
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Figure 4. Variation in swimming performance among larval dragonflies within one second of stimulation
with soft tweezers, measured as total distance travelled (mm) from the starting point by the number of
video frames from a 60fps recording of the sprint event. The x-axis is time measured in frames of video
up to 60, corresponding to one second. The vertical axis is cumulative distance travelled away from the
start location of the jetting dragonfly, measured in mm.
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Figure 5. Examples of fine-scale variation in the swimming performance of individual larval dragonflies
shown across three jets within a sprint event. All figures have been scaled approximately. The vertical
axis measures the distance travelled between frames of video, equatable to mm travelled per 1/60s.
Individual a (Leucorrhinia sp.) maintains approximately constant maximum velocity and increases total
distance/jet, however duration/jet increases with distance, doubling by the 3rd jet. Individual b (Anax sp.)
maintains approximately constant duration, but increases both maximum velocity per jet and baseline
velocity while jetting. Individual c (Sympetrum sp.) is an example of overall consistency between jets.
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Figure 6. The distribution of Reynolds numbers, calculated based on body length (L) and per-jet average
maximum velocity (u), Re = uL*106 (OʼDor 1988) for each individual (n = 155). 97.5% of individuals have
Re > 494.7, and 90% of individuals have Re > 919.6. The line in the box represents the median Re value
(2935.5). Box is constructed based on upper and lower quartiles with whiskers representing maximum
and minimum values and likely outliers indicated as single points. The diamond is centred on the mean
Re value (4142.9) and its height represents the 95% CI for the mean.
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n=7

n=22

n=1
n=40
n=29
n=17
n=9
n=22

n=1

n=6

n=1

Figure 7a. Variation in principal component 1 (PC1) of larval dragonfly swimming performance across
dragonfly genera. The line within the box references the median swimming performance value for each
genus. Boxes are constructed based on upper and lower quartiles and whiskers represent maximum and
minimum values with likely outliers indicated as single points on the graph. Genera Aeshna, Arigomphus,
and Cordulia were only represented by a single individual.
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n=23

n=55
n=39

n=15
n=23

Figure 7b. Variation in principal component 1 (PC1) of larval dragonfly swimming performance across
visually distinct abdominal morphotypes (see Fig. 3). Boxes are constructed as in Figure 7a above.
Morphotype A captures variation from the genera Aeshna and Anax. Morphotype C captures variation
from the genera Epitheca, Leucorrhinia, Sympetrum, and Tramea. Morphotype G captures variation from
Gomphus and Arigomphus. Morphotype R captures variation from Cordulia, Epitheca, Leucorrhinia,
Sympetrum, and Tramea. Morphotype T captures variation from the genera Ladona and Libellula.
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Figure 8. Principal component 1 of larval dragonfly swimming performance regressed onto abdominal
segment 10 width (R2 = 0.42, PC1 = -3.03 + 3.32(Log(Seg10+1)), p < 0.0001).
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Figure 9. Variation in the individual components of swimming performance regressed onto abdominal
segment 10 width. Clockwise from top left; average maximum acceleration per jet (R2=0.38), average
maximum velocity per jet (R2=0.39), average jet duration (R2=0.16), average distance travelled per jet
(R2=0.25).
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Chapter 2

Explaining larval dragonfly distribution across fish
predation risk environments using swimming performance
and related abdominal morphology
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ABSTRACT
!

The complex interactions between predator and prey can shape the

development, ecology, and evolution of both. In larval dragonflies, jet propulsion
swimming provides fast acceleration and may enhance escape from suction-feeding
fishes. I investigated whether swimming performance and abdomen morphology explain
the distribution of larval dragonflies under different levels of predation risk among
natural ponds. I video-taped the swimming of dragonflies following a simulated attack
and measured relevant abdominal morphology and swimming performance. Highperformance dragonflies were more likely to occur in high-risk environments than in norisk environments. Increased variation in performance was also observed in larvae from
high-risk environments, and so suggests a greater number of niches available where
fish are present. The width of abdominal segment 10 also predicted the distribution of
larval dragonflies across predation risk environments providing evidence of causal links
between morphology, swimming performance and anti-predator function. This study
represents the first investigation of the relationship between dragonfly jet propulsion and
ecology within a functional morphology framework.

41

Section

Page

2.1 INTRODUCTION.....................................................................................................................

43

2.1.1 Jet propulsion performance in relation to predation risk.......................................................

47

2.1.2 Larval dragonfly abdominal morphology in relation to predation risk...................................

47

2.2 METHODS...............................................................................................................................

48

2.2.1 The collection of larval dragonflies and assessment of local predation risk.........................

48

2.2.2 Larval dragonfly abdominal morphology...............................................................................

49

2.2.3 Larval dragonfly swimming performance..............................................................................

49

2.2.4 Larval dragonfly swimming performance and predation risk................................................

50

2.2.5 Larval dragonfly abdominal morphology and predation risk.................................................

50

2.3 RESULTS................................................................................................................................

51

2.3.1 Larval dragonfly swimming performance and predation risk................................................

51

2.3.2 Larval dragonfly abdominal morphology and predation risk.................................................

52

2.3.3 Distribution of morphological types in relation to predation risk...........................................

53

2.4 DISCUSSION..........................................................................................................................

53

2.4.1 Larval dragonfly swimming performance in relation to predation risk...................................

54

2.4.2 Larval dragonfly abdominal morphology in relation to predation risk...................................

59

2.4.3 Jet propulsion performance and larval dragonfly ecology and evolution..............................

64

2.4.4 Conclusions..........................................................................................................................

65

Tables & Figures............................................................................................................................

66

42

2.1 INTRODUCTION
!

Many complex phenotypic traits appear to evolve within an ecological context of

predation. Predator-prey interactions should generate strong selection on
morphological, life-history, behavioural and ontogenetic traits of both predator and prey
because survival is a key component of fitness along with reproductive success (e.g.
Crowl & Covich 1990; Stibor 1992; Swain 1992; Gosler et al. 1995; McCollum & Van
Buskirk 1996; Mikalojewski et al. 2010; Petrin et al. 2010). The evolutionary responses
by prey to the strong selective influence of predation is supported by the observation of
many adaptive anti-predator traits across taxonomic boundaries, from quickly
reproducing invertebrates such as daphnia (Stibor 1992) to birds and other vertebrates
(e.g. Gosler et al. 1995; Losos et al. 2004). The effect of predation on the life history of
many aquatic invertebrates can be so strong that chemical cues alone can often elicit
adaptive plastic life-history and behavioural responses (e.g. Crowl & Covich 1990;
Stibor 1992; Chivers et al. 1996, Benard 2004). Numerous studies have consistently
shown that predation can have strong evolutionary and developmental effects on the
morphology and behaviour of prey organisms when these traits increase the probability
of predator avoidance (e.g. Kohler & McPeek 1989; McPeek 1997; Van Buskirk et al.
1997; Mikolajewski & Rolff 2004; Touchon & Warkentin 2008; Petrin et al. 2010;
Staudinger et al. 2011).
!

