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Foreword

The conspicuous behaviour of adult dragonflies, as
well as the modest number of species in the order
Odonata, make these insects unusually accessible
to the investigator. During the last 50 years or so an
impressive amount of information has been gath-
ered regarding the behaviour and ecology of these
handsome insects, and this has recently been made
available in the form of a comprehensive review
(Corbet 2004). Most of this information, necessarily,
has been in the form of factual observations of the
conduct of dragonflies under natural conditions;
that is, descriptions of how these insects behave in
nature. Observations of this kind, often the prod-
uct of great skill and dedication, provide the foun-
dation needed for the construction of theoretical
models which represent a further step towards elu-
cidating the strategies that enable us to rationalize
patterns of behaviour in terms of evolutionary
pressures. A few pioneers have already ventured
along this fruitful path. For adult dragonflies,
Kaiser (1974), Ubukata (1980b), Poethke and Kaiser
(1985, 1987), and Poethke (1988) modelled the rela-
tionship between territoriality and density of males
at the reproductive site, Marden and Waage (1990)
likened territorial contests to wars of attrition in
the context of energy expenditure, and Richard
Rowe (1988) explored the mating expectation of
males in relation to the density and oviposition
behaviour of females. In 1979 Waage provided the
first, and probably still the most convincing, evi-
dence for any taxon of the mechanism by which
males gain sperm precedence, thereby opening the
way for testable hypotheses for modelling mecha-
nisms of sperm displacement and therefore male—
female competition. Using simulation models,

Thompson (1990) elucidated the relationship
between weather, daily survival rate, and lifetime
egg production. For larvae, Lawton’s (1971) estima-
tion of the energy budget of a coenagrionid made
possible the tracking of energy flow from egg to
adult, Thompson (1975) and Onyeka (1983) charac-
terized functional-response distributions during
feeding, Pickup and Thompson (1990) and
Krishnaraj and Pritchard (1995) used such informa-
tion as a variable to model the effects of food and
temperature on growth rate, and Glenn Rowe and
Harvey (1985) applied information theory to agon-
istic interactions between individuals.

With these examples to provide inspiration, and
with a rich lode of factual information ready to be
mined, today’s biologists are supremely well
placed to make further progress in the fields of
modelling and evolutionary research using odo-
nates subjects. The contributions in this book con-
stitute convincing testimony to this assessment
and to the suitability of dragonflies as models for
elucidating the proximate and ultimate forces that
give direction to their behaviour, morphology, and
ecology.

Any advance in knowledge and understanding
that helps to place greater value on dragonflies and
the natural world in which they live can only serve
to heighten our awareness of the urgent need to
conserve those species that are still with us. This
book will surely contribute towards that end and 1
wish it great success.

Philip S. Corbet

University of Edinburgh
Phil Corbet died on February 18.
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CHAPTER 1

Introduction

Alex Cordoba-Aguilar

Fifteen years ago, the time when I started thinking
about possible ideas to develop for my univer-
sity degree dissertation, I became fascinated by
the flying damselfly and dragonfly adults I found
during my field trips to the riverine areas around
Xalapa, my hometown in Mexico. I must admit that
although this inclination was influenced initially
by my like for these animals, I soon realized I was
on the right path in using them to test important
theoretical questions in ecology and evolution. I
was lucky not only because much information was
already known about them but also because import-
ant advancements could still be achieved with rela-
tively little money and time. In a way, I found out
that I could make a scientific career by using these
animals, and realizing this at a young age was valu-
able. Paradoxically, given the considerable amount
of information already published, I wondered why
there was no single textbook summarizing the sci-
entific discoveries and advancements using dam-
selflies and dragonflies as study animals while
similar treatises were available for other taxa (e.g.
Bourke and Franks 1995, Field 2001). This feeling
started because it was easy to see that odonates
had been and are still used to test several theories
and hypotheses, and have therefore become ancil-
lary pieces in the construction of ecological and
evolutionary theory. Take as an example the fun-
damental discovery of a copulating damselfly male
being able to displace the previous male’s sperm
from the female vagina, by Waage (1979), an idea
that provided important grounds for sperm compe-
tition theory, and which fostered research on simi-
lar morphological and physiological adaptations in
other taxa (Simmons 2001). Although a few books
on odonate ecology and evolution were available or

have appeared lately (e.g. Corbet 1999), they have
overemphasized the fascination of these animals as
study subjects without admitting their limitations.
The idea of the book I had in mind was to fill two
gaps: first, to take a theory-based perspective rather
than a taxon-based approach, where enquiry was
the prevailing thread for reasoning; and, second, to
show the merits of the subject as well as its limita-
tions. The present book was written in this spirit,
which is why, to my knowledge, it is different from
other odonate books.

Odonates have been prime subjects for research
in recent decades. One way of testifying this is by
checking the number of recent papers on ecology
and evolution where odonates have figured. I car-
ried out this inspection by looking at those cases
where these animals have been used as the main
research subject. For this I searched in some of
the most prominent ecology and evolution jour-
nals from the last 14 years. I intentionally did not
examine applied journals (such as medical and
agronomical) that would not utilize odonates,
given their restricted relevance in human affairs.
Furthermore, I only selected the numbers of the
most widely used insect orders. The results appear
in Figure 1.1. As can be observed, and although the
absolute numbers are not impressive, odonates have
a respectable and regular (in terms of time) place in
ecology and evolution disciplines when compared
with other insect orders. This despite the astonish-
ingly low diversity of the Odonata compared with,
for example, Coleoptera, Diptera, and Lepidoptera,
which are some of the most diverse orders in the
Animal Kingdom. The contribution that odonates
have made to evolution and ecology disciplines (as
will also be corroborated in the following chapters)
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Figure 1.1 Publication frequency in seven selected insect orders (where the insect order was used as the main study subject), including
Odonata, in the following journals: Ecology, Evolution, Journal of Evolutionary Biology, American Naturalist, Animal Behaviour, Behaviour,
Ethology, Behavioral Ecology, Journal of Ethology, Ecological Monographs, Journal of Animal Ecology, Ethology Ecology & Evolution, and

Global Change Biology.

is therefore immense. This contribution has been
particularly evident for specific issues such as sex-
ual selection, the evolution of flight, community
ecology, and life-history theory. Curiously, how-
ever, I do not believe that there are many people
working on these animals, compared with other
taxonomic groups, a fact that is reflected by the
relatively low number of contributors to this book
(and actually, several of us appear repeatedly in
different chapters). This means, first, that despite
being very few (and stubborn, possibly), we believe
firmly that odonates are good study models offer-
ing, as I have said before, potentially fruitful sci-
entific careers; and second, that new workers are
scarce, but that the ones who remain indeed make
their name working on these animals.

In planning this book, I sought to invite those
people to contribute whose efforts have been essen-
tial in testing and constructing new ideas. These
researchers could directly provide a more straight-
forward understanding of their discoveries and
outline the issues to be addressed in the future.

I have encouraged these colleagues to base their
writing on theories and hypotheses, and to allow
readers to see the pros and cons of using odonates
as study subjects, so that we do not appear too opti-
mistic. Readers, I hope, will find this balance in
most chapters. As for the subject matter, I tried to
gather together the major theoretical and applied
topics in which odonates have played a promin-
ent role. Although I have discussed this with other
colleagues, I take any blame for any possible bias
in these topics and any that have been omitted. If
this project proves to be successful, I will include
those other topics in future editions. Readers will
find two arbitrary sections in this book: ecology
and evolution. Of course, the border between these
sections is blurred for many chapters and better
justice would have been served to include them
in a major section called evolutionary ecology.
However, as this does not apply to all chapters, I
preferred to stick to my arbitrary but still useful
resolution. Each chapter had a word limit and was
sent out for review, a painful process for everyone



but especially the editor. My sincere thanks and,
particularly, apologies to everyone—authors and
reviewers mainly—for my messages that flooded
their e-mail accounts. Although they accepted my
requests quite happily without exception, there
were times at which I imagined that reading my
name had a frightening effect on some of these
people.

This project started a year and half ago and
included far more people than I initially thought. I
amvery grateful to Brad Anholt, Wolf Blanckerhorn,
Andrea Carchini, Andreas Chovanec, Adolfo
Cordero-Rivera, Phil Crowley, Hugh Dingle, Henry
Dumont, Roland Ennos, Mark Forbes, Rosser
Garrison, Greg Grether, John Hafernik, Richard
Harrington, Paula Harrison, Frank Johansson,
Vincent Kalkman, Walter Koenig, Shannon
McCauley, James Marden, Andreas Martens, Mike
May, Soren Nylin, Beat Oertli, Stewart Plaistow,
Andy Rehn, Mike Ritchie, Richard Rowe, Albrecht
Schulte-Hostedde, Laura Sirot, Robby Stoks, Jukka
Suhonen, John Trueman, Karim Vahed, Steven
Vamosi, Hans Van Dyck, Hans Van Gossum,
Rudolf Volker, and Robin Wootton, who gracefully
assisted me when reviewing the different chapters,
on some occasions reviewing more than one chap-
ter or reading the same chapter more than once.
I thank Blackwell Publishing, Chicago University
Press, Elsevier, the Royal Society, and Scientific
Publishers for allowing to use some figures.
Erland R. Nielsen was very generous in giving me
free access to use his fantastic pictures. During
this winding path, I was gracefully assisted by
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Radl I. Martinez Becerril, my laboratory techni-
cian. The chief of my department, Daniel Pifiero,
was very encouraging by allowing me not to be in
my work place on many days when I was working
at home. My graduate and postgraduate students
also deserve a place during the more hysterical
moments of this project, for understanding my
hurry in attending to their experiments and the-
ses. Helen Eaton and Ian Sherman from Oxford
University Press were outstanding in providing
help during all stages, including editorial and per-
sonal situations that arose during these months.
Finally, the long nights and early mornings would
have been far harder had I not been accompanied
by Ana E. Gutiérrez Cabrera. She, more than any-
one, suffered this book by taking good care of me
and acted as the great loving partner that she has
always been. Her company and words were the
most gratifying formula each day.
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CHAPTER 2

Mark-recapture studies and
demography

Adolfo Cordero-Rivera and Robby Stoks

Overview

Population ecology is concerned with estimates of the composition and size of populations and the processes
that determine their dynamics. To this aim, population ecologists must track wild animals over their life-
times, and this task is only possible if animals are marked individually and can be recaptured afterwards.
Odonates are convenient model organisms for mark-recapture studies, and one of the classic models to
analyse mark-recapture histories (the Manly—Parr model) was developed to analyse data on a small coe-
nagrionid damselfly, Ischnura elegans. Mark-recapture methods on odonates are successful because they
are marked easily and remain near water bodies, allowing high recapture rates. In recent years the focus in
mark-recapture models has switched from estimates of population size to estimation of survival and recap-
ture rates and from testing hypotheses to model selection and inference. Here we review the literature on
mark-recapture studies with odonates, and suggest areas where more research is needed. These include the
effect of marking on survival and recapture rates, differences in survival between sexes and female colour
morphs, the relative importance of processes in the larval and adult stages in driving population dynamics,

and the contribution of local and regional processes in shaping metapopulation dynamics.

2.1 Introduction

Populations may show considerable temporal and
spatial variation in abundance. Population ecology
deals mainly with the temporal changes in abun-
dance and their underlying mechanisms. The fac-
tors that cause a change in population size are of
interest for basic and applied ecology. To understand
their causes and implications, we need precise esti-
mates of the fundamental demographic processes
as provided by population parameters. Four main
processes are responsible for change in abundance:
birth and immigration increase numbers, whereas
mortality and emigration reduce them. It is obvi-
ous that in almost all cases ecologists cannot count
all the animals in a given population, and therefore
samples must be taken as a means of estimating
population size. A myriad of ecological sampling

methods has been developed (e.g. Southwood and
Henderson 2000), and mark-recapture methods are
among the most powerful.

Marking wild animals allows researchers to esti-
mate population densities and key demographic
parameters including survival rates, longevity,
and emigration rates. Marking allows a portion
of the population to be recognized, and if certain
assumptions are met (Box 2.1), repeated sampling
produces reliable estimates of many population
parameters. All methods developed so far, even
the most sophisticated, are derivations of the
Lincoln—Peterson index, which is based on a sim-
ple comparison of proportions: the ratio of marked
animals (m) to total animals captured (1) in the (i+1)
th sample, should equal the ratio in the population;
that is, the number released (r) on the ith sample in
relation to the whole population (N).
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Box 2.1 Basic assumptions of mark-recapture models, and the suitability of odonates for

this kind of research

The basic tenet of mark-recapture methods is
that marking does not affect survival, emigration,
or recapture rates of animals. This is obvious
because all estimates of population parameters
depend on ratios of marked to unmarked
animals, or animals marked on a given occasion
compared with those marked on other occasions.
Strictly speaking, all the estimates obtained by
these methods only apply to the subset of the
population that has been marked, and we can

only assume that these estimates also apply to
the population as a whole. The main assumptions
of Cormack-Jolly—Seber methods (CJS methods;
see text for details) are the following (adapted
from Arnason et al. 1998). These have been
termed the iii assumptions by Lebreton et al.
(1992): independence of fates and identity of
rates among individuals. Violations of these
assumptions can be tested with specific software
(e.g. U-Care; Choquet et al. 2005).

Assumption Comment

No mark loss and correct
recording of marks

safely.

Marking larvae will produce mark loss at the moment of moulting, but at least in the last instar, lost
marks could be recovered easily, and using multistate models, an estimation of survival rate can be

Odonates can be marked with numbers on their wings, and if marking is made with care, then marks
remain until death, unless wings are broken. Marking tenerals can produce wing deformation making
numbers illegible. Teneral odonates can be retained for some hours in a cool box, and then marked

Homogeneity of capture
probability for all animals
alive just before sample i

obtained (e.g. Besnard et al. 2007).

Probability of capture should not depend on previous history. So-called trap-happiness (i.e. the
increased recapture probability of already marked animals), and the opposite should be avoided. In the
case of odonates, given that capture (or resighting) is made without trapping, catchability should be the
same for different age classes, sexes, sizes, and so on. There is evidence for a sex difference in capture

probabilities. Because of this, sex should be taken into account when analysing data.

If many animals move between different places and sampling only includes one of these places,
then emigration is non-permanent, in the sense that animals can only be captured while they remain
in the sampled area. This violates the homogeneity-of-capture assumption. Populations of odonates
rarely have a large fraction of transients, and if sampling includes all the main breeding sites, then
this problem is minimized. If there is heterogeneity of capture probabilities, the use of Pollock’s (1982)

robust method is recommended.
Homogeneity of survival for
all animals in the population
just after sample i

Survival curves for adult odonates are typically type Il (age-independent mortality; see Figure 2.5).
Nevertheless, animals marked immediately after emergence are less likely to be resighted. Marking only
adults or only tenerals, or taking age into account in the analyses, should solve this issue.

It is very important to note that weather has a strong effect on activity and hence survival of adult
odonates. Therefore studies should be long enough to include periods of favourable and unfavourable
weather, to obtain biologically relevant estimates of population parameters.

Obviously, this holds only if several assumptions
are met (Box 2.1), the most important being that
marking does not change life expectancy or recap-
ture rates of marked animals (see, for example,
Arnason et al. 1998). Pollock (1982) developed a
model that is robust to heterogeneity in recapture

probabilities. This model requires primary (for
example, months) and secondary sampling peri-
ods close to each other in time, such as several
consecutive days, and assumes that the population
is constant over the secondary sampling periods
within a primary sampling period. Population



parameters can be estimated by exploiting the two
levels of sampling, using models for closed pop-
ulations allowing for unequal catchability. This
method produces less biased estimates than the
Cormack-Jolly—Seber (CJS) method (Pollock 1982),
and to our knowledge has never been applied to
odonates. Further details of specialized mark-
recapture methods can be found in the literature
(Seber 1982; Lebreton et al. 1992).

2.1.1 Odonates as models for
mark-recapture studies

Historically, odonates have been inspiring as model
organisms to use in the development of mark-
recapture methods because large data-sets are
relatively easy to obtain. One classical method to
analyse mark-recapture data was developed to deal
with survival rates of age classes in Ischnura elegans.
Mike Parr was one of the first to study population
dynamics of adult odonates systematically (e.g.
Parr 1965). While he was analysing survival rates
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of . elegans, he met Brian Manly, a statistician, and
they jointly published a suitable method to take
into account daily variation in survival rate (Manly
and Parr 1968), only 3 years after the classic works
on this matter by Jolly (1965), Cormack (1965), and
Seber (1965). Additionally, in an extensive study of
a community of odonates, Van Noordwijk (1978)
developed a regression method to analyse mark-
recapture data, again using odonates as the model
system.

The use of mark-recapture methods in Odonata
has become firmly entrenched. Of the 1210 and 146
papers in Odonatologica (1972-2006) and International
Journal of Odonatology (1998-2006) respectively,
about 10% of papers used marked animals dur-
ing the 1970s and 15-30% during the 1980s. Both
journals show similar patterns: 17% of papers that
use marked animals are about demographics of
adult populations and 66-71% deal with behaviour
(Figure 2.1). These numbers show clearly that odo-
nates (especially zygopterans) are good models for
mark-recapture experiments.

17%

0.4
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Int. J. Odonat.
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Figure 2.1 The suitability of odonates as model organisms for mark—recapture studies as inferred from the proportion of papers using
marked animals in Odonatologica and International Journal of Odonatology. This proportion was about 10% in both journals. Note that
marking is used mainly for behavioural studies. During the sampling periods there were 1210 and 146 papers published in Odonatologica
(1972-2006) and International Journal of Odonatology (1998-2006), respectively.
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The first obstacle in acquiring demographic
data was using a method of marking that allows
for unique recognition of individuals in the field.
Borror (1934) was probably the first to use mark-
ing techniques to study an odonate population.
In the summers of 1931 and 1932 he marked 830
adults of Argia moesta, and recaptured 178 (21%),
discovering that the adults of this species do not
fly long distances and live for up to 24 days. He
also discovered that A. moesta, as many other dam-
selflies, undergoes ontogenetic colour changes
during maturation. Borror marked adults by
applying different combinations of dots of india
ink to the wings with a small pointed stick. Since
Borror’s study, several authors have developed
new methods for marking. Before the appearance
of felt-tipped permanent markers, researchers
used delicate methods to apply a code of colours
to different wings, allowing visual recognition
of previously marked animals. The amount of
demographic and behavioural information col-
lected using these time-consuming and delicate
methods of marking is impressive (e.g. Corbet
1952; Jacobs 1955; Pajunen 1962; Moore 1964; Bick
and Bick 1965; Parr 1965).

In more recent years, marking has been more
easily achieved by writing a number on the wings
using permanent markers (Figure 2.2), thus allow-
ing for a more rapid and efficient means of mark-
ing of large numbers of individuals. For example,
Van Noordwijk (1978) marked over 7000 adults
of several species in 2 months; and Watanabe
et al. (2004) more than 13000 adults of Sympetrum
infuscatum over several years. More imaginative
methods are still being designed, some very suit-
able to study migration/dispersal (see Chapter 6
in this volume). To batch-mark large numbers of
larvae Payne and Dunley (2002) added rubidium
(as RbCl) to the water, increasing the body concen-
tration of Rb to several hundred times that in the
water. These high concentrations persist in adults
and would therefore allow a precise study of dis-
persal (provided the adults are recaptured). In
another example, adult Coenagrion mercuriale were
marked by applying ink that fluoresces in ultravio-
letlight, and searched for at night with a black light
lamp (Hunger 2003). This method not only allowed
finding roosting areas, but yielded an unexpected

Figure 2.2 Adult odonates can be marked by writing a number
on the wing using a permanent marker. This is easy to do but

has the disadvantage that individuals must be recaptured or
observed at very close distances to read the number. An alternative
is to use coloured dots applied to different parts of the wing,

so that the code can be recognized even when the animal is

flying. (a) Calopteryx haemorrhoidalis; (b) Macromia splendens.
Photographs: A. Cordero.

behavioural observation: three marked individu-
als were found in copula at night! The continuing
refinement of modern technology will allow other
unforeseen discoveries about dragonfly behaviour,
including the use of miniaturized radio-emitters,
which has been applied successfully to large odo-
nates (Wikelski et al. 2006).