Recognising that a successful predation event has four distinct functional phases

can help in evaluating the functional utility of any potential anti-predator trait. Predators
must first detect prey, then stalk, capture, and process their prey (Figure 1; Kramer
2001). Disrupting this process at any point potentially allows prey to escape, and so
selection may favour a variety of anti-predation traits that function in only one or multiple
phases of the process. Cryptic coloration or behaviour can interrupt the detection phase
(e.g. Kohler & McPeek 1989; Stoks et al. 2003; Touchon & Warkentin 2008). Fleeing by
escape burst-swimming in aquatic systems or running in terrestrial systems can be
effective defences because they can interrupt the stalking and capture phases
(McCollum & Van Buskirk 1996; Wakeling & Johnston 1999; Losos et al. 2004;
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Staudinger et al. 2011). Large body size and defensive armatures such as spines and
armour can be effective defences against gape-limited predators such as fish because
they interrupt predation at the capture and perhaps processing phase (Christensen
1996; Mikolajewski & Rolff 2004; Domenici et al. 2008).
!

Hypotheses about the function of any trait in prey can be investigated through the

effect of the trait on performance in a particular ecological context, if possible while
taking into account limits imposed by behavioural and morphological phenotypes and
interactions among traits (Arnold 1983, in Wainwright & Reilly 1994). One approach to
investigating the ecological consequences of phenotype is summarized in a functional
morphology framework first outlined by Arnold (1983) and extended by Wainwright &
Reilly (1994) that causally relates organismal phenotype to performance, performance
to ecology and ultimately to fitness and evolution. This is possible because an
individualʼs performance may directly influence fitness through a number of pathways
where phenotype affects survival (escape performance), reproductive success (energy
availability, adult body size), and resource use by constraining the types of habitat and
resources that may be exploited (Wainwright & Reilly 1994). Behaviour and morphology
set limits on performance which may subsequently influence the organismʼs ecology
and fitness (Figure 2; Wainwright & Reilly 1994). Evolutionary biologists commonly
make assumptions about the link between morphology, performance, and ecology since
these assumptions are required for many adaptive hypotheses. The Wainwright & Reilly
(1994) framework is useful in evaluating the function of traits and its consequences
because it clearly identifies a causal direction to hypothetical relationships between
phenotype, performance, and ultimately fitness. I used this framework in Chapter 1 to
link variation in abdominal morphology to variation in swimming and indirectly to jetting
performance and now use that link here to evaluate whether jet propulsion influences
the ecology and life-history of dragonflies in small ponds in Ontario. I evaluate functional
hypotheses of variation in jet propulsion and associated abdominal morphology among
larval dragonflies in the context of predation by suction-feeding fish and test whether
this can predict odonate community structure in small ponds.
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!

The jet propulsion of larval dragonflies (Odonata: Anisoptera) provides a unique

opportunity to address the evolution of anti-predator fleeing performance under fish
predation. Since abdominal geometry directly influences fleeing (swimming
performance; see chapter 1), they both may influence anti-predator performance. In that
case, the link between morphology and fleeing can then be used to make inferences
about dragonfly ecology and evolution.
!

Previous studies on Odonata have investigated relationships between phenotypic

variation and adaptive anti-predator responses. In damselflies, the functional roles of
morphological traits in swimming and locomotion (e.g. leg length, caudal lamellar shape
and size) and behavioural traits relating to foraging, predator avoidance, and activity
level (McPeek 1990, 1996, 1997, 2000; Stoks et al. 2003, 2005) have been
investigated. Similarly in dragonflies, Pierce (1988) documented that behavioural traits
(foraging time, predator avoidance, habitat shifting) respond flexibly to bluegill sunfish
predation pressure in functionally sensible ways. In European dragonflies, variation in
defensive morphological traits has also been related to both fish and dragonfly
predation (Johansson 2002; Mikolajewski & Johansson 2004; Mikolajewski et al. 2006).
What has not been addressed is whether variation in swimming performance and
morphological variation associated with swimming performance in larval dragonflies is
related to escape performance under suction-feeding fish predation.
!

Suction feeding is the primary mechanism employed by predatory fish to capture

smaller prey (Ferry-Graham et al. 2003), and so the qualities of suction feeding may
exert strong selection on antipredator traits that resist suction. In suction feeding fish
during the final phase of prey capture, negative pressure is created in the buccal cavity
by expansion of the cranial skeleton and translated into suction force upon opening the
mouth (Lauder 1980, Carroll et al. 2004, Carroll and Wainwright 2006). The peak
suction force is produced a small distance ahead of the oral jaws, and rapidly declines
away from this focal point (Ferry-Graham et al. 2003, Day et al. 2005). In bluegill
sunfish, peak force tends to occur between 0 and 0.5cm anterior to the oral jaws, and
reduces to zero within about 1.5cm away from this point in any direction (Ferry-Graham
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et al. 2003, Day et al. 2005). Similar highly localized suction force patterns are found in
other centrarchid fish, such as the largemouth bass (Higham et al. 2006). If such a
proximity limitation is general across suction-feeding fish, then the positioning of the
prey in the zone of maximum suction pressure at the moment of final attack improves
the predatorʼs performance, while avoiding this zone improves prey survival, with
potentially strong fitness consequences for both.
"

Fast-start and burst swimming in prey are likely an essential feature that

increases the probability of prey survival during this final capture phase because it can
allow a prey to avoid the highly localized zone of maximum suction force, and fast
fleeing behaviour is widely observed among many small invertebrate and fish prey
species (Buskey 1994; Wakeling and Johnston 1999; Wakeling 2001; Waggett &
Buskey 2007). My goal was to evaluate whether variation in the swimming performance
of larval dragonflies functions as an anti-predator trait against large suction-feeding fish.
Chapter 1 investigated correlations between abdominal morphology and swimming
performance in larval dragonflies, providing the background for the hypotheses and
predictions of this study. I address two questions:
1. Does jet propulsion swimming performance predict the distribution of larval
dragonflies across ponds that vary in fish predation risk?
2. Is the abdominal morphology that is related to jet propulsion in larval dragonflies also
associated with fish predation risk?
"

Chapter 1 demonstrated substantial variation in swimming performance among

larval dragonflies, and that this was related to variation in three abdominal traits
biomechanically expected to affect jet thrust (dry weight, ventral surface area, segment
10 width) as well as taxonomy and general morphology. Here I evaluate whether
variation in swimming performance and associated variation in abdominal morphology
in larval dragonflies predicts variation in anti-predator defense and potentially survival
under fish predation.
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2.1.1 Jet propulsion performance in relation to predation risk
!

If variation in swimming performance influences survival, then larval dragonfly

with higher swimming performance will tend to be found in higher predation risk
environments than larvae with low swimming performance. Alternatively, swimming
performance may have relatively little anti-predator function compared to other antipredator traits such as coloration, behaviour, or spines, or may be more strongly related
to foraging performance via movement or force generation during labial extension
(Olesen 1972; Parry 1983). If variation in swimming performance does not have a key
influence on survival under predation by suction feeding fish because other traits have a
larger effect, then larval dragonfly swimming performance will not be associated with
risk of predation by suction-feeding fish.
2.1.2 Larval dragonfly abdominal morphology in relation to predation risk
!

If abdominal morphology has a mechanical influence on jet propulsion swimming

performance and this in turn increases survival under predation risk from suctionfeeding fish, then larval dragonflies exposed to greater predation risk will have greater
abdominal muscle mass (measured as abdominal dry weight), greater abdominal cavity
volume (measured as ventral abdominal surface area) and smaller abdominal segment
10 (measured as horizontal linear width), after accounting for variation in body size,
than dragonflies exposed to low or no predation risk. Alternatively, anti-predator
performance may be unrelated to jetting performance (see above), or to these specific
abdominal traits, or these traits may serve multiple functions in addition to jetting
performance. In these cases, there will be little association between each abdominal
trait and predation risk by suction-feeding fish.
!