2.2 Areview of population ecology
studies with odonates

The four demographic parameters—birth, death,
immigration, and emigration rates—are amen-
able to study with mark-recapture methods. Here
we discuss sex ratios, longevity and survival
rates, recapture rates, and the effect of marking.
Migration is covered elsewhere in this volume (see
Chapter 6).



2.2.1 Sex ratio

Except under local mate competition, or other par-
ticular situations (Hardy 2002), the primary sex
ratio (i.e. sex ratio at egg fertilization) should be
1:1. Several mechanisms can nevertheless produce
changes in this primary sex ratio during ontogeny.
For instance, if embryonic mortality is sex-biased,
the sex ratio at birth will deviate from 1:1. In these
cases, sex-ratio biases may occur not only at birth
but also at later stages of an organism’s life cycle.
Identifying such biases is crucial as they may have
large implications. For instance, they may seriously
reduce effective population size and shape the
intensity of sexual selection.

Odonates cannot be sexed morphologically at egg
hatching, so direct information on primary sex ratio
is lacking. However, diploid organisms typically
have a sex ratio close to unity. Studies where freshly
hatched larvae were reared in isolation and with low
mortality indeed suggest that primary sex ratios for
odonates are close to one. For example, studies on
Lestes viridis where 95.3-99.7% of the larvae survived
until they were sexed showed a sex ratio of 51.3—
52.6% males (De Block and Stoks 2003, 2005).

A comprehensive review of sex ratio at emer-
gence in odonates (Corbet and Hoess 1998) found
that males are slightly more frequent than females
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in Zygoptera, whereas the opposite is true in
Anisoptera (Figure 2.3a). This is clear even in
large samples (over 1000 exuviae). Therefore, at
this point of the life cycle, odonates show some-
what skewed sex ratios. Nevertheless, when adult
animals are marked in field studies, the pattern is
more male-biased, with a sex ratio, on average, of
64.5% males (range, 54.3% in Platycnemididae to
83.4% in Corduliidae; Figure 2.3b). The numerical
predominance of males in adult odonates has been
known for a long time (e.g. Tillyard 1905), and there
are many hypotheses to explain this phenomenon.

Some authors have stated that the observed
male-biased adult sex ratio should be considered
an artefact due to the more cryptic behaviour and
colouration of females and their differential habitat
use, causing recapture probabilities to be typically
lower in females than in males (e.g. Garrison and
Hafernik 1981). However, male-biased sex ratios are
also observed in studies where recapture probabil-
ities were similar in both sexes (e.g. Anholt et al.
2001). Moreover, modern methods used to esti-
mate male and female population sizes are robust
against differential recapture probabilities (Anholt
1997; Anbholt et al. 2001; Stoks 2001a). This topic
makes clear the need to use methods that estimate
survival independently of recapture probabilities
in all future studies.
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Figure 2.3 (a) Sex ratio at emergence in odonates, plotted as a function of sample size. Data include 194 records compiled by Corbet and
Hoess (1998) and 16 further records not included in that paper. (b) Sex ratio among adult odonates marked in field studies, plotted as a
function of sample size. Data include 86 records of 54 species from nine families.
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Several hypotheses have been put forward to
explain the male-biased adult sex ratios in odo-
nates and other insects and we review them here
for damselflies. We base our comments largely on
a study of the damselfly Lestes sponsa (Stoks 2001a,
2001b), unless otherwise stated, because no other
studies have dealt in detail with this problem.

® There may be a male-biased sex ratio at emergence.
As discussed above there is usually a slight bias in
male damselflies at emergence. However, typically
this bias is too low to explain the observed male-
biased adult sex ratios in the field.

® Males and females may not emerge synchronously.
This would result in temporarily biased sex ratios
or permanent biases given time-dependent sur-
vival probabilities. Male damselflies often emerge
slightly before females in laboratory rearing exper-
iments (e.g. De Block and Stoks 2003). However,
the field study on L. sponsa failed to detect a sex
effect on emergence date despite high sample sizes.
Moreover, even if males emerge on average 2 days
earlier than females, it seems implausible that this
would result consistently in higher survival rates
for males.

e Females have a longer maturation period. This
indeed has been observed in several studies. For
example, in L. sponsa female maturation times aver-
aged 2 days longer than male maturation times.
These differences would need, however, to be com-
bined with unrealistically low daily survival rates
for males to explain the shift in sex ratio (see also
Anholt 1997).

o Immature females have higher mortality rates. In
accordance with their larger mass increase during
maturation (Anholt et al. 1991), immature females
have higher foraging rates than immature males
(Stoks 2001b). Because active foraging is generally
associated with a higher vulnerability to predation
(e.g. Werner and Anholt 1993), this should result in
a lower survival probability in immature females,
which was detected in one out of two study years
for L. sponsa (see also Anholt 1991, for Enallagma
boreale). The combination of slightly longer matura-
tion times in females (19 compared with 17 days)
coupled with slightly lower daily survival proba-
bilities during maturation (0 95 compared with 0.98)
was sufficient to generate a shift from an even sex

ratio at emergence towards a male-biased sex ratio
of about 2:1 in adults. Note that sex-biased disper-
sal is not considered a separate hypothesis causing
male-biased sex ratios. Damselflies typically only
show natal dispersal (Corbet 1999). If females are
more likely to disperse, all else being equal, this
would result in some populations being female
biased. However, this has never been observed in
lestid populations (Jodicke 1997; R. Stoks, personal
observation). Any female bias in natal dispersal
must therefore be associated with higher mortality
to result in male-biased population sex ratios (see
also Fincke 1982).

® Mature females have lower survival probabilities. In
some populations lower survival probabilities in
mature females have been observed (see below).
However, the pattern is far from general (see
Figure 2.4, below), and also, where no sex differ-
ences in adult survival were present, male-biased
sex ratios were still observed.

Taken together, several factors may contribute to
the typically male-biased sex ratios in adult damsel-
fly populations; however, several of them (sex ratio
at emergence, maturation times) are on their own
insufficient to cause the pattern. The most plausible
mechanism is driven by the lower survival prob-
abilities of females during maturation, which is
likely due to higher mortality rates by predation.
Unfortunately, the immature stage is notoriously
difficult to study and so far we lack direct evidence
for higher predation rates on immature females.
Kéry and Juillerat (2004) conclude that more sex-
ratio studies in odonates are needed to assess under
what conditions uneven sex ratios occur. We believe
that sound manipulative experiments where preda-
tion rates are manipulated directly in large insect-
aries may prove rewarding for this (e.g. De Block
and Stoks 2005).

2.2.2 Longevity and survival rate

One of the obvious advantages of marking wild
animals is that their longevity can be measured
from multiple recapture experiments. Nevertheless,
mark-recapture studies are likely to underestimate
actual adult longevity for three reasons: because
the date of marking will usually not be the date



of emergence; because the last sighting will be
unlikely to be the date of death (this is especially
true for animals marked close to the end of the field
work); and finally because animals can emigrate
and therefore spend part of their lives uncatchable.
Even with these limitations, marking is the best
way to estimate important life-history parameters
of adult odonates. Literature on mean and max-
imum longevity of odonates has been reviewed by
Corbet (1999). He found that the average lifespan
of Anisoptera is 11.5 days, and that of Zygoptera
7.6 days, with maximum longevities in the range of
17-64 days and 15-77 days respectively.
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Our review of the literature indicates that many
data exist for Zygoptera, but good estimates of
lifespan are scarce for Anisoptera. Figure 2.4a
shows patterns in mean and maximum longevity
from 43 studies of 36 species. These data suggest
goals for future studies. First, the duration of mark-
recapture experiments should be at least 1 month
for Coenagrionidae, 45 days for Calopterygidae
and a minimum of 2 months for Lestidae and
Libellulidae. Only studies of this length can pro-
duce reliable estimates of longevity, because
weather has a tremendous effect on survival, and a
short study is more likely to be done under atypical

Figure 2.4 Survivorship estimated from
mark—recapture data of adult odonates. (a) The
mean and maximum lifespan of adult odonates.
A summary from 43 studies that report data for
36 species from five families. (b) Daily survival
rate (¢) (mean+SE). Numbers at the base of
the graph indicate sample size (in this case, the
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number of estimates of @, irrespective of the
species identity). Data from 32 studies, 16 of
which are presented in Table 2.1.
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weather conditions. Second, Lestidae are prob-
ably the most long-lived odonates from temperate
latitudes, but the great variance between studies
suggests that some species have been tracked for
too short a period. Third, the scarcity of data for
Anisoptera (except Libellulidae) makes generaliza-
tion about this suborder more difficult. And finally,
almost no data exist on population parameters for
tropical families (for an exception see Garrison and
Gonzalez-Soriano 1988), some of which have popu-
lations in danger of extinction (see the reports in
Clausnitzer and Jodicke 2004).

Field surveys with multiple sessions of cap-
ture-recapture provide an easy estimation of
survival rates. Modern mark-recapture methods
allow a separation of survival and recapture rates
using CJS models to analyse recapture histories
(Lebreton et al. 1992). Our review of the litera-
ture shows 32 papers that report survival and/or
recapture rates for 35 species from eight families.
Although recent papers use CJS models, papers
published before the 1990s usually estimated sur-
vival rates from the method of Jolly (1965) or Manly
and Parr (1968), but all were included in our survey.
Unfortunately, most of these studies do not report
standard errors, and some only show data for one
sex. Table 2.1 summarizes all the studies (16) that
did report standard errors directly, or allowed us
to estimate them from their data. Figure 2.4b shows
that the average survival rate is higher for males
than females within Coenagrionidae, but the oppo-
site occurs in Calopterygidae. These data suggest
a strong effect of sex on survival rate, and also a
sex x family interaction. Given the heterogeneity of
methods used to estimate survival rates and stand-
ard errors among studies, a meta-analysis of sur-
vival rates, as has been completed recently for the
spotted owl (Strix occidentalis; Anthony et al. 2006),
seems premature for odonates. This topic is suit-
able for further studies.

2.2.3 Recapture rate

Many authors have stated that male and female
odonates have different recapture rates (e.g. Utzeri
et al. 1988). Recently, Beirinckx et al. (2006) reviewed
the literature on mark-recapture experiments of
damselflies and, using a meta-analysis, found that

the likelihood of recapturing an animal at least once
was higher for males than for females. They attrib-
uted this difference to higher female-biased disper-
sal. However, this recapture rate is a combination of
the probability of an animal surviving after mark-
ing, and its probability of being resighted, provided
it remains at the sampling area. Therefore, the
alternative explanation of female-biased mortality
(which is very likely in Coenagrionidae, see above)
cannot be discarded because only the proportion
of individuals recaptured was used for their meta-
analysis.

The (scarce) data available in Table 2.1 indicate
that males always exhibit higher recapture rates,
but the difference between sexes depends on the
family (Coenagrionidae: 0.266 in males compared
with 0.152 in females; Lestidae: 0.317 compared with
0.119; Libellulidae: 0.727 compared with 0.200).

2.2.4 The effect of marking

As we have already noted, mark-recapture stud-
ies allow estimation of population parameters,
provided that appropriate conditions are met (Box
2.1). The act of marking the animal, which requires
capture and handling, can cause slight damage
(Cordero-Rivera et al. 2002) and modify behaviour.
This immediate effect of marking seems negligi-
ble in some species, particularly Calopterygidae,
which are so territorial that males return almost
immediately to their favourite perch, and within
minutes of marking can court females. However,
even under these circumstances, a marking effect
cannot be discarded. For instance, Beukema (2002)
found that in male Calopteryx haemorrhoidalis the
apparent survival rate was 94% (i.e. the disappear-
ance rate was 6% per day), but from day 0 (mark-
ing) to 1 it was 84% (i.e. a disappearance rate almost
three times greater). This marking effect has been
found repeatedly in odonates (Parr and Parr 1979;
Banks and Thompson 1985; Fincke 1986). Figure 2.5
shows two typical examples with Ischnura elegans
and Ceriagrion tenellum. Very few studies have ana-
lysed in detail whether marking has a significant
effect on adult odonates, but given the relevance of
this topic to obtaining reliable population parame-
ters (Box 2.1), future studies should pay more atten-
tion to this (for an exception see Bennett and Mill



Table 2.1 Daily survival and recapture rates estimated from multiple capture—recapture experiments of adult odonates. Only studies that reported standard errors for both sexes are included. Some of
the studies did not separately estimate capture rates, and therefore the reported survival rate is likely an undertestimate.

Species Family Mating system Survival rate Recapture rate Reference
Males SE Females SE Males  SE Females SE

Calopteryx haemorrhoidalis ~ Calopterygidae  Territorial 0.910 0.120 0.920 0.140 Cordero 1989

Calopteryx haemorrhoidalis Territorial 0.940 0.047 0.890 0.032 Cordero 1989

Calopteryx haemorrhoidalis Territorial 0.839 0.037 0.857 0.047 Cordero 1999

Calopteryx japonica Territorial 0.820 0.090 0.930 0.020 Watanabe et al. 1998

Calopteryx japonica Territorial 0.870  0.060 0.870 0.050 Watanabe et al. 1998

Calopteryx virgo Territorial 0.860 0.046 0.950 0.074 Cordero 1989

Calopteryx xanthostoma Territorial 0.660 0.176 0.890 0.223 Cordero 1989

Mnais pruinosa Territorial 0.843 0.168 0.889 0.399 Nomakuchi et al. 1988

Argia chelata Coenagrionidae  Territorial 0.850 0.030 0.860 0.040 Hamilton and Montgomerie
1989

Ceriagrion tenellum Non-territorial 0.905 0.018 0.880 0.026 0.158 0.024 0.076 0.013 Andrés and Cordero-Rivera
2001

Coenagrion puella Non-territorial 0.860 0.014 0.860 0.014 0.500  0.062 0.238 0.081 Anholt et al. 2001

Enallagma hageni Non-territorial 0.800 0.030 0.850 0.030 Fincke 1986

Ischnura elegans Non-territorial 0.812 0.031 0.579 0.086 0.141 0.048 0.141 0.048 Anholt et al. 2001

Ischnura elegans Non-territorial 0.960 0.118 0.898 0.093 Cordero et al. 1998

Pyrrhosoma nymphula Territorial 0.794 0.334 0.675 0.638 Bennett and Mill 1995

Lestes disjunctus Lestidae Non-territorial 0.759 0.028 0.831 0.087 0.341 0.079 0.105 0.061 Anholt 1997

Lestes sponsa Non-territorial 0.981 0.032 0.981 0.032 0.293 0.012 0.132 0.014 Stoks 2001a, 2001b

Libellula fulva Libellulidae Territorial 0.880 0.010 0.830 0.020 Boano and Rolando 2003

Libellula fulva Territorial 0.910 0.010 0.850 0.030 Boano and Rolando 2003

Orthetrum coerulescens Territorial 0.953 0.020 0.953 0.020 0.610 0.030 0.200 0.030 Kéry and Juillerat 2004

Orthetrum coerulescens Territorial 0.928 0.020 0.928 0.020 0.700  0.030 0.170 0.030 Kéry and Juillerat 2004

Orthetrum coerulescens Territorial 0.855 0.040 0.855 0.040 0.870  0.060 0.230 0.070 Kéry and Juillerat 2004

Sympetrum darwinianum Non-territorial 0.828 0.067 0.719 0.292 Watanabe and Taguchi 1988

Sympetrum eroticum Non-territorial 0.974 0.079 0.879 0.090 Watanabe and Taguchi 1988

Sympetrum infuscatum Territorial 0.300 0.220 0.660 0.400 Watanabe et al. 2004

Sympetrum infuscatum Territorial 0.400 0.120 0.660 0.080 Watanabe et al. 2004

Sympetrum parvulum Non-territorial 0.870  0.043 0.829 0.090 Watanabe and Taguchi 1988

Sympetrum pedemontanum Non-territorial 0.805 0.068 0.721 0.053 Watanabe and Taguchi 1988
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Figure 2.5 The effect of marking is clearly visible in the difference in slope in the apparent survival curve of two damselfly species from day
0 (marking) to 1, compared with successive days. Data from Cordero et al. (1998) and Andrés and Cordero-Rivera (2001).

1995). One possibility is to estimate the weight of
marks and their aerodynamic effect. Another inter-
esting topic is to use different colours on the same
study and estimate the effect of colour on recapture
rates.

There are two explanations for the marking
effect. Either handling during marking increases
mortality, or it elicits dispersive behaviour, each of
which could result in captured animals avoiding
specific sites where they were originally marked
(Mallet et al. 1987), and therefore be less likely to be
recaptured. To test these two alternatives, Cordero
(1994) studied several species maintained in insec-
taries in the laboratory. Results were clear: imme-
diate mortality after marking was almost null,
discarding the first alternative. Therefore, we con-
clude that handling for marking produces stress
and many individuals leave the site. This marking
effect offers interesting insights into the learning
capacity of insects, and suggests they are able to
associate a traumatic experience with a particular
site, as has been shown for Heliconius butterflies by
Mallet et al. (1987). Whether marked adults perma-
nently emigrate or simply leave the reproductive
site for a few days is unknown, because dispersal
patterns are difficult to study. In any case, this
temporary migration violates the assumptions

of mark-recapture methods, and increases the
likelihood that an individual dies before returning
to the reproductive site, where marking typically
occurs.

2.3 Conclusions and lines for future
research

We have shown that odonates are good models
for mark-recapture studies, and useful for testing
biological hypotheses with modern CJS models
(Lebreton et al. 1992). Large data-sets exist and more
will likely be available in the future, but few have
been analysed within the framework of generalized
linear models, and the model-selection paradigm
that has been shown to be so successful in wildlife
research (Burnham and Anderson 1998).

We believe that the duration of mark-recapture
experiments should be adjusted to the maximum
longevity of a target species, to obtain reliable
estimates of population parameters. Furthermore,
we have identified a clear lack of information on
the most speciose and endangered groups, those
of tropical regions. Long-term studies of odonates
from rainforest areas are remarkably difficult to
complete (see for example Fincke and Hadrys 2001),
but it is very unlikely that patterns extracted from



temperate (seasonal) areas could be generalized to
tropical families.

One of the long-standing problems of odonate
biology, namely what causes male-biased sex
ratios in adult populations, is still not solved. To
disentangle mortality from dispersal, studies of
several breeding habitats, within a distance that
odonates can cover, are the most promising lines
of research. Further studies that manipulate pre-
dation pressure directly could give direct informa-
tion on the putative role of sex-biased mortality by
predation.

Additionally, the act of marking, which requires
capture and handling, produces a significant
change in behaviour that has also been recog-
nized in long-lived butterflies (Mallet et al. 1987).
The effect of marking is underexplored but, given
its implications, offers important rewards for the
future. For instance, an attempt to re-introduce an
endangered damselfly to its former habitat found a
large marking effect (Hannon and Hafernik 2007),
indicating the need of a better knowledge of this
effect for conservation biology projects.

Capture-mark-recapture studies have dealt
almost exclusively with adults. A challenging
issue is to develop procedures to extract popu-
lation parameters from larval populations, which
have the advantage of being closed populations.
Such information could set the stage in assessing
the relative importance of processes within larval
and adult stages in driving population dynam-
ics. The survival rate from last instar larvae to
adults could be estimated using multistate mod-
els, allowing for mark loss, which unavoidably
occurs at emergence. This procedure has been
applied successfully to immature grasshoppers
(Besnard et al. 2007). Odonates would be suitable
models, because exuviae are concentrated in time
and space, and therefore marks could be recov-
ered easily.

Tackling the above-mentioned issues is crucial
to further exploit odonates as model organisms
in testing general ecological and evolutionary
hypotheses that require precise and unbiased
population parameters. Odonates may seem
especially useful in following areas of research
that in our opinion are underexplored. First,

recent capture-mark-recapture models allow
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incorporation of continuous covariates (e.g. body
size, asymmetry), which are very powerful for
evaluating sexual and survival selection on pheno-
typic traits in natural populations and which can
be used to test specific selection hypotheses. This
would further strengthen the use of odonates as
model systems in sexual selection (see Chapter 12).
Second, as discussed in Chapter 17, odonates have
proven to be successful model organisms when
studying the evolutionary ecology of colour poly-
morphism. Large capture-mark-recapture studies
could add insight to the extent of whether these
morphs are selectively neutral with regard to
survival. Third, natural habitats are increasingly
becoming smaller and isolated, making a metap-
opulation perspective increasingly appealing and
necessary to evaluate aspects such as regional
viability of species (Watts et al. 2004). Given the
relative ease of obtaining estimates of population
parameters, and to a lesser of extent population
exchange, capture—-mark-recapture studies for sev-
eral populations may give further insight to funda-
mental research topics including the contribution
of local and regional processes in shaping metap-
opulation dynamics.
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CHAPTER 3

Structure and dynamics of odonate
communities: accessing habitat,
responding to risk, and enabling
reproduction

Patrick W. Crumrine, Paul V. Switzer, and Philip H. Crowley

Overview

Studies on odonates, particularly odonate larvae, have played an important role in identifying factors that
influence the structure and dynamics of ecological communities. In this chapter, we highlight the key abiotic
and community-level interactions that determine odonate community structure. We focus on three import-
ant life-history-based issues central to odonate communities: habitat access, response to risk during the
larval stage, and emergence and reproduction. We approach each issue by considering relevant ecological
theory and identify and review empirical studies with odonates that address hypotheses raised by theor-
etical studies. For habitat access, a dominant role is played by hydroperiod, because it underlies the tran-
sition from mainly invertebrate predators to insectivorous fish predators and imposes a significant abiotic
constraint on larval development. Habitat access may be strongly influenced by dispersal behaviour, which
in turn may be related to the degree of habitat specialization, but few studies have been able to connect dis-
persal behaviour with predation and larval performance. As larvae, odonates must respond to risk imposed
by predators. The types of predators present, such as fish, other odonate species, and conspecifics, strongly
influence the level of risk. Consequently, we focus on the primary ecological interactions that occur within
odonate communities, including intraguild predation, interference competition, and cannibalism, which
seem to play a more important role in structuring odonate communities than exploitative competition. In
most cases body size, which is affected by the relative growth and phenology of species in the community,
strongly impacts the direction and intensity of these ecological interactions. Finally, we consider how the
adult stage may be affected by the larval stage and how it may affect the community interactions at the
larval stage. The role of adults in odonate community ecology has received much less attention than that
of larvae. However, larval interactions can influence the body size and emergence time of adults, which
may have a direct impact on adult fitness. Furthermore, interactions among heterospecific adults, which are
driven primarily by constraints imposed by their mating and sensory systems, may affect the relative spatial
and temporal distribution of sympatric species. Although numerous short-term studies at relatively small
spatial scales have been conducted with odonate larvae, we still know very little about the relative impacts
of competition, cannibalism, and predation on odonate population dynamics and community structure in
natural systems. Long-term studies at multiple life-history stages and levels of organization are required
to generate a more complete understanding of odonate communities, and of ecological communities in
general.
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3.1 Introduction

What factors determine the structure of ecological
communities? This simple question has been the
topic of extensive research and considerable con-
troversy, but a set of general laws or principles that
can be applied to most or all communities remains
elusive. The general paradigm guiding research in
this area suggests that there is a distinct species
pool for every biogeographic area determined by
the processes of speciation, extinction, and migra-
tion, and each species in the pool can colonize
habitats selectively within the biogeographic area
(McPeek and Brown 2000). Following colonization,
abiotic factors (e.g. temperature, pH, dissolved
oxygen content, dissolved solutes, and hydrope-
riod) and biotic interactions (e.g. predation, com-
petition, parasitism, and disease) determine which
species will persist at any given location (Corbet
1999). Co-existence among species competing for
limited resources has historically been viewed in
terms of niche differentiation over evolutionary
time (see McGill et al. 2006), but recent work has
begun to examine patterns in odonate communities
using neutral models of community structure (e.g.
Hubbell 2001; Leibold and McPeek 2006). These two
perspectives are not necessarily mutually exclusive
and, when taken together, may offer more explana-
tory power than when considered separately.

Odonate communities can be found in a wide
array of freshwater systems dependent on biotic
and abiotic constraints. Lentic and lotic systems
ranging in physical scale from tree holes to large
lakes and rivers and in temporal scale from ephem-
eral or seasonal to permanent can be hospitable to
odonates. The distributions of these different odon-
ate communities on the landscape are in flux under
the influence of climate change, habitat alteration,
invasive species, and other factors strongly linked
to anthropogenic influence.

In this chapter, we identify and review three
major issues in contemporary odonate commu-
nity ecology primarily in lentic ecosystems: habi-
tat access, response to risk in the larval stage, and
emergence and reproduction. Of these three, we
focus most on how larvae respond to risk because
that phenomenon has received the most atten-
tion to date and is likely to play the largest role

in structuring odonate communities. By ‘odonate
communities” here, we mean co-existing odonate
populations and their connections to significant
predators and essential prey; we make no attempt
to address the many other species of known influ-
ence on odonates, primarily because they seem
less likely to have major impact at the community
level. We focus on the insights that studies with
odonates have yielded in these general areas and
highlight where additional work is needed to eluci-
date mechanisms underlying odonate community
structure. In taking this approach we consider rele-
vant ecological theory and discuss how results of
experimental and observational studies with odo-
nates relate to predictions of community ecology
theory. We also discuss the potential for studies
with odonates to improve our understanding of
major patterns in communities in light of recent
advances in the field.

3.2 Habitat access
3.2.1 Dispersal

Upon emergence, odonates may stay in the natal
area or disperse to adjacent habitats. Adult dragon-
flies are generally strong fliers capable of long-
distance flight, including true seasonal migration
(Corbet 1999). Adult dispersal may, however, be
costly because insect flight imposes significant ener-
getic costs and may increase the probability of pre-
dation by aerial predators such as hawks (Jaramillo
1993). In landscapes where habitat quality is more
variable over space than over time, selection acts
to limit dispersal rates (Levin et al. 1984) and this
pattern can lead to the evolution of habitat special-
ization. Alternatively, females may use dispersal as
a bet-hedging strategy to increase the chance that at
least some of her offspring survive, particularly if
local environmental quality is poor or highly vari-
able (Hopper 1999).

Moving to adjacent habitats may expose lar-
val offspring of dispersing females to predators
to which they are poorly adapted and/or habitats
with sub-optimal physical characteristics, par-
ticularly with respect to hydroperiod. In field
experiments with damselflies (McPeek 1989) and
dragonflies (McCauley 2007), habitat generalists



found with both fish and invertebrate top preda-
tors were more likely to disperse from natal sites
relative to habitat specialists co-existing with a
single predator type. Habitat generalists also dis-
persed greater distances and were more likely to
colonize newly created artificial habitats than habi-
tat specialists (McCauley 2007). Habitat specialists
co-existing with fish or invertebrate predators also
tend to be more vulnerable to alternative predator
types (Stoks and McPeek 2003; McCauley 2007).
This latter point is particularly important to the
evolution and maintenance of dispersal behaviour
and ultimately the composition of odonate com-
munities because vulnerability to predation acts to
reinforce the limited dispersal of habitat specialists
(McCauley 2007).

On the landscape level, odonate communi-
ties are arranged in a meta-community structure
(McCauley 2006) as viable aquatic habitats (ponds
and lakes) within a terrestrial matrix. Such par-
tially connected habitats can be viewed as sources
or sinks as a function of hydroperiod and predator
type (De Block et al. 2005). The spatial arrangement
of available habitats in the landscape influences
whether a habitat will be colonized by dispersers.
Species richness of odonate communities in habi-
tats disconnected by distance or physical barriers
from sources is lower than in habitats with less
isolation (McCauley 2006).

3.2.2 Oviposition sites and the importance
of hydroperiod

Female odonates dispersing from natal habitats are
then faced with a second question. Of the available
habitats in the landscape, which should receive
eggs? Oviposition site selection dictates the type
of environment odonate larvae will experience and
acts as an additional biological filter on larval odo-
nate community composition. Selection of oviposi-
tion sites is influenced by proximate cues such as
reflective properties of water (Bernath et al. 2002),
physical dimensions of the water body (Corbet
1999), and presence of emergent aquatic vegetation
(Rouquette and Thompson 2005). The proximate
cues are likely related to ultimate factors influencing
the probability of larval survival. For some species
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there may be special requirements for oviposition;
for example, Anax junius oviposits endophytically
(inside leaf tissue) and thus requires aquatic veg-
etation. Aquatic vegetation also increases the struc-
tural complexity of the aquatic environment and
provides refuge from predation for larval odonates
(Johansson 2000). Odonates appear primarily to use
visual and tactile senses to select oviposition sites,
but their ability to detect and respond to the chemi-
cal presence of fish predators seems to be weak at
best (McPeek 1989).

Hydroperiod plays a major role in structur-
ing not only odonate communities but also lentic
aquatic communities in general (Wellborn ef al.
1996). At one end of this environmental gradient
are small pools that may persist for only a matter of
days or weeks, whereas at the other end of the con-
tinuum are large lakes that endure for thousands of
years. Wellborn et al. (1996) identify two important
transitions that affect the structure of invertebrate
communities along this gradient: a permanence
transition and a predator transition. These transi-
tions delineate three distinct habitat types: tem-
porary habitats, permanent fishless habitats, and
permanent habitats with fish. Odonate communi-
ties are present in each habitat type but the quality
of these habitat types differs considerably for dif-
ferent odonate species, shifting community com-
position (Stoks and McPeek 2003). The predation
regime shifts from dominance by invertebrates
(especially large dragonflies) to vertebrates (espe-
cially insectivorous fish) with increasing system
permanence along the hydroperiod gradient (Stoks
and McPeek 2003, 2006).

Aquatic habitats along the permanence gradi-
ent can act as sinks or sources for certain odonate
species based on their ability to cope with envir-
onmental constraints. Pools that persist only for
a matter of days or weeks are effectively sinks for
most odonate species unless eggs and/or larvae
have the capability to endure long-term dry condi-
tions or larvae are capable of developing extremely
fast. Permanent habitats with fish predators, to the
extent that they attract ovipositing females of the
relevant species, tend to be sinks for species poorly
adapted for co-existence with fish but sources for
those compatible with this predator type.
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3.3 Responding to risk

3.3.1 Lifestyles, hydroperiods, and
predation regimes

A short hydroperiod imposes a significant abiotic
constraint on larval development and has strongly
influenced the evolution of life-history strategies in
species that occupy habitats prone to drying. These
habitats also generally lack fish predators; thus, the
fitness benefits of exploiting this habitat type can be
substantial. Odonate species exploiting these habi-
tats rely on egg diapause, larval aestivation, and
migration to cope with the constraints imposed by
hydroperiod, issues addressed more thoroughly
by Stoks ef al. (see Chapter 4 in this volume). In
temporary habitats, selection favours individuals
that can develop rapidly, and species with this life-
history trait tend also to be highly active in gather-
ing required food resources.

In permanent habitats with fish predators, selec-
tion favours individuals with less active lifestyles,
and consequently the duration of the larval stage
for odonate species in this habitat type tends to be
longer (Corbet 1999; Johansson 2000). This slow/fast
lifestyle dichotomy is supported by a large num-
ber of studies with larval odonates (e.g. McPeek
2004; Johansson et al. 2006). Some Libellulids (e.g.
Pachydiplax longipennis, Erythemis simplicicollis, and
Perithemis tenera) appear to be particularly effect-
ive colonizers of temporary habitats, with some
species able to complete larval development in as
few as 4 weeks (Corbet 1999). Colonizing tempor-
ary habitats may also allow some species to com-
plete more than one generation per year. Some
species may be univoltine at northern latitudes
and unable to exploit temporary ponds because
environmental conditions do not allow larvae to
complete larval development, but multivoltine at
more southern latitudes where environmental con-
ditions permit them to exploit habitats with limited
hydroperiods. In between the ephemeral and fish-
dominated extremes lie permanent fishless bod-
ies of water where large dragonflies usually act as
top predators (Johnson and Crowley 1980; McPeek
1998; Stoks and McPeek 2003). Species that pos-
sess the ability to complete larval development in
temporary habitats are also common in permanent
fishless systems.

In habitats lacking fish, odonates often function
as top predators, particularly those highly active
species that rely heavily on visual cues when for-
aging, but benthic sprawlers and burrowers are also
prevalent is these habitats (Corbet 1999). Aeshnids
such as A. junius, Anax longipes, and Aeshna mutata
and large active libellulids such as Tramea lacerata
(e.g. see McPeek 1998) have a considerable top-
down impact on composition in North American
odonate communities. Some other species (e.g.
Plathemis lydia, Enallagma aspersum, Enallagma bore-
ale, and Lestes congener) are able to persist with
odonate top predators, whereas other species (e.g.
Epitheca cynosura, Celithemis elisa, Enallagma trivi-
atum, Enallagma civile, and Lestes vigilax) are found
in much greater abundance in systems with fish
top predators (Johnson and Crowley 1980; McPeek
1998; Stoks and McPeek 2006).

Studies by McPeek and colleagues (e.g. Stoks
and McPeek 2003, 2006; Chapter 5 in this volume)
have demonstrated elegantly that groups of Lestes
and Enallagma damselflies segregate among ponds
along the permanence gradient. Enallagma species
require 10-11 months for larval development at
temperate latitudes and are thus restricted to rela-
tively permanent habitats; in contrast, some Lestes
species are able to complete larval development in
2-3 months and can thus occupy habitats with a
wider range of hydroperiods. Among both genera,
there are species that have evolved to co-exist with
dragonfly or fish predators.

But, in contrast to Lestes and Enallagma species,
Ischnura species are able to co-exist with both fish
and dragonfly predators (Johnson and Crowley
1980; McPeek 1998, 2004). Ischnura species are more
vulnerable to predation than Enallagma species in
a given habitat due to their higher activity level,
but they also have faster developmental rates in
these habitats (Pierce et al. 1985, McPeek 1998).
Interestingly, higher activity levels in Ischnura spe-
cies may not translate into higher feeding rates;
rather, Ischnura species are superior at convert-
ing food into biomass under the risk of predation
(McPeek 2004).

Flexible anti-predator behaviours allow some
odonates to survive in the presence and absence
of fish predators. P. longipennis is also a habitat
generalist with respect to predator type (Johnson



and Crowley 1980; Hopper 2001). In laboratory
experiments, Hopper (2001) demonstrated that in
the presence of fish chemical cues P. longipennis
reduced activity level regardless of whether they
were from ponds with or without fish. Similarly,
in the absence of fish chemical cues, individu-
als from both habitat types actively moved away
after a simulated attack. Habitat specialists largely
excluded from habitats with fish, such as A. junius,
tend not to respond as strongly to the presence of
fish chemical cues. This may explain why A. junius
is not successful in these habitats (Crumrine 2006)
or may reflect a lack of selection pressure on a spe-
cies that so rarely must contend with predaceous
fish. In a similar vein, morphological plasticity
may also influence the distribution of odonates
across the landscape. Morphological plasticity,
particularly for the size of abdominal spines which
reduce vulnerability to fish predators, may allow
some odonates to exploit habitat types with fish
or invertebrate top predators (e.g. Johansson 2002).
However, in species for which this trait is fixed and
individuals have spines, it reduces the survival of
individuals in the presence of invertebrate preda-
tors (morphological defences are described more
thoroughly in Chapter 10).

3.3.2 The interference—predation continuum

Intraguild predation (IGP) and interference com-
petition are particularly common in assemblages
of odonate larvae, and their prevalence is strongly
influenced by larval size distributions within and
among populations (Hopper et al. 1996; Crumrine
2005). Consequently these interactions have a
strong impact on the size structure and relative
abundances of species within larval odonate com-
munities. The prevalence of IGP (including canni-
balism) and interference competition (both within
and between species) blurs the distinction between
competition and predation in odonate communities.
Interference competition is traditionally viewed as
a non-lethal direct interaction between individu-
als that has negative effects on feeding rates and
potentially on growth and development as well.
When interactions among similarly sized conspe-
cifics are considered along a continuum from the
absence of interaction at one end of the continuum
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to cannibalism at the other end, cannibalism can be
viewed as an extreme form of interference compe-
tition. Cannibalism can also be viewed as a form
of opportunistic predation that reduces the number
of potential competitors and triggers both behav-
ioural and density-mediated indirect effects in food
webs. Some, but perhaps not all, of the local density
effects resulting from cannibalism may be mim-
icked by injury and avoidance behaviour resulting
from interference.

IGP combines elements of both competition and
predation and occurs when two species (here-
after called species A and species B) interact as
predator and prey, respectively, but also engage
in competition for similar resources (Polis et al.
1989) (Figure 3.1). IGP is prevalent among odonates
because of the wide range of body sizes usually
present in larval assemblages. IGP almost always
results from larger individuals consuming smaller
heterospecifics and is thus almost exclusively asym-
metrical, but the direction of IGP between two spe-
cies may shift over ontogeny. For example, it may
be possible for a large, late-instar damselfly larva
(species B) to consume a small, early-instar dragon-
fly larva (species A), especially if the damselfly
overwinters and the dragonfly completes develop-
ment within a single season (Figure 3.1). However,
during a majority of the warm season, individuals
of species A may be much larger than species B,
reversing the advantage. The overall net effect of
species A on B and vice versa over the entire larval
period has been difficult to address adequately in
empirical studies (but see Wissinger 1992).

3.3.3 Theory and IGP

Simple mathematical models suggest that asymmet-
ric IGP should persist only (1) when intermediate
predators are more effective exploitative competi-
tors than top predators for shared prey, (2) when
top predators gain significantly from consuming
intermediate predators, and (3) at intermediate lev-
els of shared prey abundance (Holt and Polis 1997).
At low levels of shared prey abundance, intermedi-
ate predators are predicted to exclude top predators
via exploitative competition, while at high levels of
shared prey abundance top predators are expected
to exclude intermediate predators via apparent
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Figure 3.1 Simplified configurations of IGP in three-species food webs. Arrows indicate the potential flow of energy through each system.
(a) Asymmetric IGP. Species A, usually a larger top predator, is capable of consuming species B, usually a smaller intermediate predator, and
species C, the shared prey. The intermediate predator is only capable of consuming shared prey. (b) Symmetric IGP, also termed mutual IGP.
Both predators are capable of consuming each other and may often be similar in size. (c) Size-structured IGP with two size classes of the top
predator (species A). As predators grow they may also change their diet. Small species A consumes shared prey but larger species A exclude
shared prey from their diet and include both conspecifics and large species B. This is one of many IGP scenarios that may exist in odonate
communities with size-structured predators that undergo life-history omnivory.

competition (Holt and Polis 1997). Taken together,
these conditions severely limit the conditions under
which one would expect IGP to persist in natural
communities; however, IGP is widespread and
occurs in terrestrial, marine, and aquatic communi-
ties (Polis ef al. 1989).

Some authors have hypothesized that elements
of biological realism omitted from these initial the-
oretical formulations of IGP—such as size/stage
structure, phenological asynchrony, adaptive anti-
predator behaviour, and alternative prey—should
promote co-existence between predators engaged in
strong IGP. Both theoretical and empirical studies

lend some support to this hypothesis (Holt and Polis
1997, Mylius et al. 2001; Crumrine 2005; Rudolf 2007).
The considerable size structure present within and
between species in odonate communities coupled
with ontogenetic diet shifts (Werner and Gilliam
1984) may thus facilitate co-existence. Subsequent
theoretical work by Rudolf (2007) suggests that
size-structured cannibalism, likely to be prevalent
in odonate communities, has much stronger effects
on co-existence in IGP systems relative to the size-
structured systems modelled by Mylius et al. (2001).