There may be additional aspects of dragonfly abdominal or other morphology

that confer a survival advantage independent of their effect on swimming performance,
and these aspects may be more generally related to abdominal morphotypes identified
in chapter 1. In chapter 1, I found that morphotype was related to swimming
performance and also varied colinearly with genus. Thus, morphotypes may include
additional morphological or physiological features that confer survival advantages under
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predation from suction-feeding fish. If this is the case, then certain abdominal
morphotypes will be associated with certain predation-risk environments.
2.2 METHODS
2.2.1 The collection of larval dragonflies and assessment of local fish predation risk
!

All dragonflies collected for this study come from either permanent or ephemeral

ponds around the city of Guelph, southern Ontario, Canada. Forty ponds were sampled
for this study within 15km of the city. Ponds were close enough to each other to not act
as permanent barriers to gene flow but far enough to remain separate in case of floods
(Figure 3). I sampled dragonflies from April to October 2010 using D-nets in six 1m
transects per pond. Transects were measured perpendicular to the shoreline to capture
variation in depth and strategically located around the pond in or near clusters of
submerged macrophytes. The D-net was drawn through two passes of the transect at
two depths; one just below the surface and one in contact with the pond bottom. The
contents of the net were emptied into buckets and sorted at the pond using 1cm, 0.5cm,
and 0.1cm sieves and all larval dragonflies were immediately preserved in 70% ethanol.
!

Fish presence was initially assessed visually from the shore and by using 4-6

minnow traps, in regular intervals up to 24 hours to ensure at least 100 total trap-hours
per pond. Ponds in which traps yielded no fish after 100 trap-hours were considered to
be fish-absent ponds. Depending on the species of fish caught or seen from shore,
ponds were designated to one of three predation-risk-levels; high-risk ponds contained
large active predatory fish such as Centrarchid sunfish, low-risk ponds contained central
mudminnows (Umbra limi), and fish-absent ponds were considered no-risk for the
purpose of this study. Some ponds that contained brook stickleback (Culaea
inconstans), but since these fish do not consume dragonfly larvae (Tompkins & Gee
1983; Allen & Wootton 1984; Reimchen & Nosil 2001; Stewart et al. 2007) those ponds
were considered no-risk. One pond contained an unidentified minnow, likely a shiner
(Notropis sp.). Lotic species of Notropis appear to feed rarely on odonate larvae (Surat
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et al. 1982) however lentic species likely do not (Gorski et al. 1999; Roberts et al. 2006)
and so this pond was also considered no-risk.
2.2.2 Larval dragonfly abdominal morphology
!

Dragonflies were sorted by pond into each of the five abdominal morphotypes

described in Chapter 1. Not all morphotypes were found in every pond. Three
individuals were then subsampled for each morphotype in every pond in a way to
maximize size variation (one small, one medium, and one large individual). Three
individuals were randomly selected from morphotype groups composed of individuals
with similar body sizes. All individuals were included in morphotype samples composed
of ≤ 3 individuals. A total of 274 individuals from 40 ponds were subsampled,
photographed and identified to genus before their dry-weights were measured (refer to
Chapter 1: Methods for a more detailed description of this process). Measurements
were taken from the photographs of the ventral abdominal surface area and the width of
abdominal segment 10 using ImageJ (US National Institutes of Health Research
Services Branch) (Figure 4).
2.2.3 Larval dragonfly swimming performance
!

Swimming performance data were recorded from individual larval dragonfly

taken from either high-risk (n=81) or no-risk (n=74) environments following the protocols
described in Chapter 1. Three performance characteristics (average per-jet maximum
acceleration, maximum velocity, and average per-jet distance) were estimated over the
first three jets within a sprint event, and each were positively related to body size
(chapter 1). Thus, I rescaled swimming performance to a per body size scale to remove
these size effects by taking the performance characteristics for each individual and
dividing these by individual body length. A fourth performance character, average
duration, did not vary significantly with body size and was not so rescaled. I then used
an analysis of principal components (PCA) to estimate an “overall” jet performance
score for each individual which summarised variation on each of three rescaled
performance variables and average duration. I interpreted variation only with respect to
the first principal component (see results below).
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2.2.4 Larval dragonfly swimming performance and predation risk!
!

To evaluate whether swimming performance predicted the distribution of larval

dragonflies across predation environments, I fit a logistic regression model using a logit
link function to test whether the likelihood of occurrence between high- and no-risk
environments was a function of overall swimming performance (assessed as PC1
scores). I interpret significant evidence of a positive relationship between swimming
performance score and large fish environments as evidence that swimming
performance serves an anti-predator function in that environment, while no significant
slope coefficient would indicate little evidence of an association between jetting and
anti-predator performance. The direction of my prediction justifies a 1-sided test.
2.2.5 Larval dragonfly abdominal morphology and predation risk
!

I used the 274 subsampled larval dragonflies described above to evaluate the

association between abdominal morphology and risk of predation by suction-feeding
fish while accounting for body size. I compared the linear relationships between each
abdominal morphology trait (abdomen size, dry abdominal mass and segment 10 width)
and body size (dry weight) among the three predation environments using ANCOVA,
treating body size as the covariate. ANCOVA models included an interaction between
fish predation environment (high, low, none) and body size to allow slopes to vary
between the three levels of predation environment. I expected there to be either
elevational differences and/or slope differences among risk categories in the linear
relationships between each abdominal trait and body size consistent with my
biomechanical hypotheses.
!

I was also interested in evaluating whether, more generally, abdominal shape

was related to predation risk for reasons other than the particular abdominal traits
considered above. I used a χ2-contingency test for associations between the
frequencies of the 5 morphotype identified in chapter 1 and the three levels of fish
predation risk (no, low and high). I focus on the presence/absence of morphotypes in
each predation environment. I first tallied the number of ponds in which each
morphotype occurred cross-classified by predation risk environment (5x3 classification
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table). This table was unstable, however, due to the comparative rarity of morphotypes
G and T which resulted in 40% of contingency table cells having expected values less
than 5. To increase stability I combined the frequency data between low- and no-risk
ponds resulting in a more stable 5 morphotype X 2 predation environment classification
table. My analyses in Chapter 1 indicated that while jetting performance was strongly
related to genus, morphotype also strongly covaried with genus, and so any covariation
between morphotypes and predation risk environments likely includes both genus and
morphotype effects.
2.3 RESULTS
2.3.1 Larval dragonfly swimming performance and predation risk
!

The PCA generated two principal components related to overall swimming

performance. PC1, accounted for 69.1% of the total variation in swimming performance
characteristics and was highly correlated with all four performance variables (Table 1).
Average maximum acceleration, velocity and distance were all positively correlated with
variation along PC1, while duration was negatively related (Table 1). PC2 accounted for
an additional 25.6% of the total variation in swimming performance but was only
strongly related to per-jet average duration and average distance and not to
acceleration and velocity (Table 1). The covariance structure among these data was
very similar to the structure observed in the analysis of data taken on the same
individuals in chapter 1 (Appendix II). I only evaluated how variation in the more
comprehensive PC1 scores predicts larval dragonfly occurrence across high and no
predation risk environments.!
!