Explicit tests of the predictions of IGP theory are
difficult to carry out with larval odonates, because



experimental systems rarely meet the assumptions
of mathematical models, and their predictions often
address population dynamics over multiple genera-
tions or even evolutionary time scales. Furthermore,
some researchers have suggested that conclusions
of short-term experiments bear little relationship to
predictions of equilibrium models of IGP, because
many experiments only quantify attack rates and
fail to consider conversion efficiency (Briggs and
Borer 2005). Nevertheless, experiments and field
studies with larval odonates have illuminated
many basic features of IGF, and conclusions drawn
from these experiments have greatly enhanced our
understanding of the importance of IGP in struc-
turing aquatic communities.

3.3.4 Cannibalism and IGP

In IGP systems, cannibalism could promote the sur-
vival of intermediate predators by (1) reducing the
overall number of top predators that are recruited
to larger size classes, (2) reducing encounter rates
between small top predators and intermediate pred-
ators if small top predators reduce their activity level
in the presence of larger conspecifics, and (3) reduc-
ing the attack rate on intermediate predators by top
predators that feed cannibalistically (Crumrine and
Crowley 2003; Crumrine 2005). This latter interac-
tion is often termed an alternative prey effect and
can have a positive impact on both intermediate
predators and shared prey. In an IGP study using
larval odonates, Crumrine (2005) demonstrated that
intraspecific interactions between two size classes of
larval A. junius top predators promoted the survival
of an intermediate predator, larvae of the dragonfly,
P. longipennis, relative to treatments with a single
size class of A. junius. Ultimately, these interactions
are likely to promote the co-existence of predators
engaged in strong IGP (see Rudolf 2007).

3.3.5 Size structure, phenology, and IGP

In Central American neotropical tree-hole systems,
IGP can be particularly influential in determining
odonate community structure. Odonate predators
that utilize these unique and limited habitats include
the pseudostigmatid damselflies Mecistogaster
ornata, Mecistogaster linearis, Megaloprepus coerulatus,
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and the aeshnid dragonfly Gynacantha membranalis
(Fincke 1992). M. coerulatus deposits more eggs in
large tree holes than small tree holes (Fincke 1994).
Small tree holes (those under 1 litre) tend to be
occupied by a single predator, and size-dependent
IGP determines which odonate predators are likely
to persist in these habitats (Fincke 1992, 1999).
Individuals (in this case Mecistogaster species) that
have a developmental head start generally cannot be
trumped by individuals arriving later (Fincke 1994).
Therefore Mecistogaster species tend to emerge from
smaller tree holes (Fincke 1992). In larger tree holes,
priority effects are less important because greater
food availability allows later-arriving M. coerulatus
(and presumably G. membranalis as well) to achieve
high growth rates, surpassing Mecistogaster in size
and eliminating them from these larger habitats via
IGP (Fincke 1992). Surprisingly, smaller M. coerula-
tus can also sometimes kill larger Mecistogaster spe-
cies in large tree holes (Fincke 1994).

Clearly, IGP in odonate communities is heavily
influenced by the size structure of interacting pop-
ulations and their spatial and temporal overlap. To
capture the size-structure component present in
many assemblages of larval odonates, Wissinger
(1992) proposed an index of the opportunity (IOP)
for IGP for a community of larval odonates inhab-
iting a pond in temperate North America. This
index is preferable to conventional spatiotemporal
indicies (e.g. Hurlbert’s index L; Hurlbert 1978)
for quantifying the potential for IGP in a speci-
ose assemblage of predators because it considers
encounters between species on a size-specific basis.
This analysis elegantly demonstrates the influence
of phenology on the potential for IGP (Wissinger
1992). Species that begin development earlier in
a seasonal growth interval than others are more
likely to act as intraguild predators in larval odon-
ate communities (Benke et al. 1982; Wissinger 1992)
and can sometimes exclude guild members that
begin development later (Fincke 1992). Not surpris-
ingly, T. lacerata and A. junius were identified as hav-
ing strong potential to act as intraguild predators,
particularly T. lacerata because of its greater habi-
tat overlap with other odonates in the community.
Both species are larger than most other odonates at
a given instar and thus strongly influence overall
odonate community structure.
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Recent theoretical work on the effects of ontogen-
etic diet shifts on food web dynamics suggest that
life-history omnivory can reduce the likelihood of
co-existence in unstructured IGP systems (Van de
Wolfshaar et al. 2006). These results contrast with
the predictions of previous models and a thorough
examination of the impact of life-history omnivory
on community structure is necessary to develop a
cogent theoretical framework for size-structured
interactions in odonate communities.

3.3.6 Responses to predation risk

The degree to which larval odonates are susceptible
to IGP depends on both anti-predator behaviour and
habitat use. Laboratory and field experiments with
several Aeshnid species demonstrate that smaller
conspecifics tend to reduce activity level in the pres-
ence of larger conspecifics, but this can come at a
foraging cost (Van Buskirk 1992; see also the mod-
elling study of Crowley and Hopper 1994; but see
Ferris and Rudolf 2007 for a counter example).
This response is also true for odonate larvae in the
presence of larger heterospecifics (Crumrine and
Crowley 2003). Reduced activity level may also be
coupled with a shift in habitat in the presence of
predatory heterospecific and conspecific odonates. A
number of laboratory experiments have shown that
individuals vulnerable to IGP will spatially segre-
gate themselves from larger individuals (Crumrine
and Crowley 2003; Suutari et al. 2004). Field obser-
vations further support the hypothesis that spatial
segregation between size classes promotes the sur-
vival of smaller conspecifics (Wissinger 1992).

3.3.7 Multi-predator effects

Predicting how multiple predators influence prey
survival has been a persistent challenge for ecolo-
gists. Simply combining the effects of individual
predators on prey survival can generate erroneous
predictions of the effects of those predators when
in combination (Sih et al. 1998). Deviations in prey
survival above and below levels predicted by inde-
pendent (multiplicative) risk models are termed
risk reduction and risk enhancement, respect-
ively (Sih et al. 1998; Crumrine and Crowley 2003).
Experimental work indicates that risk reduction is

quite common in aquatic communities and par-
ticularly so in odonate communities (e.g. Crumrine
and Crowley 2003). Much of the experimental work
examining these effects has focused on short-term
responses, so using these results to explain longer-
term population dynamics may be problematic.

In most studies with larval odonates, risk
reduction occurs when asymmetric IGP leads to
density-mediated indirect effects; that is, top pred-
ators reduce the density of intermediate predators
thus indirectly promoting shared prey survival.
Trait-mediated indirect effects are also mecha-
nisms that may lead to risk reduction and occur
when intermediate predators reduce activity level
and foraging rates in the presence of top preda-
tors. Some studies suggest that the magnitude of
trait-mediated effects is similar to, if not stronger
than, density-mediated effects (Crumrine and
Crowley 2003; Preisser et al. 2005). The strength of
risk reduction in experimental studies should be
stronger when IGP is mutual (i.e. the two preda-
tors in the system are capable of consuming one
another). In this case, density- and trait-mediated
effects can be transmitted through both preda-
tors and could have a substantial positive effect on
shared prey survival. On the other hand, with little
IGP or interference between predators, the higher
overall predator density should reduce survival of
shared prey. Although IGP is an interaction that
involves both competition and predation between
guild members, most IGP studies have focused
on the predation component of this interaction.
Examining the prevalence and intensity of compe-
tition in odonate communities outside of context of
IGP has, however, been a fruitful area of research.

3.3.8 Interference competition and the
threat of cannibalism

Theoretical models demonstrate that the risk of
cannibalism and inter-odonate predation can trans-
late into interference competition, with potentially
slowed development and reduced survival to emer-
gence (Crowley and Hopper 1994). Results of field
studies support the general conclusion that both
intra- and interspecific interference competition is a
pervasive interaction in odonate communities and
has been a critical factor in the evolution of odonate



life histories (Crowley et al. 1987). Whether compe-
tition actually occurs between species with these
attributes often depends on population density and
prey availability.

A number of studies suggest that interference
competition rather than exploitative competition
plays a more influential role in structuring larval
odonate communities, but the degree to which
odonates are actually food-limited under field
conditions remains to be fully elucidated. Larval
damselflies are generally thought to be food-lim-
ited in the field (Crowley et al. 1987). Anholt (1990)
contends that food limitation is probable based
on overlapping size distributions of damselflies
emerging from a pond and those emerging from
experimental cages where density-dependent food
limitation was observed. McPeek (1998), however,
provides evidence from field enclosures in fishless
systems that damselfly larvae are not food-limited,
whereas those in ponds with fish are food-limited
and engage in both exploitative and interference
competition. The prevalence of interference com-
petition in odonate communities thus suggests
that larvae must take risks and expose themselves
to competitors (and potential cannibals) to acquire
food. From this perspective, food is limited because
it not abundant enough in the microhabitats that
would spare them exposure to enemies.

Inneotropical tree-hole systems exploitative com-
petition is more apparent in small habitats (under 1
litre) where food can be limited, and this may also
restrict the number and size of individuals emer-
ging from these habitats (Fincke 1992). In temperate
systems, seasonal fluctuation in prey availability
also affects competition within and between spe-
cies, and competition can be more intense in spring
rather than summer/fall, when prey is more abun-
dant (Wissinger 1989). Experiments excluding fish
predators suggest that fish can ameliorate the inten-
sity of resource competition in odonate communi-
ties by limiting the density of potential competitors
(Morin 1984). Although resource competition has
been detected among larval odonates in several
field and laboratory experiments, the impact of
this interaction appears to influence larval growth
rates more strongly than community structure
(Wissinger 1992); but several studies have failed
to detect evidence for exploitative competition in
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odonate communities altogether (Johnson et al.
1985; Pierce et al. 1985).

There is also some conflicting evidence for the
prevalence and importance of interference inter-
actions under laboratory and field conditions.
Several studies suggest that high density may lead
to reduced foraging rates via interference competi-
tion and mortality via cannibalism (Johnson et al.
1985; Pierce et al. 1985; Van Buskirk 1992), whereas
other studies have failed to detect any relationship
between interference interactions and foraging
rate (Baker 1989; Anholt 1990). It is possible that
variation among species is responsible for these
conflicting results (Baker 1989).

Interference interactions that reduce prey con-
sumption can have negative effects on larval
odonates, but aggressive interactions between
individuals, including cannibalism, are pervasive
in odonate assemblages. Larval odonates are gen-
eralist predators that consume most prey items
smaller than themselves, including other odonates
(Corbet 1999). Cannibalism and intra-odonate
predation can reduce the likelihood of exploit-
ative competition between individuals (Polis 1981;
Fincke 1994) and accelerate growth rates among
surviving individuals (Hopper et al. 1996). When
the threat of predation causes smaller conspecifics
to reduce foraging activity, intermediate predators
may benefit (Crumrine and Crowley 2003). Thus,
cannibalism and intra-odonate predation may act
to limit the population size of predators that have
the potential to eliminate other species from com-
munities and can act as a stabilizing feature at the
community level (Rudolf 2007).

3.3.9 Studying larval communities in the
laboratory and field

Despite a few exceptions (Morin 1984; McPeek
1998), the vast majority of the experimental studies
examining the impacts of predation and competi-
tion in larval odonate communities have focused
on the more logistically feasible small scales in
space and time. Odonate community ecologists
have generally relied on comparative approaches
(e.g. examining species assemblages in systems
with and without fish) to distinguish patterns in the
field and have then conducted simple experiments
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to characterize the mechanisms underlying those
patterns. Although this approach has been suc-
cessful, a future challenge for odonate commu-
nity ecologists will be to carry out whole-pond
manipulations (e.g. Hall et al. 1970). For example,
the impact of a cohort of migratory A. junius on
odonate community structure could be estimated
by covering some ponds in the landscape and
preventing oviposition while leaving other ponds
open for oviposition. Field stations with arrays of
artificial and semi-natural ponds would be ideal
sites to carry out these types of manipulations.
This approach will allow ecologists to study the
biotic processes that influence odonate community
structure in a much more complex but potentially
meaningful way.

3.4 Enabling reproduction

3.4.1 Consequences of larval odonate
communities for adults

Up to this point, much of this review has addressed
how interactions among odonate larvae affect
larval growth and survival. Larval community
interactions, however, may also have important
consequences for the adults and their terrestrial
communities. For example, larval conditions can
affect the number of adults emerging, the size and
condition of adults, or the timing of adult emer-
gence (e.g. De Block and Stoks 2005; Knight et al.
2005). Body size and condition may be import-
ant for the ultimate fitness of males and females
of many odonate species (e.g. Contreras-Gardufio
et al. 2006), and a shift in emergence time may put
adults, or the offspring of those adults, at a disad-
vantage for competition and survival.

Few studies have addressed these potential con-
nections between community processes at the lar-
val and adult stages, with two notable exceptions.
Knight et al. (2005) connected the consequence of
fish predation on larval odonates with the repro-
ductive success of terrestrial plants surrounding
the ponds. They found that the insect pollinator
communities visiting St. John’s wort (Hypericum
fasciculatum) varied qualitatively and quantitatively
between ponds, with differences in both who vis-
ited (Diptera at ponds with fish, Hymenoptera at

ponds without fish) and how many visited (lower
visitation rates occurred at plants by ponds con-
taining fish). These differences were a likely result
of fish predation on larval odonates, because ponds
with fish had fewer larval and adult odonates than
ponds without fish, and pollinators were observed
both to avoid plants at which odonates were present
and to be eaten by odonates. Most interestingly,
the changes in pollinator communities apparently
affected the seed set of the plants, with Hypericum
plants surrounding ponds without fish being sig-
nificantly more pollen-limited than individuals
surrounding ponds with fish.

Moreover, De Block and Stoks (2005) found that
interactions among larvae may have consequences
for adult characteristics. They found that larval
Lestes viridis, when subjected to nutritional con-
straints, emerged relatively late and at a smaller
adult size. These characteristics subsequently
affected the mating success of adults. In addition,
there were lasting effects of larval history on mat-
ing success that were not explained by size and
time of emergence. Therefore, although De Block
and Stoks (2005) varied the nutritional regime dir-
ectly, it seems plausible that if interactions among
heterospecific larvae caused the changes in nutri-
tional intake instead, then similar consequences on
adult fitness would be observed.

3.4.2 Interactions among adult odonates

As terrestrial adults, odonates serve as both preda-
tors (e.g. Kauppinen and Mappes 2003) and prey
(e.g. Rehfeldt 1992). Consequently, in a broad com-
munity perspective, adult odonates have the poten-
tial to impact those prey and predator populations;
however, to our knowledge, studies rarely have
examined whether this impact is realized (but see
the study by Knight et al. 2005 above). Also, although
adults, like larvae, may attack both heterospecifics
(Corbet 1999) and conspecifics (e.g. Cordero 1992),
reports of such predation are relatively uncommon.
This lack of information may indicate that IGP and
cannibalism at the adult level are likely to have lim-
ited effects on odonate communities, or, as with the
broader community effects, may simply indicate a
lack of attention. Note that one important differ-
ence in any IGP that exists between odonate adults



compared with odonate larvae is that size asym-
metries will consistently favour one species over
another, because the relative size of heterospecific
adults will not vary with their age.

Within the odonate community, at the adult level
the most important effects seem to be the result of
interference competition. This competition may
occur at foraging sites (e.g. Baird and May 2003),
but typically occurs among territorial males at the
breeding site and can take two forms. First, adults
of one species may actually exclude heterospe-
cific males from a breeding site (e.g. Moore 1964)
or from preferred locations or perches within a
breeding site (e.g. Worthen and Patrick 2004). The
second form of interference is less ‘intentional” and
seems to result in mistaken species recognition
by males. Adult males detect females and com-
peting males primarily by vision, and, as a result,
many species have colours and patterns on their
bodies and wings that serve as species- and sex-
specific signals (Corbet 1999). However, some sig-
nal similarity often exists among species, which, in
combination with sensory constraints on discrim-
ination and probable time constraints on a male to
interact quickly with a female or intruding male
(Switzer and Eason 2000), can lead to interactions
among heterospecifics. Reports of heterospecific
pursuits and territoriality are common among
odonates (Corbet 1999), and these mistakes seem
to occur most frequently among species similar in
size and colour (Corbet 1999; Schultz and Switzer
2001; Tynkkynen et al. 2006).

Although reports of such ‘mistakes’ are com-
mon, few studies have examined the costs or con-
sequences of these mistaken interactions. In one of
the only studies of the costs of heterospecific inter-
actions among adults, Singer (1990) studied the costs
of imprecise discrimination among three sympat-
ric species of Leucorrhinia dragonfly. He found that
males of all three species would attempt to mate
with heterospecific females and would chase het-
erospecific males both while defending their terri-
tory and while mate-guarding a conspecific female.
Of these interactions, the most significant costs
were incurred when a male was mate-guarding
against a heterospecific male; in these cases, the
energetic costs and risk of injury were relatively
high because of high-intensity interactions, and the
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guarding male would occasionally lose his mate to
a conspecific male while he was preoccupied with
chasing a heterospecific male (Singer 1990). Singer
(1990) proposed that although these costs may be
high, sensory constraints on the discrimination
ability of males may favour low levels of species
discrimination, because those males that take the
time to discriminate conspecifics from heterospe-
cifics may miss their opportunity to defend their
mate or territory.

If heterospecific interactions are costly among
odonate adults, one would predict they might lead
to evolutionary changes in behaviour, morphology,
or life history in ways that minimized these costs.
However, to date relatively few studies have tried
to connect interactions among heterospecific adults
with the evolutionary consequences of these inter-
actions, and the future study of these consequences
promises to be a fruitful area of research. For the
interacting species, the consequences of their inter-
actions may affect both selection on the sexual
signals and the spatial and temporal distribution
of adults. Below we discuss these two potential
consequences.

3.4.3 Selection on sexual signals

The sexual signals of adults may currently be
under natural or sexual selection (e.g. Grether 1997;
Svensson et al. 2006). From a community perspec-
tive, one would predict that if costs of heterospe-
cific interactions are high enough, then species for
which such mistakes are highly likely will have sig-
nals that have been under divergent selection. This
could be examined at a crude level by comparing
signal similarity among sympatric versus allopatric
species.

More directly, however, recent studies by
Tynkkynen and colleagues (2004, 2005, 2006;
Chapter 11 in this volume) on sympatric Calopteryx
splendens and Calopteryx virgo have examined cur-
rent selection on signals as a result of interspecific
interactions. These species have pigmented spots
on their wings, and wing-spot size is related to the
amount of aggression directed mistakenly toward
heterospecifics, with large-spotted C. splendens
more closely resembling the spots of C. virgo and
receiving more aggression from C. virgo males as a
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result. This heterospecific aggression has import-
ant effects on C. splendens; territorial spacing is
related to the relative wing-spot size of neighbours
and the number of territorial C. splendens increased
after removal of C. virgo (Tynkkynen et al. 2006).
Perhaps most interestingly, this aggression may
result in negative selection on wing-spot size in
C. splendens, because the size of C. splendens wing
spots is lower with higher population sizes of
C. virgo (Tynkkynen et al. 2004). Also, directional
selection on C. splendens spot size was dependent on
the relative abundance of C. virgo, such that at low
relative abundance there was positive directional
selection and at high relative abundance selection
was positive (Tynkkynen ef al. 2005). Furthermore,
this pattern of directional selection was not pre-
sent among populations in which C. virgo had been
removed experimentally (Tynkkynen et al. 2005).

3.4.4 Spatial and temporal distribution
of adults

If adults of one species exclude adults of other spe-
cies from the breeding sites (Moore 1964) or from
preferred locations within breeding sites (e.g. De
Marco and Resende 2004), and if female oviposition
behaviour is affected by male location, then adult
interactions could drive the initial distribution of
larvae. For example, we could speculate that these
competitive interactions among adults may result
in less preferred larval habitat being used by one of
the species, which could have a negative impact on
larval growth and survival. Furthermore, if larval
movement is limited, any shift in the spatial dis-
tribution among species could affect which species
are present to interact in any particular location.
Therefore, either through decreased growth and
survival or through simply not being present, the
adult interactions within a breeding site may affect
interactions among the odonate larval community,
which could, in turn, affect population sizes and
the characteristics of individuals (e.g. size, time of
emergence, etc.) within those populations.

Adults may avoid costly heterospecific inter-
actions by adjusting their breeding time, either
within a day or within a season. Within a day,
many species have characteristic times during
which they visit the same breeding site (Corbet

1999). Differences among sympatric species in
phenology (e.g. Ferreras-Romero and Corbet 1995)
may be caused by a number of factors, but one pos-
sibility is avoidance of heterospecific interactions at
the adult stage. Michiels and Dhondt (1987) found
evidence that three sympatric Sympetrum species
partitioned their adult activity via daily, seasonal,
and habitat characteristics, and suggested that this
was to limit heterospecific interactions at the adult
stage. The question that clearly needs to be stud-
ied is whether temporal overlap, either within a
day or within a season, is less for species that have
the highest potential for negative heterospecific
interactions as adults and to what extent the over-
lap is facultative, such that populations in which
interacting species are both present exhibit less
overlap than that among sites in which only a sin-
gle species is present.

Answering such questions about temporal over-
lap would require at least two pieces of informa-
tion. First, one would need an index of potential
adult interaction, which could change depend-
ing on the focus. For example, if testing the idea
that within-day partitioning was due to avoiding
the costs of mistaken heterospecific pursuits, one
could calculate either a qualitative or quantitative
index based on size, colour, and pattern. Second,
one would need to quantify the extent of temporal
overlap of each species and relate this to their index
of potential adult interaction. For a strong test of
adult interactions driving temporal patterns, one
could conduct removal or exclusion experiments,
removing focal species from study ponds and com-
paring the partitioning of time to that found in
ponds in which the adult odonate community was
intact. If interactions among adults do drive shifts
in phenology, then one would predict that the lar-
val communities would differ as well. Differences
in size and age distributions of odonate larvae
would occur among communities with different
temporal overlap, and those differences would,
in turn, drive the type and extent of interactions
among those larvae.

3.5 Bringing communities into focus

Conflicting evidence for the importance of vari-
ous abiotic factors and biotic interactions in



determining the structure of odonate communities
is apparent. In some communities exploitative com-
petition plays a significant role, but in many others
interference, predation, and the direct and indirect
effects of hydroperiod are clearly more influential.
These conflicts are not unique to odonate commu-
nities, and developing a set of general laws that can
explain community structure, in a broad sense, has
been problematic for researchers. Elucidating the
factors that determine community structure is pos-
sible for individual communities, but it is difficult
to transfer this understanding to other communities
because rules are often contingent on local condi-
tions (Simberloff 2004). In fact, the apparent com-
plexity of ecological communities has prompted
Lawton (1999) to suggest that ‘community ecology
is a mess’ and that researchers in this area should
‘move on to macroecology’. Despite some research-
ers’ frustration with community ecology, ecologists
are making significant advances in developing a
robust predictive theory of community ecology
and several recent syntheses and reviews have pro-
posed novel approaches to help further our under-
standing of community ecology (Hubbell 2001;
McGill et al. 2006).

Neutral theory, based on the null assumption
that the probability of survival and reproduction
is identical for all species in a community and that
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trophically similar species are ecological equiva-
lents, has recently challenged the long-established
paradigm of niche theory (Hubbell 2001). Neutral
community models have been effective at predict-
ing a number of fundamental patterns in ecological
communities, including species area relationships,
species turnover, and the lognormal distribution of
abundance. However, critics of this approach sug-
gest that the assumption of ecological equivalency
among similar species ignores the importance of
functional traits in shaping an organism’s funda-
mental/realized niche and its ultimate position
within a complex, speciose community (McGill
et al. 2006). Some have suggested that the niche and
neutral approaches are two extremes at the end of
a continuum and that community structure is not
determined by either one of these processes alone
(Leibold and McPeek 2006). Odonates can poten-
tially be useful model organisms for addressing the
importance of niche and neutral processes in com-
munity ecology. Some larval Enallagma damselflies
appear to be ecological equivalents (McPeek and
Brown 2000), and many larval odonate communi-
ties are comprised of species that differ very lit-
tle in their morphological characteristics. Whereas
most of the community-level studies with larval
odonates have approached this issue from a niche
standpoint, it will be important to examine how

Figure 3.2 Odonate life stages and processes that determine
local odonate community structure and dynamics. Arrows
indicate dispersal (A, B, C, K), mortality (D, F, H, L), and life-
stage transitions (E, G, |, J). The dispersal processes connect
sites as a metacommunity at the landscape level, influencing,
along with local emergence (J), the assemblage of mature adults
at each site across the season; reproduction, oviposition, and
hatching (E, F, G) strongly filter this distribution to produce the
larval odonate community, further filtered by the risky aquatic
environment (H) to produce a seasonal pattern of emergence

(I). Emergers that neither disperse (K) nor die (L) close the loop
to mature adults. The local odonate community may be well
characterized by output from the aquatic system (i.e. the seasonal
emergence pattern, strongly influenced by risk management)

and by the seasonal pattern of mature adults (i.e. those with
access to the site). Quantification of these two seasonal patterns
across sites would greatly enhance our understanding of odonate
communities.
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neutral processes influence odonate communities.
This approach may be particularly useful for com-
munities that include many rare species, as some
evidence suggests that neutral community models
can effectively predict species abundance patterns
for rare species in communities (Chave 2004). The
neutral perspective has value but this does not
necessarily mean that researchers should divert
their attention from the traditional foci of commu-
nity ecology. A potentially more fruitful approach
to elucidating the factors that influence odonate
community structure will be to consider both niche

and neutral perspectives when examining patterns
at the community level.

Perhaps the greatest challenge and opportunity
for odonate community ecology is to determine the
characteristics and implications of metacommu-
nity structure. Almost all community ecology of
odonates has focused on local communities, some-
times including comparisons of local communities,
with little or no acknowledgement that these are
connected by dispersal and other landscape fea-
tures. Empirical difficulties are daunting, and yet it
is the intersection of local and landscape processes

(a) fommmmmmmmmmmm A
’ \
Site a 4 Site b \ Site ¢
U \
Mature Mature Mature
adults * - - > adults - - M adults
) 5 )
| | |
v v v
Emergers |4 - - -pi Emergers |4 - - —p{ Emergers
\ ’
\ ’
\ ’
N e e mmmmmmmmoo o o
(@

Site a Site b Site ¢
Mature P .| Mature P .| Mature
adults - "1 adults - adults

A 4 A
A A
Emergers |4 p| Emergers | p| Emergers

(b) ) )

Site a Site b Site ¢
Mature Mature Mature
adults B 7| adults adults

A A A
v v A 4
Emergers (4 p| Emergers Emergers
(d) - .

Site a Site b Site ¢
Mature w o| Mature Mature
adults adults adults

4 y A
A A
Emergers |« p» Emergers |« $» Emergers

Figure 3.3 (a) Comparing seasonal patterns of mature adults and emergence across local odonate communites (e.g. sites a—c here) reflects
the importance of processes that link emergers and mature adults within sites, mature adults between sites, and emergers between sites. (b)
Here, mature adults at each site are tightly coupled with local emergence, and dispersal linkages and aquatic-system features fail to dominate,
producing strong landscape heterogeneity. (c) When adults disperse sufficiently to homogenize the mature adults across sites, any divergence
between sites is attributable to strong influences within the aquatic habitat, such as differences in hydroperiod or predation regime. (d) In
some cases, when those dominant aquatic features are similar or identical across sites, it is filters acting between emergence and oviposition

that account for between-site differences.



that shape anything we can really consider to be an
odonate community.

The focus to date on site-specific larval assem-
blages and dynamics (Figure 3.2) has taught us much
about ‘aquatic odonate communities’, though few
studies examine directly the seasonal distribution
of emergence as the community-level output from
local aquatic systems. We also know something
about ‘terrestrial odonate communities’ through
studies of territoriality, mating, and oviposition
in the context of multi-species assemblages; yet
the seasonal distribution of mature adults as the
indicator of access to the aquatic habitat is deter-
mined only rarely. Although much of the focus in
odonate community ecology has addressed how
larvae respond to risk, this may simply reflect the
ease of working with this particular life-history
stage and does not necessarily indicate that larval
interactions have the greatest impact on odonate
community structure. Furthermore, the relation-
ship between the seasonal patterns of emergence
and of mature adults across sites connected by
dispersal (Figure 3.3) will contain an enormous
amount of information about local compared with
landscape processes, aquatic compared with ter-
restrial influences, and the role of predictable and
unpredictable seasonal variation. Work in this area
is severely lacking primarily because these types
of studies are challenging from a logistical stand-
point. Nonetheless, these studies are necessary to
develop a more complete understanding of odon-
ate communities.

Measuring the key rates (Figure 3.2) for at least
some populations will enable the construction of
models to show how seasonal patterns of emer-
gence and mature adults across sites arise from the
processes we observe. Comparisons with empirical
data will highlight weaknesses in our understand-
ing of this complex metacommunity. The potential
for manipulating factors like predation regime,
hydroperiod, and dispersal access may then enable
predictions arising from models to be tested in
natural or near-natural systems. This ambitious
agenda should become more feasible as the need to
consider communities across more realistic scales
of space and time becomes ever more compelling,.

The past 30 years have been an exciting period
for the study of community ecology and odonates
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have played an important role in illuminating
many of the features of fundamental ecological
interactions. For many reasons odonates are excel-
lent organisms with which to carry out experimen-
tal and comparative studies, and it is likely that
they will continue to play a key role in the devel-
opment of a more predictive theory of community
ecology.
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CHAPTER 4

Life-history plasticity under time
stress in damselfly larvae

Robby Stoks, Frank Johansson, and Marjan De Block

Overview

Time stress, such as imposed by seasonality, is a widespread and major selective force shaping life history
in a wide variety of animal taxa. These insights were initially driven by theoretical models, and experimen-
tal empirical proof was lagging behind. Several crucial aspects of the models, like the role of behaviour
and physiology in mediating life-history responses, long-term fitness costs, and the interactions between
time stress and other stressors, have been explored almost exclusively using damselflies as model systems.
Damselflies react to time stress imposed by seasonality by shortening their development time, and under
certain conditions show an increased growth rate to avoid emerging at a smaller size. Increased foraging
behaviour as well as an increased growth efficiency may underlie this accelerated life history. Both ecologi-
cal and physiological costs of this accelerated life history have been shown: time-stressed larvae are less
responsive to predators and hence suffer higher mortality by predation, and show larger mass loss during
starvation and reduced investment in immune response and storage molecules. These life-history responses
and costs may explain results from experimental field studies that time-stressed larvae suffer reduced life-
time mating success as adults. Future avenues of research include the implications of time stress at the
community level. Further, the well-documented response to time stress in odonates may provide a good
model system with which to study the macroevolution of life-history plasticity. Finally, predictive responses
to global warming might become more precise if aspects of time stress are included.

resulting pattern in age and size at maturity stems

4.1 Life-history plasticity

Life-history traits are traits closely linked to fit-
ness and as a result have attracted much attention
in both empirical and theoretical work (Roff 2002).
Typically these traits show phenotypic plasticity
where a given genotypic group expresses different
values of these traits depending upon environmen-
tal conditions. Age and size at maturity are prob-
ably the most studied life-history traits as they are
thought to be especially strongly linked to adult
fitness (Roff 2002). Many studies showed these
traits to be traded off against each other: a benefi-
cial lower age at maturity typically comes at a cost
of a smaller size at maturity, and vice versa. The

from the relative rates of development and growth.
For a long time, growth rate was thought to be
maximized rather than optimized, which unavoid-
ably results in the trade-off between age and size
at maturity.

In the last two decades, it has become apparent
that growth rate is not always maximized; that is,
not all animals grow at their physiological maxi-
mum determined by food level and temperature
(Nylin and Gotthard 1998). Instead, animals often
optimize their growth rate, which has the potential
to decouple the trade-off between age and size at
maturity. Life-history theorists also started includ-
ing adaptively flexible growth rates in their models
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(e.g, Rowe and Ludwig 1991; Werner and Anholt
1993; Abrams and Rowe 1996; Abrams et al. 1996a;
Day and Rowe 2002). These models often show that
the inclusion of flexible growth rates may change
the predicted effects of various factors (e.g. preda-
tion risk) on life-history traits.

4.2 Time stress

One widespread environmental condition known
to underlie life-history plasticity is time stress
imposed by seasonality. Animals often face time
stress in seasonal climates because they have to
reach a certain stage before a certain time hori-
zon (e.g. the onset of winter or pond drying). This
is especially true for animals with a complex life
cycle, with a discrete larval and adult stage often
inhabiting a different habitat and where a discrete
shift occurs during an abrupt ontogenetic trans-
formation (metamorphosis) (Werner 1986). In line
with predictions of theoretical models (Rowe and
Ludwig 1991; Abrams et al. 1996a), animals under
time stress typically speed up their development.
As this shortens their growing period, they should
ideally do this by also showing compensatory
growth to keep size at metamorphosis as constant
as possible (Abrams et al. 1996a). Many empir-
ical studies indeed showed growth acceleration in
time-stressed larvae (see Gotthard 2001 for an over-
view). However, this pattern is far from general and
many studies did not find compensatory growth in
response to time stress. Further, even in the pres-
ence of compensatory growth, animals typically
show reduced size at metamorphosis (see below).
During their larval stage, animals are often not
only confronted with time stress, but typically face
several stressors simultaneously (Sih et al. 2004).
These other environmental conditions, like food
shortage and predation risk, may also shape opti-
mal age and size at maturity, and life-history the-
ory has made significant steps towards predicting
how life-history transitions will be affected jointly
by both time stress and biotic factors (Ludwig
and Rowe 1990; Rowe and Ludwig 1991, Werner
and Anholt 1993; Abrams and Rowe 1996; Abrams
et al. 1996a). Empirical studies that have included
time stress and at least one biotic factor have for a
long time lagged behind the theory. So far, many

studies have focused on time stress in damselflies
(see Table 4.1).

4.3 Adaptive life-history response to
time stress in damselflies

Damselflies have a typical complex life cycle and
have been shown to be elegant model systems
with which to study life-history plasticity to time
stress. Like most other insects (Nylin and Gotthard
1998), they use photoperiod to assess the progress
of the growing season, which allows elegant experi-
mental manipulation of the perceived time stress.
Moreover, and in contrast to, for example, butterfly
larvae, their foraging behaviour can be scored eas-
ily, which opens the possibility to study the mecha-
nisms underlying life-history plasticity. Further,
their larval and adult ecology and the fitness impli-
cations of age and size at emergence in terms of sur-
vival and sexual selection are relatively well known
(see Chapter 5 in this volume). As we will further
illustrate, several crucial aspects of the life-history
models dealing with time stress, like the role of
behaviour and physiology in mediating life-history
responses, long-term fitness costs, and interactions
between time stress and other stressors, have been
explored almost exclusively using damselflies as
model systems.

Most studies on time stress in damselflies have
looked at time stress associated with the pro-
gress of the growing season and this will be the
main objective in our chapter. The pioneering
work was done by Corbet (1956), Lutz (1968, 1974),
and Norling (1984a, 1984b). These authors did not
manipulate the progress of season in their experi-
ments and the main focus was on development per
se, with little focus on evolutionary ecology. A few
studies have focused on pond drying (Table 4.1),
and these studies have shown no or apparently
non-adaptive responses. Fischer (1964) reported
that the temporary-pond Lestes dryas and Lestes
virens did not react to cues associated with pond
drying. In a study where pond drying was mim-
icked by removing water from large tubs, L. viridis
responded to pond drying with exactly the oppos-
ite life-history response as predicted by theory
(Abrams et al. 1996a): larval development rate and
growth rate were reduced (De Block and Stoks
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Table 4.1 Overview of published studies in damselfly larvae reporting effects of time stress on life history (age, mass and size at emergence,
and larval growth rate). When another stressor was also studied, the table indicates how this other stressor affected the response to time
stress. Effects of time stress are coded as an increase (T), decrease ({), or no effect (=). When the other stressor did not affect the response
to time stress, this is indicated as (0). Empty cells denote that the effect was not reported.

Species Time stress  Other Age Mass Growth rate References
stressor?
Calopteryx splendens Date of F-22  Food 1) 1 (fatless) (0) Plaistow and
Siva-Jothy 1999
Enallagma cyathigerum Photoperiod N2 1 (size =) = (size T) Strobbe and Stoks
2004
Lestes congener Photoperiod l d Johansson and
Rowe 1999
Lestes sponsa Photoperiod J T Stoks et al. 2005
Lestes sponsa Photoperiod Predator 4 (less with 1(0) 1(0) Johansson et al.
predator) 2001
Photoperiod  Food { (high food) =(0) =(0)
T (low food) T(0) =(0)
Lestes viridis Pond drying ) = \2 De Block and
Stoks 2005b
Hatch date l = T
Lestes viridis Photoperiod  Food () d (only early T (only late De Block and
hatched) hatched) Stoks 2005a
T (only in late
photoperiod)
Hatch date ! (strongerat T (only at high T (more late
high food) food) photoperiod)
T (more at high
food)
Lestes viridis Photoperiod Food { (only at low Rolff et al. 2004
food)
Lestes viridis Photoperiod  Food { (stronger at 1(0) T (only at high De Block and
high food) food) Stoks 2004a
Lestes viridis Photoperiod J d = De Block and
Stoks 2004c
Hatch date N T T
(laboratory)
Hatch date d (onlyin high- T (onlyin high- T (only in high-
(field) food pond) food pond) food pond)
Lestes viridis Photoperiod N = T De Block and
Stoks 2004b
Lestes viridis Photoperiod Temperature {4 (0) d (not at highest = (0) De Block and
temperature) Stoks 2003
Lestes viridis Photoperiod  Predator { (stronger 1(0) Stoks et al. 2006a
with predator)
Hatch date { (stronger T (stronger with
with predator) predator)
Lestes viridis Photoperiod l 1 (when both T Stoks et al. 2006b
time stresses
combined)
Hatch date l T

AWith F-0 being the final instar.
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2005b). This was probably due to deteriorating
growth conditions when water levels dropped in
the experimental rearing tubs.

Studies looking at the effects of time stress asso-
ciated with seasonality mainly manipulated pho-
toperiod, some used differences in egg-hatching
date or in the date when animals entered a certain

Figure 4.1 Lestes viridis, a univoltine species known to react
strongly to time stress: close-up of a final instar larva. Photograph
by Ine Swillen.

instar (Table 4.1). Most studies on time stress
focused on Lestes damselfly larvae, with a major-
ity on L. viridis (Figure 4.1). However, also in gen-
era belonging to other families (Calopterygidae:
Calopteryx and Coenagrionidae: Enallagma) adap-
tive life-history responses have been observed
(Table 4.1). Most of the studies looking at effects of
time stress on life-history traits were done under
controlled laboratory conditions. However, similar
adaptive responses have been shown under more
natural conditions in outdoor experimental tubs
(De Block and Stoks 2005b) and in field enclosures
in ponds (De Block and Stoks 2004c) (Figure 4.2).
The emerging pattern is that damselflies react to
time stress imposed by seasonality by shortening
their development time, and under certain con-
ditions show an increased growth rate to avoid
emerging at a smaller size (Figure 4.3). Deviations
of the general pattern do, however, occur and were
observed mainly in experiments where time stress
was crossed with other stressors (Table 4.1). Such
deviations and the conditions under which they
occur may inform about environmental constraints

Figure 4.2 Overview of rearing methods to assess effects of time stress on life history: laboratory rearing experiment (left), outdoor tubs

experiment (top right), and in situ enclosure experiment (bottom right).
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Figure 4.3 Life-history response in age, size, and growth rate

to time stress associated with photoperiod and hatching date in
the damselfly Lestes viridis. Black symbols denote larvae hatched
early in the season; white symbols represent late-hatched larvae.
Compared with larvae reared in the early photoperiod, larvae in the
late photoperiod reduced age at emergence and increased growth
rate, especially when late-hatched. In the late photoperiod, larvae
emerged at a smaller mass, but only when late-hatched. Modified
from Stoks et al. (2006b).