After accounting for body size, the likelihood of a larval dragonfly occurring in a

pond with a high risk of predation increased with swimming performance estimated from
PC1 scores as expected (χ2 = 3.00 df = 1 p = 0.042, logistic regression logit⎮E(risk/SP)
⎮= 0.083 + 0.15(SPPC1), SEintercept = 0.11, SEslope = 0.09). Additionally, there appeared to
be substantially greater variation in swimming performance among individuals from
high-risk predation environments. Leveneʼs test for equal variances confirmed that larval
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dragonflies under high risk of fish predation had significantly greater variation in
swimming performance (PC1 scores) than those under no fish predation risk (F1,153 =
13.11 p = 0.0004).
2.3.2 Larval dragonfly abdominal morphology and predation risk
!

The mean of abdominal dry weight, abdominal ventral surface area and segment

10 width all positively covaried with body size and also varied with predation risk
environment. However, the effect of predation risk on these abdominal traits was
inconsistent and sometimes complex. There was no significant interaction between
body size and predation risk when predicting the mean width of abdominal segment 10
(body weight*predation risk; F2,268 = 0.68 p = 0.51). Segment 10 width increased with
body size as expected (F1,270 = 1072.4 p < 0.0001 ), however for a given body size, the
mean width of segment 10 decreased with predation risk (F2,270 = 10.58 p < 0.0001).
Larval dragonflies from no-risk ponds had significantly wider segment 10 than
dragonflies from either low- or high-risk ponds, and dragonflies from low-risk ponds had
significantly wider segment 10 than dragonflies from high-risk ponds (Figure 5).
!

The effects of predation risk on mean abdominal dry weight and ventral

abdominal surface area was more complex because it varied with body dry weight
(predation risk*body dry weight interaction; for abdominal dry weight F2,268 = 3.089 p =
0.047, for ventral surface area F2,268 = 4.86 p = 0.0085). In other words, the positive
isometric relationship between each trait and body size varied with the levels of
predation risk. Larval dragonflies from no-risk and low-risk ponds had stronger isometric
scaling between abdominal dry weight and body size (steeper slopes in Figure 6),
compared to dragonflies from ponds with a high risk of fish predation which exhibited
weaker isometric scaling of abdominal dry weight with body size (shallower slope in
Figure 6). Similar differences in isometric scaling of abdominal ventral surface area with
body size occurred among predation conditions. Larval dragonflies from high-risk
ponds showed the strongest isometric scaling (steepest slope in Figure 7), followed by
dragonflies from no-risk ponds and then low-risk ponds (shallower slopes in Figure 7).
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!

The mean abdominal dry weight of dragonflies from the genera, Aeschna, Anax,

and Basiaeschna (all of the family Aeshnidae) appeared to be consistently larger than
those from other genera. On average, the abdomen of Aeshnidae dragonflies comprised
55% of their total body dry weight, which was a significantly greater proportion than in
non-Aeshnidae dragonflies, where abdominal dry weight was only 40% of total body dry
weight (t178=18.3, p<0.0001). The proportionally greater abdomen sizes of Aeshnidae
dragonfly larvae may hide more subtle responses of abdominal morphology to predation
risk than discovered above. Therefore, I re-examined the association between
abdominal dry weight and predation risk, excluding Aeshnidae dragonflies. After
excluding Aeshnidae individuals, I found instead no strong evidence that abdominal
mass was influenced by an interaction between predation risk and body mass (body dry
weight*predation risk; F2,178 = 1.56 p = 0.21). Furthermore, while abdominal mass
positively covaried with body size as above (body dry weight, F1,178 = 6992.1 p <
0.0001), there was no evidence that the abdominal mass varied consistently among
predation environments (predation risk, F2,178 = 0.0005 p = 0.9995).
2.3.3 Distribution of morphological types in relation to predation risk
!

The reconstructed contingency table using pooled counts from low- and no-risk

predation environments provide some evidence that larval dragonfly morphotypes were
not randomly distributed between high versus no and low predation risk environments
(Pearson !"4 = 9.421, p = 0.051). Four of the five morphotypes (A, C, R, T) were
proportionally more likely to occur in low- and no-risk ponds whereas morphotype G
was more likely to occur in ponds with a high risk of fish predation (Figure 8).
2.4 DISCUSSION
!

Both swimming performance, assessed under controlled laboratory conditions,

and abdominal morphology predicted the distribution of larval dragonfly among ponds
that varied with respect to risk fish predation. This finding is consistent with my general
hypothesis that morphology influences jetting performance and that jetting performance
serves an anti-predator function. However, my study has also revealed a potential
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exception to this rule, because one of the genera with the poorest jetting performance
are found in high predation risk environments, indicating that other factors beside jetting
performance may also influence the distribution of larval dragonflies in nature.
2.4.1 Larval dragonfly swimming performance in relation to fish predation risk
!

Jet propulsion swimming performance successfully predicted the distribution of

larval dragonflies between high- and no-risk predation environments. This supports my
hypothesis that greater larval dragonfly swimming performance increases survival under
predation by suction feeding fish. My goal during the performance trials had been to
simulate an attack in order to elicit a maximal response from the dragonfly; effectively
an escape response. A caveat, however, is that the performance I measured occurred
under artificial lab conditions and so may only approximate performance in the realworld where many other factors may influence any functional utility of jetting in larval
dragonflies (Wainwright & Reilly 1994). Other factors that could influence the efficiency
of larval escape jetting as an anti-predator tactic likely include the visual environment
which is influenced by water clarity and the structural complexity of the benthic habitat
with respect to prey refuges.
!

To my knowledge, this study is the first time that an association between

swimming performance and escape potential has been investigated in larval
dragonflies. Dragonflies collected from high-risk ponds accelerated faster and
maintained a higher maximum velocity, and were able to complete a single jet in a
shorter amount of time than dragonflies from no-risk ponds. Fast acceleration to a high
velocity and short jet duration are likely important in avoiding suction feeding fish
predators because they should increase the likelihood of escaping the localized zone of
peak suction force which seems to be a fundamental constraint on feeding performance
in suction feeding fishes (Buskey 1994; Wakeling and Johnston 1999; Wakeling 2001;
Waggett & Buskey 2007). Staudinger et al. (2010) noted that escape jetting is a primary
defence tactic in squid in response to ambush fish predators, which also employ a short
rapid capture phase. Previous studies claimed that burst- or fast-start-swimming
increases the chance of survival under fish predation in fishes, squid, copepods, and
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dragonflies (Mill & Pickard 1975; Buskey 1994; Wakeling & Johnston 1999; Waggett &
Buskey 2007; Domenici et al. 2008; Staudinger et al. 2010), but none linked the
organismʼs morphology to its mechanical and ecological performance to study antipredator escape locomotion.
"