LIFE-HISTORY PLASTICITY UNDER TIME STRESS 43

that impede an optimal life-history response (see
below).

4.4 Constraints on an adaptive response
to time stress

One reason that the expected response to time
stress is not always observed is the presence of
constraints, which can be environmental, intrinsic
non-genetic, and intrinsic genetic. We here discuss
some of the evidence obtained so far for these types
of constraint.

4.4.1 Environmental constraints

With regard to environmental constraints, studies
that looked at life-history responses to combined
time and other stresses are especially informative.
So far, time stress has been crossed with food level,
temperature, and predation risk. A life-history
response may only be possible under optimal ener-
getic conditions, and therefore no adaptive response
to time stress may be possible when food stress is
present (Table 4.1). For example, L. viridis could only
increase growth rate under time stress under high-
food conditions but not with low food availability
(De Block and Stoks 2004a). Similarly, in a reciprocal
transplant experiment in two natural ponds, only in
the pond with good growth conditions could ani-
mals under time stress accelerate development and
growth rates (De Block and Stoks 2004c). A par-
ticularly striking finding was the later age at emer-
gence under time stress in Lestes sponsa at low food,
whereas the expected earlier emergence under time
stress was found at high food (Johansson et al. 2001).
This suggests that the larvae at low food were so
limited in energy that they tried to delay emergence
until the next year. Similar to food stress, an adap-
tive growth response may only be possible under
optimal thermal conditions (Gotthard et al. 2000).
The only study on this topic performed with dam-
selflies so far could not confirm this: L. viridis larvae
did not show a growth increase under time stress at
any of the three experimental rearing temperatures
(De Block and Stoks 2003). Potentially, other con-
straints were present that limited this response.
Another interacting environmental variable
may be predator stress, as the optimal predicted
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responses to time stress and predator stress in
terms of development and growth rates are in
opposite directions: an acceleration under time
stress and a deceleration under predator stress
(Abrams and Rowe 1996, Abrams et al. 1996a). As
expected, both stressors had opposing effects on
the life history of L. sponsa larvae, with a trend
for a smaller reduction in age at emergence under
time stress when predatory fish cues were present
(Johansson et al. 2001). In the only other study look-
ing at the combined exposure to time stress and
predator stress, however, the opposite pattern was
found in L. viridis (Stoks et al. 2006a): larvae under
predation risk showed a stronger reduction in age
at emergence in response to time stress. Under pre-
dation risk emergence was considerably delayed,
and this probably urged for a stronger life-history
acceleration under time stress compared with the
larvae reared without predation risk. The differ-
ences between the studies may reflect species dif-
ferences in their willingness or ability to increase
risk taking under time stress, where L. viridis may
be prioritizing time stress above predator stress. In
line with this, development times are considerably
shorter in this species than in L. sponsa.

4.4.2 Intrinsic constraints

Developmental constraints may mean that under
some conditions animals can no longer further
accelerate their life history. For example, under
time stress L. viridis reared on low food accelerated
development whereas those on high food did not
(Rolff et al. 2004). This was explained by the fact that
animals on high food already had a short develop-
ment time (c.60 days), so developmental constraints
probably precluded larvae of shortening this period
even more.

Genetic constraints that may impede the pre-
dicted optimal life-history response to time stress
have also been demonstrated. For example, no
genetic variation in plasticity in age at emergence
to time stress was detected in L. viridis (De Block
and Stoks 2003). Although an adaptive reduction
in age under time stress was present, the reduc-
tion may have been larger if not genetically con-
strained. Positive genetic correlations between
the same life-history variable across time-stress

treatments have been reported for age at emer-
gence and growth rate (based on mass) in the dam-
selfly Enallagma cyathigerum (Strobbe and Stoks
2004). This means that selection to reduce age at
emergence and increase growth rate under time
stress probably also reduces age at emergence and
increases growth rate in the absence of time stress.
Although these changes would be beneficial under
time stress, they may shift animals away from the
optimal phenotype in the absence of time stress.
For example, growing too fast may be costly in
terms of starvation risk and predation (see below),
and these costs may only be acceptable under time
stress. Also genetic correlations between different
traits in the same time stress treatment may con-
strain the evolution of an adaptive response to time
stress. For example, age and mass at emergence
were positively genetically correlated under time
stress in E. cyathigerum (Strobbe and Stoks 2004).
This reflects the well-known trade-off between the
two life-history traits (Roff 2002). Under time stress,
it seems imperative first to reduce development
time, and in the presence of this genetic trade-off
this inevitably results in the cost of emerging with
areduced mass. Interestingly, the above-mentioned
genetic constraints were only present for growth
rate based on mass and mass at emergence, and
not for growth rate based on size and size at emer-
gence. In line with a scenario of genetic constraints,
larvae under time stress did show the expected
increase in growth rate in size and avoided emer-
ging at a smaller size, but did not show an increase
in growth based on mass and emerged at a smaller
mass (Strobbe and Stoks 2004).

4.5 Mechanistic basis of the life-history
response to time stress

The life-history response to time stress seems to
have an important behavioural and physiological
component. Several studies on damselflies have so
far jointly quantified a life-historical and behav-
ioural response to time stress. Three of these studies
(Johansson and Rowe 1999; Johansson et al. 2001;
Stoks et al. 2005) showed the expected increase in
activity under time stress manipulated through
photoperiod. Despite this increase in activity, the
Johansson and Rowe study showed that larvae with



similar growth rate differed in development rate.
This suggests that the increased activity, which may
translate into a higher growth rate, does not neces-
sarily result in faster development. One study (De
Block and Stoks 2003) could not detect an effect of
time stress on activity. However, in this study gen-
eral movements were scored in the absence of food,
which may not accurately reflect foraging activity.

Stoks et al. (2005) demonstrated a physiological
mechanism underlying the life-history response to
time stress. They evaluated growth efficiency; that
is, the efficiency with which ingested food is trans-
formed into body mass. Under time stress, L. sponsa
larvae could speed up growth rate not only by
ingesting more food but also partly physiologic-
ally by converting more ingested food into body
mass. The latter was not due to a higher efficiency
of assimilating ingested food as this efficiency
decreased, probably because of a reduced gut pas-
sage time associated with the higher activity levels.
Instead the increased growth efficiency was due to
an increased efficiency to convert assimilated food
into body mass. This suggests that larvae under
time stress increase their energy allocation towards
growth rate, away from other energy-demanding
processes (see below).

4.6 Fitness implications of responding
to time stress

Optimality models typically consider only size and
timing of the life-history transition to be optimized,
because these are assumed to tightly couple stres-
sors during the larval stage with adult fitness (over-
view in Day and Rowe 2002). Both age and size at
maturity have indeed been shown to be important
for fitness (reviewed in Nylin and Gotthard 1998;
Blanckenhorn 2000). The typical response to time
stress in damselflies, and most other animals—
namely an earlier metamorphosis at a smaller
size—has direct fitness implications. A lower age
at metamorphosis should be beneficial under time
stress associated with seasonality and pond drying.
For example, earlier emerging females may have
better oviposition sites; also, in species with eggs
without diapause, the offspring of these females will
hatch earlier and therefore have a size advantage,
making them less vulnerable than later-hatched
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offspring in terms of cannibalism (Thompson 1997;
Anholt 1994). A later emergence, however, does not
necessarily translate into fitness costs (Anholt 1991;
De Block and Stoks 2005a). A smaller size at meta-
morphosis has been shown to be disadvantageous
in terms of both sexual and fecundity selection in
damselflies (Sokolovska et al. 2000; but see also
Thompson and Fincke 2002).

Two studies explicitly exploring the link between
larval stressors and adult fitness showed that
effects of larval stressors on survival in two Rana
frogs (Altwegg and Reyer 2003), and on survival
and mating success after attaining reproductive
maturity in the damselfly Enallagma boreale (Anholt
1991), could be explained completely through size
and timing of the life-history transition. In another
study where larvae of the damselfly L. viridis were
exposed to time stress and food stress, age and size
at emergence did also explain variation in adult
survival and lifetime mating success (De Block
and Stoks 2005a). However, the larval stressors
still also explained part of the variation in adult
fitness, with lifetime mating success being lower in
adults that experienced time stress or food stress
as larvae (Figure 4.4). In other words, the two life-
history variables typically included in optimality
models (e.g. Rowe and Ludwig 1991; Abrams ef al.
1996a), size and timing of the life-history transi-
tion, did not completely account for effects of time
stress and nutritional stress on fitness. This indi-
cates that the predictive value of traits such as age
and size at maturity might be restricted. These
results indicate that larvae may be optimizing
not only these life-history variables but also other
unmeasured variables, like investment in immune
response and investment in energy storage. These
unmeasured variables are very likely independ-
ent targets of selection, even potentially traded off
against each other. Current life-history optimality
models are only valid when larval stressors are
completely captured by age and size at maturity.
Therefore, these results strongly suggest that iden-
tifying variables that are under more direct selec-
tion and including them in optimality models is
of primary importance to better understand and
predict fitness effects of larval stressors and the
evolution of life-history plasticity in response to
stressors.
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Figure 4.4 Effects of time stress on lifetime mating success of Lestes viridis. In both sexes, adults obtained from larvae reared in the late
photoperiod had a lower lifetime mating success. The photograph shows a marked ovipositing couple reared as larvae under time stress and
whose lifetime mating success was followed in a large insectary. Modified from De Block and Stoks (2005a).

4.6.1 Physiological costs

In a series of follow-up studies on the damselfly
L. viridis, several physiological traits were iden-
tified that are good candidates to explain carry-
over effects of larval stress into adult fitness. In the
first study, where larvae accelerated development
but not growth rate under time stress (Table 4.1),
it was shown that both total fat content and activ-
ity of phenoloxidase (a key enzyme involved in
insect immunity) were affected negatively and
independently from age and size at emergence in
freshly emerged adults that were reared as larvae
under time stress (Rolff et al. 2004). Further studies
also showed that increased growth rates induced
by time stress may result in a lower investment in
short-term (glycogen) and long-term (triglycerides)
energy storage (Stoks et al. 2006b), and activity of
phenoloxidase (and its precursor prophenoloxi-
dase; Figure 4.5) (Stoks et al. 2006a). Both types of
molecule have also been shown to be related to
adult fitness in damselflies (Plaistow and Siva-Jothy
1996; Rolff and Siva-Jothy 2004), and as such they
are likely to couple time stress with adult fitness.
Unfortunately, studies directly demonstrating this
assumed link between larval stressors and adult fit-
ness are lacking so far. In the only other study look-
ing at effects of time stress on investment in energy
storage, no effect was found on size-corrected fat

reserves in Calopteryx splendens (Plaistow and Siva-
Jothy 1999). Time stress was, however, not manipu-
lated here, and the date animals entered F-2 (with
F-0 being the final instar) was used as a measure of
the perceived time stress.

Other costs of a life-history response are likely
to show up in the larval stage itself and as a result
are also not captured by age and size at emergence.
A well-known physiological cost of compensatory
growth is a reduced ability to cope with starva-
tion in the larval stage. Typically, faster-growing
individuals lose more mass during a successive
period of starvation than do slower-growing ones
(Gotthard et al. 1994). Two physiological mecha-
nisms have been hypothesized to underlie this
(Gotthard 2001): (1) rapid growth may be associated
with high metabolic rates, causing a faster deple-
tion of energy reserves during starvation or (2) rap-
idly growing animals may allocate more resources
to growth and less to energy storage that could be
used during periods of food shortage. This type
of physiological cost was detected in L. viridis that
grew faster under time stress and proof was found
for both mechanisms (Stoks et al. 2006b).

4.6.2 Predation risk

One likely ecological cost of time stress in the lar-
val stage may be an increased risk of mortality by
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Figure 4.5 Physiological response in investment in energy storage (fat content) and investment in immune response (activity of
phenoloxidase, PO) to time stress. Black circles denote larvae hatched early in the season; white circles represent late-hatched larvae.
Compared with larvae reared at the early photoperiod, larvae at the late photoperiod emerged with a lower fat content and a lower
PO activity, especially when late-hatched larvae. Modified from Stoks et al. (2006a).

predation. Increased behavioural risk-taking under
time stress has been predicted by several models
(Rowe and Ludwig 1991; Werner and Anholt 1993;
Abrams et al. 1996a), and may be a general pattern
causing higher mortality. As discussed above three
studies showed increased activity under time stress
in damselfly larvae; moreover, two of these stud-
ies showed the expected higher behavioural risk-
taking under predator stress. Johansson and Rowe
(1999) kept L. congener larvae in groups and showed
a higher activity in larvae under time stress, which
resulted in a higher risk of cannibalism compared
with the non-time-stressed larvae. Similarly, higher
cannibalism under time stress has been shown in
L. viridis (De Block and Stoks 2004a). Further, an
increased risk by fish predation under time stress
was shown in L. sponsa (Stoks et al. 2005). Under
fish predation risk all larvae reduced foraging
activity, but larvae under time stress less so, which
resulted in higher mortality rates by fish predation.
In another study on L. sponsa, foraging increased
but only marginally so for higher risk-taking under
time stress (Johansson et al. 2001). However, in the
latter study foraging activity was compared of lar-
vae that were never and continuously exposed to a
perch. When applying a short period of exposure to
predators more pronounced anti-predator responses

are to be expected (Lima and Bednekoff 1999), mak-
ing it more likely to see differences in anti-predator
responses among time-stress treatments.

4.7 Conclusions and suggestions for
future research

The emerging pattern is that time stress imposed
by seasonality has a profound influence on dam-
selfly life-history traits, and this largely in accord-
ance with optimality models. This has considerable
implications for studies on effects of other stres-
sors on life-history plasticity, as time stress may
interact with these stressors. Ignoring time stress
may thereby cause inconsistent and apparently
maladaptive patterns when interpreting larval life-
history responses to other environmental variables.
For example, larvae may not show the expected
life-history deceleration under predation risk when
they are time-stressed (Stoks et al. 2006a). Effects
of larval time stress may bridge metamorphosis
and may affect not only adult fitness but also adult
life-history patterns. For example, adult sexual size
dimorphism decreased with temperature in the
absence of time stress, but increased with tempera-
ture under time stress in L. viridis (De Block and
Stoks 2003). More general, time stress has been
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proven a good model stressor to evaluate general
life-history theory. For example, using time stress
it could be shown that life-history traits and physi-
ological traits may be decoupled to a large extent
(Rolff et al. 2004; Stoks et al. 2006a), and that age
and size at emergence do not completely translate
larval stressors into adult fitness (De Block and
Stoks 2005a). More studies that focus on the con-
nection between the juvenile and the adult stage
are needed. Such studies should measure both life-
history and physiological traits at metamorphosis
and then quantify their relative contribution to
adult fitness.

Ramifications of time stress may go further than
the auto-ecological level and ultimately play at the
community level. Time stress may make larvae
more willing to take risk in the presence of preda-
tors (Johansson and Rowe 1999; Stoks et al. 2005),
and thereby shift the trade-off between growth and
mortality by predation towards higher growth and
higher mortality by predation. Therefore, under
time stress lethal effects of predators on the less
responsive animals may become more important
than non-lethal effects (decelerated development
and growth). The presence of strong non-lethal
effects can make food webs inherently unpredict-
able (Werner 1992; Abrams et al. 1996b). Factors
like time stress that affect the relative importance
of lethal and non-lethal effects in food webs are
therefore of great interest (Altwegg 2002). Future
research could manipulate time stress to shift the
relative importance of direct and indirect effects
and thereby study responses at the community
level.

The well-documented response to time stress
in damselfly larvae may also provide good study
systems for the micro- and macroevolution of life-
history plasticity and their potential links. We
know very little about population differentiation
in the response to time stress (but see De Block
and Stoks 2004c), nor about intrapopulation differ-
entiation in the life-history reaction norms to time
stress (but see De Block and Stoks 2003; Strobbe
and Stoks 2004). Such information should be very
valuable these days when global warming is more
prominent than ever. Global warming may result
in considerable fitness decreases if organisms are
not able to adaptively shift their photoperiodic

response (Bradshaw and Holzapfel 2006). Since
damselflies show strong responses to time stress,
they mightbe excellent model organisms for further
studies on whether organisms can adapt their pho-
toperiodic response to global warming. Integrated
studies at inter- and intrapopulation levels may
prove rewarding in understanding microevolution
of time-stress reaction norms. Moreover, studying
these reaction norms in congeneric species with
known phylogeny opens the exciting possibility
to reconstructing the macroevolution of reaction
norms, a largely enigmatic topic (Pigliucci 2001).
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CHAPTER 5

Ecological factors limiting the
distributions and abundances

of Odonata

Mark A. McPeek

Overview

Many ecological processes contribute to regulating the distributions and abundances of odonate species. In
local populations, mortality imposed by predators (including cannibalism and predation by other odonates)
on larvae appears to be the dominant factor limiting abundances of many odonate species, although lower
growth rates due to food limitation and stress responses to the presence of predators also contribute to lim-
iting population sizes in most species that have been studied. Little is known about such processes in the
adult stage of the life cycle, but parasites have been shown to limit adult survival and fecundity. Predation
also causes many species to segregate among different water bodies with different top predators in eastern
North America: different assemblages of odonate species are found at ponds and lakes that support cen-
trarchid fishes than at fishless ponds and lakes. However, this pattern of species segregation between fish
and fishless water bodies is not apparent in other parts of the world. Stream-dwelling odonates also show
analogous types of segregation to different types of stream (e.g. small creeks compared with large streams
and rivers), but the ecological processes that enforce this segregation is not known. Many unanswered ques-
tions about the ecological regulation of odonates makes them a continually fascinating group for study.

5.1 Introduction

Every budding amateur odonatologist quickly
learns the type of habitats to search if he or she
wants to find a particular species. If one is after a
Calopteryx, then a slow-flowing stream with woody
structures is needed. If an Epitheca is sought, then
one goes to a lake with good macrophyte beds.
Gomphus can be found around sandy-bottomed
waters. This predictability in species distributions
results from the fact that different species have dif-
ferent ecological requirements to maintain popula-
tion abundances greater than zero.

Although individuals of species can sometimes
be found in places where they cannot sustain a pop-
ulation (e.g. migrant individuals passing through

an area, or a so-called sink population that is only
maintained at a site by continual immigration
from nearby thriving populations), the distribu-
tion of a species in the environment is determined
largely by the distribution of suitable habitats to
maintain source populations (i.e. populations that
can be maintained without continual immigra-
tion) (Pulliam 1988). Local abiotic factors such as
the temperature and water chemistry as well as
biotic factors such as the abundances of various
food resources, predators, and parasites all affect
the survival, growth, and fecundity individuals
at a particular site. At some sites, local ecological
conditions will allow a species to have an adequate
combination of survival, growth, and fecundity to
maintain a source population. However, at other
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sites, a subset of these factors will make it impossi-
ble for the species to maintain a source population.
Thus, the factors that limit local abundances are
also those that shape the distribution of a species
on the local landscape.

In this chapter, I review recent experimental and
observational studies of the environmental features
that shape the distribution and abundances of odo-
nates among various water bodies. First, I reiterate
the basic life cycle of the typical odonate and explore
the various ecological factors that have been identi-
fied to influence survival, growth, and fecundity in
various life stages. Then I examine how these same
factors may limit the distributions of species among
various habitat types. The results of this review
highlight the importance of the larval phase of the
life cycle to local population regulation, but they
also highlight the glaring gaps in our knowledge
about many aspects of odonate ecology.

5.2 What factors regulate population
abundances locally?

Local population abundance is the outcome the
demographic processes that impinge on all life
stages of a species. The odonate life cycle has three
primary stages: eggs, larvae, and adults (Corbet
1999). Eggs are deposited into water bodies, and
may either enter a diapause phase to pass through
harsh environmental conditions (e.g. many Lestes
species in temporary ponds have diapausing eggs
to pass through periods of pond drying) or begin
developing immediately. After hatching, indi-
viduals emerge as aquatic or semi-aquatic larvae.
Individuals can remain as larvae for weeks (e.g.
those occupying vernal ponds) to years (e.g. semi-
voltine species in permanent waters) depending on
species. At the end of the larval phase, individuals
metamorphose into aerial adults that may survive
for a few days (e.g. most species) to months (e.g.
those species that pass the dry season in tropical
climes).

Local population abundances are determined by
the component demographic rates of each of these
life stages (McPeek and Peckarsky 1998). These
component demographic rates are: mortality rates
in all three stages, growth and development rates
in the egg and larval stages, and fecundity rates as

adults. For the most part, these demographic rates
are determined by how the phenotypes of individ-
uals in a stage interact with the ecological environ-
ment in which they find themselves, but size and
energy reserves at the end of the larval phase may
also have some influence on adult fecundity (i.e.
carryover effects from larval to adult stage).

Local population abundances can be quite con-
stant from generation to generation, suggest-
ing strong population regulation (Crowley and
Johnson 1992). Population regulation occurs when
the component demographic rates change in a
negative density-dependent fashion. Negative
density dependence means that a per-capita demo-
graphic rate changes in a way that will slow the
rate of overall population increase—less positive or
more negative—as population size increases. Thus,
negative density dependence implies that mor-
tality rate increases or fecundity decreases with
population size.

5.2.1 Eggs

Little is known about demographic rates in the egg
stage. Eggs certainly may die or fail to develop
because they are unfertilized, or development may
be arrested. However, we know nearly nothing
about causes or rates of egg mortality in the field.
One study found that 22.6% of the eggs of Lestes
disjunctus, a species that oviposits endophytically in
plants above the water, failed to hatch (Duffy 1994).
Eggs of the stream-dwelling Calopteryx splendens
developed faster and had lower mortality when
oviposited into faster-flowing water than those
placed in slow-flowing water, because encrust-
ing algae was less likely to overgrow the eggs in
faster water (Siva-Jothy ef al. 1995). Although egg
parasites and predators are certainly prevalent in
many insect groups, these sources of egg mortal-
ity seem to be rare among odonates (Fursov and
Kostyukov 1987). In addition, the degree to which
demographic processes acting in the egg stage are
density dependent is also unknown.

5.2.2 Larvae

Because many species spend the majority of their
life as larvae, the larval stage is a demographically



critical phase of the life cycle for determining both
distributions and abundances in water bodies in a
local area. Moreover, larval mortality due to pre-
dation is the overriding demographic force shap-
ing abundances for most species. The predominant
larval predators are fish (Morin 1984; McPeek
1990b, 1998; Johnson et al. 1995, 1996; Johansson
and Brodin 2003; Stoks and McPeek 2003b), other
odonates, including intraguild predation and can-
nibalism (McPeek and Crowley 1987; Van Buskirk
1989; Wissinger 1992; Wissinger and McGrady
1993; Anholt 1994; Hopper et al. 1996; ClausWalker
et al. 1997; Ryazanova and Mazokhin-Porshnyakov
1998; Crumrine 2005; Ilmonen and Suhonen 2006),
and other aquatic insects (Della Bella et al. 2005;
Magnusson and Williams 2006; Wissinger et al. 2006).
The identities of the dominant predators depend on
the types of water body inhabited by a species (see
below). Field experimental results indicate that up
to 80% of larval mortality is due to the dominant
predator with which a species lives (McPeek 1990b,
1998; Johnson et al. 1995, 1996; Stoks and McPeek
2003b), and that larval mortality rate due to preda-
tion increases with increasing larval odonate den-
sity (McPeek 1998). Also, the intensity of predation
will depend on the structural complexity of the
physical environment (e.g. the type of macrophyte
species present) in which this interaction takes place
(Crowder and Cooper 1982; Dionne and Folt 1991;
Rantala et al. 2004; Warfe and Barmuta 2004). Thus,
predation on larvae is probably the primary factor
regulating local abundances of many odonate spe-
cies (McPeek and Peckarsky 1998).

Parasites are prevalent in odonates, and are pos-
sibly significant sources of larval mortality and
hindrances to growth, although the demographic
effects of parasites have been much better studied
in the adult stage (see below). Some of the major
parasites that infect odonates as larvae are nema-
todes (Moravec and Skorikova 1998) and micro-
sporidians (Kalavati and Narasimhamurti 1978),
among others.

Larval growth rates are also very sensitive to
environmental conditions and often change in a
negatively density-dependent manner. Odonate
larvae are often food-limited (Johnson et al. 1987;
McPeek 1998), meaning that food levels are less
than those that could sustain maximal growth
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rates. This limitation can be due to lower produc-
tivity of the habitat overall, or because of resource
competition with other groups in the food web
(Johnson et al. 1987, 1995, 1996; Baker 1989; Martin
et al. 1991). Although limited food availability often
slows growth, food levels are rarely low enough for
starvation to be a significant source of mortality.

Larval growth rates also decrease with increas-
ing larval density, which is the hallmark of compe-
tition (Johnson ef al. 1985; Pierce et al. 1985; Crowley
et al. 1987; Anholt 1990; McPeek 1990b, 1998; Fincke
1992b; Van Buskirk 1992; Stoks and McPeek 2003b;
Suutari et al. 2004). These decreases may be caused
by resource limitation. The other major factor lim-
iting larval growth is in fact the presence of mor-
tality threats such as predators and cannibals.
Many studies have shown that odonate larvae
grow more slowly in the presence of conspecific
cannibals and other predators (Crowley ef al. 1988;
Martin ef al. 1991; Johansson 1996; Schaffner and
Anbholt 1998; Stoks and Johansson 2000; Johansson
et al. 2001; McPeek et al. 2001; Stoks and McPeek
2003a, 2006; Brodin and Johansson 2004; McPeek
2004; Dmitriew and Rowe 2005; Stoks et al. 2005a,
2006b). Larvae generally respond behaviourally to
the presence of mortality threats by reducing activ-
ity, which may then alter their short-term rate of
food intake (Dixon and Baker 1988; McPeek 1990a;
Johansson 1992, 1993; Ryazanova and Mazokhin-
Porshnyakov 1993; Wiseman et al. 1993; Shaffer and
Robinson 1996; ClausWalker et al. 1997; Koperski
1997; Elkin and Baker 2000; Hopper 2001; Suhling
2001; Trembath and Anholt 2001; Stoks et al. 2003;
Brodin and Johansson 2004; Brodin et al. 2006;
Crumrine 2006; Stoks and McPeek 2006; Wohlfahrt
et al. 2006).

These non-lethal effects of mortality threats are
usually thought to be causally related: reduced
short-term feeding rates cause reduced growth.
However, recent studies have shown that this
relationship may be only fortuitous. A number of
odonate species show strong stress responses to
the presence of mortality threats that can account
for most or all of these decreases in growth rate
(McPeek et al. 2001; Stoks and McPeek 2003a,
2006; McPeek 2004; Stoks et al. 2005a). Larvae feed
at slower rates in the presence of predators, but
continue to eat for longer so that over the course
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of a day they consume the same total amount of
food. However, they are physiologically less able
to convert ingested food into their own biomass
in the presence of mortality threats. These stress
responses can reduce larval growth rates by more
than 50% in some species, and the interspecific
variation in growth rates in natural populations
can be explained by interspecific differences in the
levels of these responses (McPeek 2004). At present,
the physiological basis for this stress response is
unknown.

One must also remember that processes influ-
encing growth rate will also indirectly affect the
total mortality that a particular cohort experi-
ences by altering the length of the larval period
(McPeek and Peckarsky 1998). Processes that slow
growth and development rates will expose larvae
for longer to potential mortality sources: larvae
will spend longer time in smaller size classes and
will thus be more susceptible to both cannibals
and predators (McPeek and Crowley 1987, Dixon
and Baker 1988; Van Buskirk 1992; Wissinger 1992;
ClausWalker et al. 1997; Crowley 2000; Peckarsky
et al. 2001; Crumrine 2005). In fact at both intraspe-
cific and interspecific levels, larval growth and
survival differ among groups in ways that sug-
gest strong trade-offs between these two fitness
components (Anholt and Werner 1995; Johansson
1996; McPeek 1998; Elkin and Baker 2000; McPeek
et al. 2001; Stoks and McPeek 2003b; McPeek 2004;
Brodin and Johansson 2004; Stoks ef al. 2005a,
2005b).

Ecological factors that decrease larval growth
rates may be most critical for species that live in
water bodies that may potentially dry completely
during the larval period. The effects of pond dry-
ing have been studied extensively in amphibians
(e.g. Semlitsch and Wilbur 1988; Leips et al. 2000),
but much less is known about odonate responses to
drying. Many odonate species inhabit water bod-
ies that dry periodically. For example, larvae of the
giant helicopter damselfly, Megaloprepus coerulatus,
inhabit water-filled treeholes and must develop
rapidly to metamorphose before the water dries
(Fincke 1994). Also, many species have life-history
adaptations to occupy temporary ponds that may
dry (Stoks and McPeek 2003b). In such habitats,
rapid growth is crucial.

5.2.3 Adults

Although previous work has elucidated much
about the factors that influence mating success, we
know comparatively little about the population
processes that operate in the adult stage to affect
population growth rates. Mortality rates of adults
are quite high for most species, with most individu-
als living on average only a few days or weeks after
they metamorphose into adults (Fincke 1982, 1986,
1994; Anholt 1991, 1997, Cérdoba-Aguilar 1994;
Bennett and Mill 1995b; Cordero 1995; Marden and
Rowan 2000; Beukema 2002; Thompson and Fincke
2002). Also, because of the differences in breeding
tactics of males and females, females sometimes
have higher mortality rates than males (Bennett and
Mill 1995b; Anholt 1997; Marden and Rowan 2000;
Beukema 2002; Kery and Juillerat 2004; Cérdoba-
Aguilar et al. 2006). Females of most species spend
considerable time away from water bodies to forage
and presumably to reduce harassment by males,
but at the expense of greater mortality (Anholt
1997; Marden and Rowan 2000; Anholt ef al. 2001).
In fact, the primary determinant of female lifetime
fecundity is the number of times a female is able to
return to the pond to oviposit (Fincke 1982, 1986;
Bennett and Mill 1995a; Cordero ef al. 1998).

Food limitation on females may play a substantial
role in limiting population abundances. At emer-
gence, odonate adults have substantially depleted
stores of fat and tend to lose weight over the first
few days of the adult period (Anholt et al. 1991;
Anholt 1997; Marden and Rowan 2000). The gonadal
tissue of odonates does not mature until they are
adults, so the number of eggs a female has to lay
depends primarily on the amount of food she eats
as an adult (Richardson and Baker 1997). However,
we know almost nothing about the degree to which
female fecundity is limited by resource availability
or by competition over those resources.

One interaction about which we do know a great
deal is how various parasites influence adult sur-
vival and reproduction. Odonates are hosts for
many parasites, both internal and external, and
these parasites can be substantially detrimental to
the adults they infect. For example, adults infected
with gregarines have lower fat content, are poorer
flyers, and sometimes are shown to survive more



poorly (Abro 1996; Siva-Jothy and Plaistow 1999;
Siva-Jothy et al. 2001; Marden and Cobb 2004;
Canales-Lazcano et al. 2005; Coérdoba-Aguilar
et al. 2006). Likewise, ectoparasitic mites (Acari)
frequently also reduce survival and fecundity of
adults (Abro 1982; Forbes and Baker 1991; Leonard
et al. 1999; Rolff 1999; Rolff et al. 2001).

These findings about mortality and fecund-
ity in adults strongly suggest great opportunities
for adult demographic processes to operate in a
density-dependent manner. In particular, compe-
tition for resources and parasitism can be strongly
density dependent in other species, and so may
make similar contributions to population regula-
tion in odonate populations. This should be a fruit-
ful area for research into population regulation in
the future.

5.3 What factors set the distributions
of species among water bodies?

Odonates can be found associated with just about
every type of freshwater habitat in nature. Most
odonate species are relatively strong flyers, and all
species as adults have at least the capacity to travel
in the order of one to a few kilometres to move
between water bodies. However, each type of water
body has a characteristic species assemblage that
can typically be found there. Surprisingly, we know
very little about the ecological factors that limit spe-
cies distributions to particular habitats. Although
adult choice may play a proximate role in setting
limits, species distributions are probably ultimately
set by processes acting on the aquatic larval phase.
Some ecological limits are probably set by physi-
cal requirements, some by structural features of the
habitat, and some by species interactions.

Although most species are restricted to fully
aquatic environments, a few species around the
world can be found as larvae in upland habitats (e.g.
a few Megalagrion species are found in wet leaf litter)
where relative humidity is always high (Polhemus
and Asquith 1996). The larvae of a number of spe-
cies develop in small water-collection sites scat-
tered throughout forests (e.g. water that collects in
epiphytes and bromeliads, discarded fruit husks,
or treeholes; Polhemus 1993; Fincke 1994; Polhemus
and Asquith 1996; Englund 1999).

LIMITS TO DISTRIBUTION AND ABUNDANCE 55

A number of the most threatened and endan-
gered species in North America, including the only
odonate species on the US Endangered Species List
(Somatochlorahineana; http://ecos.fws.gov/tess_pub-
lic/SpeciesReport.do?groups=I&listingType=L), are
often associated with bogs and wetlands that tend
to be more extreme in terms of some physical factor.
For example, S. hineana is restricted to intermittent
carbonate-rich wetlands that overlay dolomite bed-
rock (Zercher and Team 2001). Williamsonia lintneri,
a species that is listed as threatened or endangered
in a number of US states, is restricted to low-pH
fens and bogs (Westfall and May 1999). The rarity
of these physically extreme habitats contributes to
the rarity of species occupying these types of habi-
tats, and habitat destruction only exacerbates their
difficulties.

One of the primary environmental features
that demarcate habitat distributions is the dif-
ference between flowing and standing waters.
Characteristic assemblages of species can be found
all along the river continuum, from the seeps and
springs at the head of first-order creeks up to large
rivers (Dijkstra and Lempert 2003; Hofmann and
Mason 2005; Salmah et al. 2006). Many of these
taxa appear to require specific habitat features
found only in a particular range along this con-
tinuum; for example, Hetaerina damselflies in
low-order, fast-flowing, rocky-bottomed creeks;
Calopteryx damselflies clinging to woody roots
and stems; burrowing gomphids in sand and mud
substrates; and climbing coenagrionids and libel-
lulids in slower-moving waters with macrophytes
and emergent vegetation. One of the major physi-
cal factors that may limit species distributions
along the river continuum is oxygen availability,
with species requiring more oxygen being limited
to faster-flowing waters in lower-order streams,
and those that can tolerate lower oxygen concen-
trations found in larger-order, slow-flowing areas
(Buss et al. 2002; Apodaca and Chapman 2004;
McCormick et al. 2004; Hofmann and Mason 2005).
Many other physical and biological factors also
change along the continuum (Vannote et al. 1980;
Power 2006), which may all contribute to limiting
the distributions of species. Although we have
substantial observational evidence for the impacts
of these factors on odonate distributions, almost
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no experimental tests have been conducted (e.g.
Leipelt 2005).

We best understand the factors setting species
distributions among standing water bodies along
the gradient of pond permanence, from vernal
ponds that dry each year to large lakes that contain
water essentially permanently. A major demarca-
tion along this gradient is the frequency with
which a pond may dry: if a pond dries at sometime
during the year, any larvae present at that time will
die. Some groups possess life-history features that
permit them to inhabit these temporary waters
(e.g. the desiccation-resistant, diapausing eggs of
many Lestes species; Sawchyn and Church 1973).
As a result, species compositions are very different
at ponds that do and do not routinely dry during
a year (Stoks and McPeek 2003b; Della Bella et al.
2005; Magnusson and Williams 2006).

Predators play a significant role in limiting the
distributions of species to particular parts of both
the stream and pond gradients. Fish play a sub-
stantial role in limiting some species to smaller
streams (Power 1992; Wiseman et al. 1993; Dijkstra
and Lempert 2003). However, the clearest experi-
mental demonstrations of habitat limitation by
various predators come from work done along
the pond permanence gradient in eastern North
America. In eastern North America, sunfishes (pri-
marily Lepomis species) exclude large, active drag-
onflies (e.g. Anax, Aeshna, and Tramea species) from
ponds and lakes where these fish are found. These
large, active dragonflies are relegated to ponds and
lakes where fish cannot colonize (Crowder and
Cooper 1982; Werner and McPeek 1994), and a set
of smaller, less active dragonflies (e.g. Basiaeschna,
Celithemis, Epitheca) that are less effective predators
co-exist with these fishes (Crowley and Johnson
1982; Blois-Heulin et al. 1990; Johnson et al. 1995,
1996, McPeek 1998; Johansson et al. 2006). In areas
of the world where fish taxa besides centrarchids
dominate (e.g. western North America, Eurasia) this
pattern of segregation between fish and dragonfly
waters is much less clear (Johansson and Brodin
2003; Johansson and Suhling 2004; Johansson et al.
2006; R. Stoks and D.R. Paulson, personal commu-
nication; M.A. McPeek, personal observation).

Speciesinanumber of other genera (e.g. Enallagma,
Lestes) are forced to segregate between ponds and

lakes with fish or with large dragonflies based on
their susceptibilities to these two predators (Pierce
et al. 1985; Blois-Heulin et al. 1990; McPeek 1990a,
1990b, 1998; Stoks and McPeek 2003a, 2006). In
these segregating taxa, species that are found only
with fish typically are moderately active and do
not swim away from attacking predators, which
are effective phenotypes against fish predators but
ineffective against dragonfly predators. In contrast,
species that are found only with large dragonflies
in fishless waters are more active and swim away
from attacking predators, which are effective tactics
against dragonflies but not against fish (Pierce et al.
1985; McPeek 1990a; Stoks and McPeek 2003a).

Functional and evolutionary studies have shown
that these behavioural differences among taxa
found co-existing with different predators are the
result of adaptive evolutionary responses to living
with those predators (McPeek and Brown 2000;
Stoks et al. 2003; Stoks and McPeek 2006). Moreover,
lineages of Enallagma are also adapted to live with
dragonflies in fishless waters by evolving morpho-
logical and biochemical features that make them
faster swimmers (McPeek 1995, 1997, 1999, 2000;
McPeek et al. 1996). Some dragonfly species that
co-exist with fish have also evolved the ability to
inducibly grow long spines to deter fish predation
(Johansson and Samuelsson 1994; Westman ef al.
2000; Johansson 2002; Johansson and Wahlstrom
2002; Hovmoller and Johansson 2004; Mikolajewski
and Johansson 2004; Mikolajewski et al. 2006). Thus,
predators have been powerful agents of natural
selection in the evolutionary histories of odonates
and remain significant sources of mortality enforc-
ing habitat distributions today.

5.4 Future directions

As this review attests, odonates have been a prime
taxon for study of the ecological and evolutionary
regulation of distribution and abundance. Ecologists
and evolutionary biologists around the world have
made tremendous progress in demonstrating how
various ecological factors influence the mortality,
growth, and fecundity of specific odonate taxa.
However, the gaps in our knowledge of these proc-
esses remain vast. In this final section, I would like
to highlight what I see as critical gaps to be filled.