In addition to predicting the distribution of larval dragonflies across predation

environments, the overall jet swimming performance of larval dragonflies was
unexpectedly more variable in the high- compared to no-risk ponds. Two possible
explanations for greater variation in swimming performance in high predation risk
environments potentially rely on understanding additional ecological factors. First, the
greater variation in jet swimming performance in high predation risk ponds suggests that
the presence of a suction-feeding fish predator directly creates opportunities for a
greater diversity of niches that can be occupied by different forms of larval dragonflies.
For example, the presence of active predatory fish may generate a trade-off in larval
dragonflies between avoiding predation and feeding, which has been suggested for
some damselflies, another odonate (McPeek 2004). This may subsequently reduce
competition among dragonflies and allow different forms that vary in jetting performance
to coexist, thus increasing diversity in high predation environments. This top-down
release from competition would be similar to the effect seen in ecosystems with a
keystone predator (Paine 1966). Evidence that predation mediates competition at lower
trophic levels and so increases diversity has been found in both aquatic and terrestrial
systems (e.g. Janzen 1970; Estes & Palmisano 1974; McLaren & Peterson 1994;
Henke & Bryant 1999). Second, the presence of fish predators may not create
ecological opportunities for the coexistence of diverse forms of larval dragonfly, but may
simply indicate the existing niche diversity (in the abiotic and biotic features) of ponds
which support greater diversity of larval dragonfly forms. In this case, predatory fish do
not play a functional role in the coexistence of different larval dragonfly forms, but their
presence reflects environmental conditions that support such coexistence.
"

An especially interesting example that may illustrate greater niche diversity under

fish predation involves the dragonflies of the Gomphus genus which fall into morphotype
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category G. These have the consistently poorest levels of jet swimming performance in
my study (see chapter 1, Figure 6a), yet Gomphus sp. were found almost exclusively in
high predation-risk ponds (only one of 22 individuals collected for performance trials
came from a no-risk pond). This association is, under my functional hypothesis, contrary
to the expectation that low-performance dragonflies should tend to occur in no-risk
ponds. So, how can Gomphus persist in high predation risk ponds with such poor
escape swimming capacity?
!

The morphology and ecology of some Gomphus sp. indicates that they occupy

very specific bottom-dwelling niches where their stout limbs and flattened abdomen
facilitate a burrowing or interstitial lifestyle (Kennedy 1922). Thus, the structural
features of the pond bottom may facilitate survival in Gomphus sp.. Kennedy (1922)
notes that Gomphus sp. prefer sand or gravel substrate near the shores of lakes and
ponds to the point where succession in a newly formed pond will eventually force the
Gomphus sp. out as vegetation and organic matter dominate the structure of the benthic
substrate. In fish, substrate has been linked to nesting and spawning success, embryo
survival, and habitat preference (Stevenson et al. 1969; Colgan & Ealey 1973; Casterlin
& Reynolds 1978; Tappel & Bjornn 1983; Thorp 1988). Thorp (1988) also suggests that
the nest building of fish may change substrate composition over time to larger particles
on average, perhaps also creating a niche that could be occupied by Gomphus sp.. If
this is the case, then the presence of Gomphus sp. in a pond may be a direct result of
the presence of fish in the pond.
!

Consistent with the hypothesis of fish presence facilitating specialized benthivory,

one species, Gomphus militaris, has been recently found to actively parasitize gravid
mussels (Levine et al. 2009). Additionally, the burrowing lifestyle of Gomphus sp. may
facilitate predation on fish eggs, a significant nutritional resource for many aquatic
vertebrates and bottom-dwelling invertebrates (Fox 1978; Schaeffer & Margraf 1987). If
Gomphus sp. tend to be specialized benthivores that can also burrow or otherwise hide
under gravel and rocks, perhaps only emerging to feed at night, then this niche may
provide a refuge against significant fish predation. If these appropriate benthic
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conditions, though, are only available to larval dragonflies in structurally more diverse
ponds that support fish, then this to may explain the coexistence of one of the poorest
jet performance dragonflies with suction feeding fish. Evaluating this hypothesis
requires a better understanding of Gomphus ecology.
!

Jet swimming must overcome the forces exerted by predatory fish during suction

feeding in order to have any influence on prey survival under fish predation. Bluegill
sunfish (Lepomis macrochirus) produce peak suction force at the mouth on average
20ms after beginning the suction attack, when the peak gape size for that attack is
reached (Ferry-Graham et al. 2003; Day et al. 2005). In addition, suction forces acting
on prey rapidly decline in all directions away from the location of peak suction as a
function of gape size (Day et al. 2005). For example, suction force in sunfish drops to
less than half the peak force at about 1/4 gape width (approximately 3mm on average in
15cm-long sunfish) from the mouth, and to near zero at a full gape width (approximately
12.5mm on average in 15cm-long sunfish; Day et al. 2005).
!

The question is whether jet swimming increases the chance of escape in some

larval dragonflies before being drawn into the mouth of a fish given these conditions.
Dragonflies in this study reached their peak velocity in the first jet on average in 99.4ms
(SE = 2.77), about one third the time of a single complete jet, but almost 5 times longer
than the 20ms period of peak force applied by the fish predator. Within 20ms of
stimulation, larval dragonflies achieved a mean acceleration of 2.86m/s2 (SE = 0.165).
At that rate a dragonfly larvae would travel 0.8mm (SE = 0.046) in the 20ms before the
sunfish achieved peak suction force, assuming they reacted at the start of the suction
attack. These data suggest that larval dragonfly seem to be able to move only a quarter
of the distance between the site of peak and the boundary of half suction force in the
time available before capture, hardly compelling evidence of jet swimming as an antipredator defence against suction feeding fish. However, there are two important factors
not considered in these comparisons that may mitigate more strongly in favour of the
dragonfly prey.
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!

The first is variation among larval dragonfly in jet swimming performance, which

was shown in chapter 1, and which is related to variation in fish predation risk here. If
we use data from the highest performing (those individuals capable of acceleration >
9m/s2) rather than the mean among all individuals, then high performing larvae reach
their peak velocity in 66.7ms (SE = 9.62), and within 20 ms of stimulation achieved
acceleration of 10.1m/s2 (SE = 0.45) and velocity of 16.9cm/s (SE = 0.75). With these
values, a dragonfly larvae would travel 2.8mm (SE = 0.13) in the 20 ms before the
sunfish reached peak suction force. This is a vast improvement over the calculations
based on means above, nearly matching the point at which suction force drops to half
(in a 15cm long sunfish predator) and strengthening a link between performance and
fitness among different larval dragonflies.
!

The second mitigating factor to consider is variation in the capacity of fish

predators to either generate peak forces (which may be related to fish size and taxa in
addition to variation within individuals), or apply peak forces to prey by positioning prey
in the zone of highest suction force (Higham et al 2006; Day et al. 2005). Suction force
is highest immediately in front of the mouth and drops to approximately zero within
about one gape width of the mouth (Day et al. 2005). Gape width at attack in sunfish
was found to vary 2-fold within individuals (9-19.1mm; Day et al. 2005). Positioning prey
into this zone is a major determinant of foraging success and is a function of fish
positioning behaviour, as errors on the part of the fish predator in ideally targeting prey
into the zone of maximal suction force dramatically improve the chances of prey
escape. For example, a positioning error of only 2.5-3 mm in sunfish results in a halving
of suction force applied to larval dragonfly prey even before an escape attempt is made
(Ferry-Graham et al. 2003; Day et al. 2005). Day et al. (2005) suggest that the time-topeak-gape (TTPG) during an attack has the greatest influence on suction forces
generated in bluegill sunfish, finding that decreasing TTPG increases maximum suction
force (however it did not affect the negative relationship between suction force and
distance from the mouth). Additionally, TTPG in the study varied almost 5-fold within
individual bluegill sunfish (12 to 58ms), however tended to decrease TTPG when
attacking evasive prey (Day et al. 2005). Ram feeding, when the fish accelerates their
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body prior to initiating a suction attack, has also been shown to increase relative fluid
velocity toward the mouth during an attack (Day et al. 2005; Higham et al. 2006).
However, this may come at the expense of increasing the probability of the dragonfly
detecting the fish and cause the dragonfly larvae to evasively react earlier (Frantsevich
& Mokrushov 1974).
!

Within this complex interaction between a fish predator and its larval dragonfly

prey,, the relative fitness of larval dragonfly is a function of variation among individual
larvae in their capacity to generate high performance jet swimming relative to variation
among fish predators in their ability to generate and target high suction force at prey.
Regardless, larval dragonfly jet swimming performance measured here is likely under
selection from suction-feeding fish predators. If this is true, then variation in jet
swimming performance has ecological and likely evolutionary consequences for larval
dragonflies.
2.4.2 Larval dragonfly abdominal morphology in relation to fish predation risk
!

In Chapter 1, I argued that abdominal morphology can predict swimming and by

extension jetting performance in larval dragonflies. Above, I argued that jetting
performance predicts larval dragonfly distribution across ponds that vary in fish
predation risk. By combining these two ideas, it may be possible to predict an individual
dragonflyʼs chances of survival under fish predation based only on its abdominal
morphology. I investigated whether the biomechanical relationships between
morphology and swimming performance found in Chapter 1 explain variation in larval
dragonfly morphology across predation risk environments.
!

Segment 10 width was the only variable that predicted the distribution of larval

dragonflies across fish predation risks at all body sizes used here. Additionally, the
prediction was consistent with the relationship between segment 10 width and
performance discussed in Chapter 1. Dragonflies with a smaller average segment 10
width for a given body size were more likely to occur in high-risk ponds than either lowor no-risk ponds, and the allometric scaling of segment 10 width did not change with fish
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predation risk. Thus, segment 10 width was the only morphological variable that
predicts the distribution of larval dragonflies across predation risk environments.
Additionally, the predicted distribution of larval dragonflies based on segment 10 width
alone is consistent with my functional hypothesis that links segment 10 width to orifice
size and so to thrust force. This contradicts Wainwright & Reilly (1994) functional
morphology framework somewhat, which implies that morphology can only rarely be
directly linked to ecology because many other factors contribute to ecology than simply
functional morphologies. There are three potential explanations for this morphological
pattern across predation risk environments. First, it may suggest that a decrease in
segment 10 width (and any unknown traits correlated with it) is an adaptive response to
selection by suction-feeding fish on jet-propulsion performance. Second, the pattern
may reflect the outcome of selection by fish predators on the dragonfly population within
the ponds but this selection has no effect on adult fitness so there is no adaptive
evolutionary response. Third, the dragonfly larvae may be developmentally plastic in
their abdominal traits and reducing segment 10 width represents an adaptive plastic
response to encountering high fish predation risk.!
!

Abdominal dry weight scaled almost isometrically with body size in each of the

three predation environments with the greatest divergence and weakest isometry found
unexpectedly in the high predation-risk environment. Dragonflies under heavy fish
predation have lower relative abdomen mass after accounting for body size than
dragonflies from low- or no-risk environments. These data are contrary to my model of
swimming performance suggested in Chapter 1. One possible explanation for this
inconsistency reflects historic phylogenetic effects because the large, fast-swimming
dragonflies from the family Aeshnidae have significantly larger abdomens for their body
size than any other group. Additionally, Aeshnidae dragonflies were distributed contrary
to my predictions based on swimming performance; they were found in 91% of low- and
no-risk ponds but only 57% of high-risk ponds. After excluding the Aeshnidae, I found no
evidence of differences in the allometric scaling of abdominal mass with body size
between the three predation risk environments. This indicates that while there are
functional consequences to jet swimming performance of variation in abdominal muscle
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mass, these do not appear to influence ecological performance in the non-Aeshnidae
dragonflies here.
!

The similarity in the allometry of abdominal mass and body size among predation

environments was inconsistent with biomechanical expectations based on the
relationship between abdominal mass and swimming performance discussed in chapter
1. Abdominal mass was expected to increase as swimming performance increased,
which should have led to dragonflies from high-risk environments having much greater
abdomen mass for a given body size. One possible explanation is that an increase in
the strength of the abdominal muscles is influencing jet swimming performance rather
than simply muscle mass. This effect has been found in squid. As their size increases
with age, both the amount of thrust required to jet and the circular muscles in the mantle
become stronger in order to generate the increase in thrust (Thompson & Kier 2002). A
similar increase in muscle strength may be occurring in larval dragonflies faced with
greater performance demands under high risk of fish predation. Any changes in the
dominant drag forces (viscous or inertial) over body size may also play a limiting role in
the allometric scaling of abdominal mass (see chapter 1, Figure 6). Additionally, there
may be other traits that compensate jet performance through allometric scaling and so
permit abdomen mass to scale isometrically here.
!

Another possible explanation for why abdominal mass did not affect the

distribution of larval dragonfly among predation environments here may be due to
abdominal volume. Variation in the isometry of abdominal cavity volume may also have
permitted isometric scaling of abdomen mass across predation risks found here. I used
ventral abdominal surface area to estimate abdominal cavity volume, and abdominal
area scaled with body size depending on predation risk. Ventral surface area isometry
varied between dragonflies from high- and no-risk ponds, but the weakest isometric
relationship occurred in dragonflies from low-risk ponds. A survival advantage may be
especially important for larvae with larger body sizes for two reasons. A larger dragonfly
requires more force to move than a smaller dragonfly, and the size-selective preference
of fish to feed on larger prey to maximize energy gain while minimizing energy output
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(e.g. Stein 1977; Mittelbach 1981) means the larger dragonfly would need
comparatively greater performance. At small and intermediate body sizes, abdominal
ventral surface area scales approximately evenly across predation risk environments. At
larger body sizes, larvae from high-risk environments have greater relative ventral
abdominal surface area than larvae from low- or no-risk environments. According to the
model I developed in chapter 1, ventral surface area varies positively with jet swimming
performance. Because greater proportional abdomen volume may increase jet
swimming performance, finding increased ventral abdominal surface area primarily in
larger dragonflies from high-risk environments may further suggest that the dragonflies
are under size-selective predation by fish.
!

Although abdominal morphology may be related predictably to fish predation risk,

this study suggests that the association between anti-predator function and the coarsegrained shape-based differences that defined my morphotypes is complicated. The
association between abdominal morphotype and predation risk suggests that abdominal
shape alone may provide no additional survival advantage under predation from
suction-feeding fish predators. Although I found it represented a useful and effective
sorting tool for preserved specimens, morphotype varied colinearily with genus and
genus explained more variation in swimming performance (see chapter 1). There are
additional abdominal morphological traits that are associated with anti-predator defence
but these traits were not captured in my morphotype distinctions. For example, in
European Libellulidae species, spine length and girth have been demonstrated to
increase under fish predation (Johansson & Samuelsson 1994; Mikolajewski & Rolff
2004; Mikolajewski et al. 2010). In these studies, abdominal spines were suggested to
be effective defence against gape-limited predators such as fish, which motivated my
investigation into gross abdominal shape. I believe the ease associated with sorting
based on gross morphological features though suggests it may be worthwhile in future
studies to investigate dragonfly morphotypes based on more abdominal characters and
their distribution across predation risk environments.
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!

A very interesting ecological contrast exists, however, between the distributions

of morphotypes G and T which were on average the poorest performing morphotypes in
my chapter 1 swimming performance experiment. The gross morphology of the
dragonflies in each morphotype is relatively similar; they both have abdomens that taper
to elongated segments 9 and 10 (although G much more-so than T), and generally
appear to have more robust thoraxes and legs than most of the other dragonflies.
Based on my simple biomechanical hypotheses, both morphotypes should be found in
significantly greater numbers in low- or no-risk fish predation environments, as they
have poor swimming performance. Morphotype T is consistent with this prediction, as a
much larger proportion of ponds where it was found were low/no-risk. Morphotype G
however is inconsistent with my prediction, potentially suggesting that despite having
swimming performance that should impart a vulnerability to fish predators, some aspect
of the ecology the G-type dragonflies allows them to thrive under a high-risk of fish
predation. All of the morphotype G individuals were of the family Gomphidae, with
Gomphus the most common genus in my data set. Above, I discussed the evidence
suggesting Gomphus may coexist successfully with fish due to its burrowing lifestyle; it
may use an ecological niche that reduces its risk of fish predation.
!

An investigation into functionally relevant abdominal traits correlated with

segment 10 width would be worthwhile. Segment 10 width was consistently much better
at predicting both jetting performance and the distribution of larval dragonflies across
fish predation risk environments than abdominal dry weight or ventral surface area.
Investigating correlated traits may turn up other aspects of dragonfly abdominal
morphology that have significant ecological and evolutionary consequences. One of the
primary improvements to this study would involve more direct measures of abdominal
muscle mass and cavity volume because it is possible that the scaling relationships and
low predictive power of these variables was due to unknown confounding traits
correlated with abdominal dry weight and ventral surface area. Because I measured
muscle mass and cavity volume indirectly, their effects on swimming performance and
larval dragonfly distribution may have been masked by unknown traits correlated with
abdominal dry weight and ventral surface area.
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2.4.3 Jet propulsion performance and larval dragonfly ecology and evolution
!

The performance of the abdominal hydraulic system may have additional effects

on ecology beyond those related to predator avoidance, such as through an influence
on resource and habitat use. Larval dragonflies use both active searching and ambush
in their own attempts to feed on their prey. Jet performance may influence their own
foraging success in both of these predation stages. For example, dragonfly larvae are
slow walkers and so may also use jetting to search habitats for their prey. Jetting
performance then may influence prey encounter rates if it influences searching
efficiency which would be more likely if their prey were distributed in clusters or patches.
The abdominal hydraulic system used for jet propulsion swimming is also used to
forcefully extend the labium during the final stage of attack (Mill & Pickard 1975).
Labium capture performance may then also be a function of abdominal hydraulic
system. Labial strike speed may increase foraging success especially on fastswimming prey. But strike speed may have additional indirect effects that influence the
ecology of predator prey interactions. It may influence the proximity of predator to their
prey required for a successful attack, which may in turn influence the probability of
predator detection by the prey. Just such a relationship between strike distance and
foraging performance was proposed in damselflies, where the longer labium of Lestes
disjunctus may provide an advantage over a competitor, Coenagrion resolutum, by
allowing it to strike at prey from farther away (Krishnaraj & Pritchard 1995). Thus, the
multiple ecological functions of a common hydraulic system may operate in opposition
or in conjunction with each other, raising the possibility that there could be trade-offs in
hydraulic function that could not only influence anti-predator and foraging function but to
the extent that these influence fitness, also the evolution of traits functionally related to
jet swimming performance.
!

The relationships between jetting performance and resource acquisition raise

additional questions about how the abdominal hydraulic system affects individual
fitness. Because overall jetting performance was positively related to body size, a high
jetting-performance dragonfly might benefit from a positive feedback loop between
foraging performance and growth. Foraging performance improves growth which in turn
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improves jetting and so foraging performance. In organisms that undergo
metamorphosis, larval condition has been consistently shown to positively affect adult
fitness (Pechenik 2006). Harvey and Corbet (1985) demonstrated that larval size in the
damselfly Pyrrhosoma nymphula, predicts adult body size and a meta-analysis by
Sokolovska et al. (2000) demonstrated adult fitness (measured as longevity, mating
rate, and mating success) in male dragonflies to be consistently related to adult body
size. Body size also appears to influence mating success and male territorial defence in
the American rubyspot dragonfly, Hetaerina americana (Serrano-Meneses et al. 2007).
Thus, there are a variety of possible ways whereby the abdominal hydraulic system
could directly and indirectly influence fitness not just of larvae but also of adults.
2.4.4 Conclusions
!

I found that swimming performance in larval dragonflies predicted their

distribution between high-risk and no-risk environments with respect to suction-feeding
fish predators. I also found that an abdominal trait correlated with swimming
performance (abdominal segment 10 width) could be used to predict the distribution of
larval dragonflies across high-risk, low-risk, no-risk environments. Two additional
abdominal morphological traits, abdominal dry weight and ventral abdominal surface
area, scaled differently over ontogeny depending on predation risk as well, but not in
ways predicted by the simple biomechanical hypotheses explored here. I used a
functional morphology framework to evaluate how jetting performance affects larval
dragonfly ecology through avoiding predators and possibly acquiring resources. This
study is the first time that this framework has been applied to a jet-propulsion-swimming
organism, linking the morphology responsible for jet propulsion to the organismʼs
performance and ecology. Future studies would benefit from investigating the
relationship between maximal jetting orifice size and segment 10 width, more precise
measurements of abdominal cavity volume and abdominal muscle mass, and a better
understanding of the relationship between jetting performance and labial strike velocity.
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TABLES & FIGURES
Table 1. Loading matrix (canonical correlations) from a correlation-based principal components analysis
of larval dragonfly swimming performance of four swimming performance features scaled to body size
(see methods). PC1 was selected to represent jet swimming performance based on its superior
explanatory power a high correlation with all four swimming performance features, and because of its
similarity with PC1 performance used in the model competition analyses of chapter 1.
Performance measure

PC1 correlation

PC2 correlation

Avg. Max. Acceleration

0.944

-0.051

Avg. Max. Velocity

0.989

0.029

Avg. Distance

0.848

0.468

Avg. Duration

-0.420

0.896

Eigenvalue

2.76

1.02

Explained variation

69.1%

25.6%
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Figure 1. Important phases of a predation event, accompanied by examples of defense tactics that prey
may employ to counteract each phase. In this study, I investigated whether larval dragonfly jet propulsion
swimming could be used to disrupt the “capture” phase of suction-feeding fish predators. Process
adapted from Kramer (2001).
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Figure 2. Causal framework used to study functional morphology, adapted from Wainwright & Reilly
(1994) which extends the framework of Arnold (1983). The causal link between performance and ecology
was investigated in the context of anti-predator jet propulsion in larval dragonflies, in concert with Chapter
1 which investigated the causal link between phenotype (abdominal morphology) and jet swimming
performance.
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Figure 3. Map showing Guelph, Ontario and the surrounding with the locations of 40 ponds that were
sampled for larval dragonflies April-November 2010.
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Figure 4. Ventral aspect of Libellula sp. showing the measurements for abdominal segment 10 width (a)
and ventral abdominal surface area (b).
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Figure 5. The mean widths of abdominal segment 10 explains the distribution of larval dragonflies across
fish predation risk environments. Grey bars represent mean values with standard error, different letters
indicate values are significantly different (at α = 5%).
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Figure 6. Abdominal dry weight linearly regressed against whole-body dry weight across fish predation
risk environments. As body size increases, abdominal dry weight increases at a lower rate in high-risk
predation environments than low- or no-risk environments (F2 = 3.09 p = 0.047 ). In no-risk environments,
log(abdominal dry weight + 1) = 0.91(log(body dry weight + 1)) - 0.36. In low-risk environments, log
(abdominal dry weight + 1) = 0.93(log(body dry weight + 1)) - 0.43. In high-risk environments, log
(abdominal dry weight + 1) = 0.86(log(body dry weight + 1)) - 0.30. The horizontal axis is body size,
measured as body dry weight and transformed with a natural log. The vertical axis is abdominal muscle
mass, measured as abdominal dry weight and transformed with a natural log.
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Figure 7. Ventral abdominal surface area regressed onto body dry weight across fish predation risk
environments. As body size increases, ventral surface area increases fastest in dragonflies from high-risk
environments and slowest in dragonflies from low-risk environments (F2 = 4.86 p = 0.009). Dragonflies
from no-risk environments had intermediate rates of increase. In no-risk environments, log(ventral surface
area + 1) = 0.71(log(body dry weight + 1)) + 2.02. In low-risk environments, log(ventral surface area + 1)
= 0.66(log(body dry weight + 1)) + 2.09. In high-risk environments, log(ventral surface area + 1) = 0.82
(log(body dry weight + 1)) + 1.84. The horizontal axis is body size measured as body dry weight and
transformed with a natural log. The vertical axis is ventral abdominal surface area transformed with a
natural log.
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Figure 8. Mosaic plot showing the relationship between morphotype frequency across ponds (5 types,
see chapter 1) and predation risk (high versus low/no). Shown for each morphotype (horizontal axis) is
its frequency of occurrence across all 40 ponds (width along horizontal axis) and its frequency in no/low
predation risk ponds (left vertical axis, red or ʻ0ʼ ) relative to high predation risk ponds (blue or ʻ2ʼ). For
example, morph G was more common in high predation risk ponds than no/low predation risk ponds,
while morph T was the opposite. Morphs G and T though are the rarest morphotypes across all ponds
while morphs A and R are most common across ponds.
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APPENDIX I
!
Tables of swimming performance (a) and morphological measurements (b) for the
larval dragonflies in this study (n = 155), listed by genus. In (a), mean values for my four
swimming performance parameters (see chapter 1, 1.2.2 Larval dragonfly swimming
performance) are shown with standard error in parentheses. In (b), mean values for the
morphological characters I measured (see chapter 1, 1.2.3 Larval dragonfly abdominal
morphology) are shown with standard error in parentheses. Note that for the genera
Aeshna, Arigomphus, and Cordulia, only one individual was used and so the values are
not means and there are no standard errors associated with them.
(a)
Genus

N

AvgMaxA
(mm/s2)

AvgMaxV
(mm/s)

AvgDur
(s)

AvgDist
(mm)

Aeshna

1

6792

338.2

0.17

43.88

Anax

22

5776.36
(376.29)

311.45
(23.75)

0.19
(0.01)

41.72
(3.46)

Arigomphus

1

1428

55.2

0.38

11.03

Cordulia

1

2400

120.8

0.32

24.61

Epitheca

17

2948.47
(164.74)

181.22
(10.31)

0.35
(0.01)

38.77
(2.97)

Gomphus

22

2114.73
(117.95)

93.92
(7.35)

0.5
(0.02)

24.01
(2.47)

Ladona

6

2200
(303.26)

86.8
(14.64)

0.25
(0.02)

12.51
(2.10)

Leucorrhinia

40

3888.96
(208.42)

201.06
(11.71)

0.24
(0.01)

28.81
(1.64)

Libellula

9

2817.33
(262.17)

127.16
(9.17)

0.29
(0.02)

22.53
(2.72)

Sympetrum

29

4052.69
(149.35)

203.52
(8.3)

0.22
(0.01)

26.36
(1.24)

Tramea

7

5453.14
(598.31)

271.77
(33.29)

0.37
(0.02)

53.78
(5.38)

I

(b)
Genus

N

Body Length
(mm)

Ab Area
(mm2)

Ab Mass
(mg)

Aeshna

1

26.25

103.64

29.18

Anax

22

37.17
(1.7)

176.53
(12.42)

Arigomphus

1

26.38

Cordulia

1

Epitheca

AbWidth
(mm)

HeadWidth
(mm)

3.13

7.02

6.49

78.11
(11.3)

3.91
(0.15)

8.73
(0.36)

8.33
(0.34)

83.81

1.54

1.27

6.21

4.23

24.22

97.39

12.11

1.65

7.96

6.82

17

16.56
(1.16)

59.15
(7.11)

15.54
(3.81)

1.36
(0.06)

6.93
(0.47)

4.88
(0.34)

Gomphus

22

17.85
(1.42)

48.35
(6.63)

9.13
(1.92)

0.88
(0.06)

4.52
(0.33)

3.17
(0.28)

Ladona

6

12.15
(2)

25.88
(7.83)

4.46
(2.61)

0.95
(0.16)

4.34
(0.72)

3.23
(0.5)

Leucorrhinia

40

15.76
(0.47)

40.83
(1.56)

5.47
(0.53)

1.29
(0.04)

5.41
(0.12)

4.87
(0.11)

Libellula

9

22.31
(1.26)

73.13
(7.15)

12.68
(2.23)

1.63
(0.14)

6.64
(0.5)

5.46
(0.34)

Sympetrum

29

11.78
(0.8)

26.84
(2.81)

3.64
(0.73)

1.16
(0.05)

4.49
(0.19)

4.04
(0.2)

Tramea

7

23.83
(0.66)

97
(7.42)

33.16
(6.68)

2.07
(0.06)

9.34
(0.57)

7.92
(0.31)

II

Seg10
(mm)

APPENDIX II
!
A comparison of the swimming performance principal components analysis (PCA)
from chapter 1 (A) to the body-size-corrected PCA from chapter 2 (B). In both analyses,
the correlation structure among average maximum acceleration, average maximum
velocity, average jet duration, and average jet distance were analyzed for the same 155
animals.

III

APPENDIX III
!
Repeatability of swimming performance parameters in larval dragonflies,
estimated as Pearsonʼs r, and the interclass correlation coefficient (ICC) r1. Two
separate groups of larvae were used, with performance measurements taken 3-days
apart (n=9) and 7-days apart (n=29). The data are visualized in scatterplots below for
both time intervals (a) 3-days and (b) 7-days.
Pearsonʼs r

ICC (r1)

Time between measurements

3 days

7 days

3 days

7 days

Number of observations

n=9

n=29

n=9

n=29

Average maximum acceleration per jet

0.28

0.39

-0.03

-0.10

Average maximum velocity per jet

0.38

0.75

-0.29

0.74

Average distance per jet

0.51

0.68

-0.12

0.66

Average jet duration

-0.19

0.20

-0.09

0.22

Performance variable
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