To me, our largest gap in understanding is the
role that demographic factors operating in the adult
stage of the life cycle play in determining local
population abundances. As the above review dem-
onstrates, we fairly well understand the forces shap-
ing mortality and growth rates of larvae in many
species of dragonflies and damselflies. In addition,
although a number of factors (e.g. parasites, preda-
tors) influencing adult survival and fecundity have
been identified, the quantitative impacts that these
factors have on population growth and regula-
tion are largely unmeasured. The main reason for
this gap is logistical. Larvae are relatively easy to
work with, but anyone who has ever tried to fol-
low a female odonate away from a pond to watch
where she spends her time will attest to the diffi-
culty of quantifying the factors that influence adult
demography. However, manipulative experiments
that quantify the effects of factors shaping adult
survival and fecundity are sorely needed to close
the loop on population regulation through the full
odonate life cycle.

Another glaring hole in our understanding are
the processes that regulate the distributions of spe-
cies across stream orders and habitats. Experiments
over the past 20 years have clearly identified preda-
tors and hydroperiod as the main ecological factors
limiting species distributions among ponds and
lakes (see above). Whereas these same factors may
play a substantial role across stream orders as well,
almost no experimental studies have been done to
isolate and identify the factors that shape odonate
distributions among streams of various sizes and
with various habitat structures.

A personal desire is to understand the differ-
ences between lake assemblages dominated by cen-
trarchid fishes and those dominated by other taxa
of fish predators. As mentioned above, the check-
erboard pattern of species distributions that are
found for many odonate taxa between centrarchid
dominated and fishless waters in eastern North
America is much less evident in areas outside the
historical range of centrarchids. Mechanistically,
all fish seem to forage on odonates in the same way,
but the intensity of that predation appears to differ.
The lack of a clear fish/fishless pattern of prey dis-
tributions in lakes dominated by non-centrarchid
fishes suggests that the reduced predation intensity
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from fish in these lakes results in a substantially
altered community structure. Experimental com-
parisons of lakes in areas dominated by centra-
rchids with lakes in areas dominated by other fish
taxa may provide great insights about the overall
patterning of the lake food webs.

Finally, as with most taxa, we know much less
about taxa in the tropics than their non-tropical
counterparts. Tantalizing work by a few have
shown the potential richness of ecological inter-
actions that abound in the tropical odonate fauna
(Fincke 1992a, 1992b, 1994; Suhling et al. 2004, 2005).
The periodicity of a long wet and dry seasons may
have profound effects on the types of life histories
and ecologies that develop in the tropics and may
have forced taxa to evolve very different ecologi-
cal solutions to such problems that are unknown
to many temperate taxa.
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CHAPTER 6

Migration in Odonata: a case
study of Anax junius

Michael L. May and John H. Matthews

Overview

Although migration by Odonata has been recognized for well over 100 years, the phenomenon is still poorly
understood. We argue that it may provide substantial new insight into the patterns, mechanisms, and evo-
lution of insect migration in general, for at least two reasons. First, as aquatic/aerial carnivores dragonflies
can broaden our view of migratory insects, most of which are terrestrial herbivores, and of the selective
pressures to which they respond as well as their consequent genetic, physiological, and behavioural adapta-
tions. We expect this to help differentiate common characteristics of migrant animals in general from those
particular to certain groups. Second, because they are large, diurnal insects, they lend themselves to some
techniques of direct observation that are hard to achieve in most other insects. Our focus here is on the
best-studied North American migrant, Anax junius, the common green darner. We first discuss the behav-
ioural and ecological attributes of migration and provide a brief descriptive overview of evidence for its
occurrence in Odonata. We then describe recent research on migration in A. junius. Large-scale patterns of
movement and the influence of weather are briefly reviewed. Geographic analysis of genetic structure and
stable and radiogenic isotope composition and use of newly developed radio-tracking techniques has shed
new light on the nature of migration in this species. Developmental phenology indicates the existence of
early (resident) and late (migrant) cohorts at most sites, but genetic analysis does not indicate genetic differ-
entiation of these groups. Apparently environmental cues and physiological responses to photoperiod and
temperature engender migratory behaviour. Successful radio-tracking of individual A. junius has revealed
alternating periods of migration and energy replenishment and responses to wind and temperature similar
to avian migration. Little is known of orientation mechanisms during migration, and this should be a fruit-
ful area of future research. Also, additional observations of reproductive behaviour en route and estimates
of relative reproductive success of migrants and non-migrants should provide more detailed information on
selective advantages and disadvantages and the historical evolution of migratory behaviour.

6.1 Introduction
6.1.1 What is migration?

distant regions, as in many birds and large mam-
mals. Alternative definitions tend to focus on either
ecological or behavioural criteria. The former

6.1.1.1 Behavioural and ecological definitions

and attributes

Formulating a meaningful, operational, and com-
prehensive definition of migration has historically
been difficult. Few, if any, insects undergo a round-
trip, seasonal passage to and from geographically

emphasize the consequences of migration: move-
ment into spatially distinct habitats or communi-
ties, frequently associated with different phases of
the life cycle of the migrant (Hack and Rubenstein
2001). Corbet (1999), for example, describes migra-
tion as ‘spatial displacement that entails...leaving
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the habitat where emergence took place and moving
to a new habitat where reproduction ensues’. Such
definitions are heuristic in focusing on adaptive
aspects of migration in the context of life history.
Migration normally functions to move individuals
and populations from an initially suitable habitat
that deteriorates with time to an alternative and
currently more favourable habitat. Indeed, migra-
tion through space may be likened to behaviours
that effectively show migration through time, such
as diapause or the development of drought-resistant
life stages in odonates.

However, for many insects, the origin, ultimate
destination, and fitness consequences of migra-
tion are not known in detail, so ecological defini-
tions are often hard to apply rigorously in practice.
Behavioural criteria, therefore, may be more suit-
able. Dingle (1996, 2006), following Kennedy (1985),
suggests: ‘Migratory behaviour is persistent and
straightened-out movement effected by the ani-
mal’s own locomotory exertions or by its active
embarkation upon a vehicle. It depends on some
temporary inhibition of station keeping responses
but promotes their eventual disinhibition and
recurrence’. In many instances these criteria are
most easily recognized in organisms moving en
masse, and observations of mass movements have
been important in understanding migration in
dragonflies (Russell et al. 1998; Corbet 1999) as well
as other insects, but note that neither definition
requires that individuals migrate in groups. Mass
movement may simply be our own visual clue that
migration is occurring in a given species.

6.1.1.2 Ecological, genetic, and evolutionary
consequernces

We tend to assume that spectacular events like mass
migration must reflect adaptations for movement
from the migrants’ place of origin to their eventual
destination, but this might not always be the case.
Rabb and Stinner (1979) suggested that large-scale
movements of some important crop pests represent
accidental wind-borne transport followed by local
increase on concentrated resources, from which,
however, the migrants have little chance of return-
ing before succumbing to the hazards of winter or of
migration itself. A different non-adaptive scenario
was suggested by Dumont and Hinnekint (1973) for

a well-known European dragonfly migrant, Libellula
quadrimaculata. They documented large migrations
at long intervals (approximately 10 years), typically
following very large mass emergences, probably
synchronized by delays due to cold spring weather.
They hypothesized that large migratory swarms
may result from non-adaptive movements set off
by optical interaction-synchronization (ie. indi-
viduals that see others in flight are likely to start
flying themselves) potentiated by internal irrita-
tion due to high trematode parasite loads. Corbet
(1999) supposed that occupation by Anax junius of
northern areas where larvae cannot overwinter may
have originated by swarms of tropical origin fly-
ing on prevailing winds toward areas of abundant
rainfall (and hence favourable breeding areas) but
overshooting their intended destination. Some must
have reproduced in northern ponds, but perhaps
less successfully than further south. If such occur-
rences were frequent and lead to substantial fitness
reduction, however, strong selection would ensue
for either avoidance of movement into temperate
areas or adaptation to the northern environment.

To the extent that it is adaptive, migration must
allow either exploitation of an ephemeral resource
and/or avoidance of periods of adverse environmen-
tal conditions. This is the case for seasonally migra-
tory monarch butterflies (Danaus plexippus), which
breed in the northern USA and southern Canada on
abundant milkweed during summer, then migrate
to specific refuges in Mexico and California where
conditions are suitable for adult diapause. Many
tropical insects, including dragonfly species such as
Hemianax (=Anax) ephippiger, in response to crowd-
ing or drought, fly or are transported downwind
toward the intertropical convergence zone (ITCZ),
where reliable rains renew vegetation and aquatic
habitats. In both cases, insects are able to occupy
resource-rich habitats for a portion of their life cycle,
or sometimes for several generations, then move to
more suitable regions when the original situations
deteriorate (Dingle 1996; Corbet 1999).

6.1.2 Migration in dragonflies

6.1.2.1 Historical observations
Mass flights of dragonflies have probably attracted
attention for millennia, but the first written record,



to our knowledge, was by Hermann Hagen (1861).
Observations of dragonfly migrations in North
America date back at least to the late nineteenth
century (Calvert 1893), and movements along the
east coast and parts of the midwest were recorded
and mapped by Shannon in 1916. Although large
swarms naturally attract attention and are the sub-
ject of the vast majority of anecdotal reports (e.g.
Osburn 1916; Borror 1953; Cook 1991; Daigle 1991;
Glotzhober 1991), migrants may often occur as scat-
tered individuals or small groups. Shannon (1916),
Bagg (1958), Dumont (1977), and Sprandel (2001)
reported movements of this sort.

Beyond intermittent observations of dragonflies
on the move, the role of migration in their life his-
tory soon excited interest. As early as 1929 Calvert
raised the possibility of two emergence groups in
populations of A. junius. Robert Trottier (1966, 1971),
working on A. junius in southern Canada, found
that near Montreal larvae probably did not over-
winter at all, although they were regularly found
during summer, whereas in southern Ontario both
early-emerging and late-emerging cohorts existed.
The former emerged from late June to mid-July
and finished oviposition by mid-August. The lat-
ter, evidently offspring of mature adults that
appeared in April or May before any evidence of
emergence, developed rapidly during the summer
and emerged in late August to September. Adults
then disappeared, presumably having flown
southward. These observations clearly imply that
migrations are a normal part of the life cycle that
permits colonization of northern areas. This idea is
supported by reports of apparently annual move-
ments described along the eastern seaboard by
Shannon and on the northern shores of Lake Erie
by Nisbet (1960), Walker (1958), and Corbet (1984).
Trottier’s data also raised the possibility that the
separate emergence cohorts could be genetically
distinct since the adult emergence seasons did not
overlap. A similar pattern is observed on the west
coast of North America (D.R. Paulson, personal
communication).

6.1.2.2 Which dragonflies migrate?

Russell et al. (1998) listed 18 probable North
American migrant Anisoptera, of which nine were
regarded as ‘core’ species that engage in annual
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seasonal movements. Others were thought to be
irruptively sporadic migrants or based on doubtful
reports. Corbet (1999) listed about 40 Anisoptera and
10 Zygoptera (all but one of the latter Ischnura spp.)
worldwide as well-documented migrants. The best-
represented anisopteran genera are Anax (seven
species listed by Corbet) and Tramea (nine species),
but several others include frequent migrants, for
example, Sympetrum (five species) and Diplacodes
(four species, including “Philonomon” Iluminans).
Except for Hemicordulia, the known species are
either Aeshnidae or Libellulidae, most of which
breed in lentic waters. Not surprisingly, migratory
species characteristically inhabit ephemeral to semi-
permanent ponds that dry up frequently or unpre-
dictably and generally support few or no fish.

These surely are not exhaustive lists, and the
number of known migrants is likely to increase
substantially with more focused study. Moreover,
‘migration” in general tends to be conflated with
long-distance migration over large spatial scales,
and not all implicated species may engage in
migration over tens of kilometres. Given that cav-
eat, migration appears to be an exceptional life-
history strategy among Odonata in general. On
the other hand, given the evidence (see below) that
migration is a facultative response in A. junius, we
cannot discount the possibility that a small minor-
ity of individuals of mostly non-migratory species
may migrate. Such varying behaviour could evolve
by small adjustments to environmental cues and
might account for occasional reports of species
such as Pachydiplax longipennis among mixed aggre-
gations of migrants (Russell et al. 1998).

6.2 The evidence
6.2.1 Movement patterns: visual observations

The Atlantic coast of North America from Maine at
least to New Jersey, and probably the entire Atlantic
seaboard, is a major migratory route (Shannon 1916).
Other major hypothesized pathways run along the
north shores of Lakes Ontario and Erie and thence
into Ohio, along Lake Michigan, and into central
Illinois, and on a broad front from Minnesota into
eastern Oklahoma. Large swarms have been noted
as well along the coast of the Gulf of Mexico from
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Florida to Texas, along with a few observations of
movement over the Gulf far from land. Numerous
records also exist of migrating dragonflies, princi-
pally A. junius, at hawk watches along mountain
ridges in the eastern USA (K. Soltesz, personal com-
munication; Matthews 2006).

A consequence of migratory behaviour, however,
may be that many individuals, responding to the
same cues for initiation, orientation, and arrest-
ment of flight may aggregate at ‘leading lines’ such
as lake- or seashores (Russell ef al. 1998). Corbet
(1999) pointed out that aggregation may, in fact, be
adaptive when reproduction occurs en route or at
the destination, but it is also possible that aggrega-
tion of A. junius is entirely or partly a consequence
of a tendency to fly downwind but to avoid being
forced over broad expanses of water. Similar behav-
iour may also account for large accumulations of
dragonflies, especially A. junius, during the fall
at southwardly directed peninsulas such as Point
Pelee, Ontario (Corbet and Eda 1969) and Cape
May, New Jersey (Russell et al. 1998). A number
of accounts suggest that some of these may redir-
ect their flight around the water barrier (Shannon
1916; Russell et al. 1998; Wikelski et al. 2006), but
other may cross expanses of water or remain
trapped until they perish with the onset of winter.
Sympetrum corruptum congregates similarly along
the Pacific coast of Washington and Oregon during
periods of east winds in fall (D. Paulson, personal
communication, based on numerous accounts on
the Internet).

6.2.2 Weather and climate

Weather profoundly affects when and how migrants
travel. Many insects, even strong fliers like migra-
tory locusts that actively maintain a constant flight
heading, nevertheless actually move mostly pas-
sively with prevailing winds. Dumont (1977, 1988)
and Dumont and Desmet (1990) presented evidence
that Anax ephippiger migrations are mainly of this
type. Other tropical migrants like Pantala flavescens
probably fall into the same category. Some of these
may fly at great height (Corbet 1984). Even species
that closely follow distinct routes may take advan-
tage of favourable winds created by particular wea-
ther patterns, as migrating birds do. Bagg (1958)

and Nisbet (1960) confirmed apparent correlations
of Anax migratory flight in New England and along
Lake Erie, respectively, with the passage, in early fall,
of cold fronts that brought winds that could assist
migration. Numerous dragonflies, some known to
be migratory, arrived with a fall weather front on
the coast of Nayarit, in western Mexico (Paulson
2002). Russell et al. (1998) documented additional
instances of the association of mass movements
southward with the passage of cold fronts and of
the arrival of spring migrants with southerly flows
of warm air, but they noted that in some instances
the relation of flights to frontal activity is not clear.
One possible explanation is that migrating Anax
may move beyond frontal systems that initiate
aggregated flight, especially as cold fronts slow or
stall in southern latitudes. Nevertheless, there has
as yet been no strict quantification of a correlation of
migration with weather fronts. Only very recently
did Wikelski et al. (2006) quantitatively document
that individual southbound migrant A. junius do fly
with light northerly winds (see below).

6.2.3 Reproduction and refueling

The physical and physiological condition of
migrants may be indicative of the adaptive func-
tion of migration. Many insect migrants are pre-
reproductive, with females often pre-vitellogenic;
this presumably assures that when they reach
a favourable destination they retain maximum
reproductive capacity (Johnson 1969; Dingle 1996).
Migrating Odonata, too, are often described as ten-
eral or ‘fresh’, but numerous exceptions are known
(Corbet 1999). Many but not all of these occur dur-
ing what Corbet has distinguished from migra-
tion as ‘seasonal refuge flights’; these would be
considered migratory under our behavioural def-
inition. Corbet (1984) found that the great major-
ity of apparent migrant species in Uganda and
in Ontario, except Sympetrum vicinum, were pre-
reproductive and laden with fat. Odonates that
accumulate fat stores, as indicated by preserved
specimens that are detectably greasy, are typically
those of migratory genera such as Anax, Pantala,
and Tramea (Paulson 1998).

Among A. junius, and perhaps other species,
along the Atlantic seaboard of North America,
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evidence suggests that sexual maturity and
fat stores increase progressively as the season
advances, so that by mid-October most individuals
are mature (Figure 6.1a). We have also seen pairs
in tandem among migrants in early September. It
appears likely that individuals initiate migration
soon after emergence but mature en route.

Most migrants, regardless of taxon, accumulate,
and, when possible, replenish, energy stores before
or during migration (Dingle 1996). Fat content in
A. junius is higher than in most dragonflies (<10%;
Anholt et al. 1991; M.L. May, unpublished results)
even among presumed non-migrants, although

Resident Fall
migrant

These patterns are expected if the former have
already migrated a long distance and are mature
while the latter are still accumulating fat and
include many immature individuals.

there is a trend towards still higher fat stores in fall
migrants (Figure 6.1b). Notably, spring migrants
in New Jersey have much less fat, as expected if
they were near the end of their migratory jour-
ney. Likewise, the ovary size of spring migrants
appears to be about as large as in non-migrants,
whereas in fall migrants the mean is significantly
less, although maximum values are similar. This
would be expected if spring females were freshly
mature whereas fall females included a mixture
of mature and immature individuals. From radio-
tracking data on individual A. junius (see below),
substantial time during fall migration apparently
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is spent during days with little southward advance
that are thought to be devoted to feeding.

6.2.4 The scale and adaptive basis of Anax
junius movement

The study of why a species migrates requires a
description of the movement itself; the latter is a
prerequisite for untangling the former. Molecular
techniques have a long history as a means of
describing the geographic component of popula-
tions across generations. However, odonates are a
group with few such applications to date. Species
with relatively limited vagility have proven amen-
able to molecular approaches (Watts et al. 2004,
2007), whereas attempts to discern major patterns
of movement in odonates suspected of high rates
of long-distance movement have had little or no
resolution, even on a multi-continental scale (e.g.
Artiss 2004).

The first significant attempt to understand the
scope of A. junius movement used a single mito-
chondrial locus, with samples of adults and a few
larvae taken over a multi-year period from eastern
Canada to Hawaii (Freeland et al. 2003). A nested
clade analysis of haplotypes (Templeton 2004)
showed a spiderlike pattern, with about half of all
individuals falling into one of two near-identical
haplotypes, with other lineages radiating out from
this core. No significant spatial pattern was found
that was related to this haplotype network, and
Freeland et al. (2003) concluded that high rates
of movement were blurring the ability to resolve
population structure.

Several confounding issues may have reduced the
effective power of this analysis. The collection site
of adults potentially capable of moving hundreds or
thousands of kilometres may not be a very mean-
ingful predictor of their natal pond. Indeed, with-
out additional information, a population structure
study based on adults may not be able to explain
geographic clustering. In a currently unpublished
study Matthews, Mynhardt, and Cognato focused
on a single 500-km transect of larvae from eastern
Texas to northern Arkansas, collecting enough indi-
viduals at each site over a narrow temporal win-
dow to make both intra- and inter-site comparisons
based on the sample mitochondrial DNA (mtDNA)

locus (J.H. Matthews, G. Mynhardt, and A. Cognato,
unpublished results). Even with this data-set, how-
ever, no population structure was evident. Indeed,
the additional larvae only contributed a few new
haplotypes, and the resulting haplotype network
was very similar to that of Freeland ef al. (2003),
with no significant geographic patterning.

Similar patterns have been seen with other spe-
cies in which many individuals migrate or disperse
long distances, such as European eels (Anguilla
anguilla). Early studies using coarse mitochondrial
and allozyme approaches found no geographic
patterns in species such as A. anguilla and mon-
arch butterflies (Danaus plexippus), leading to the
presumption that such vagile species were pan-
mictic (Brower and Jeansonne 2004). Development
of multilocus techniques using neutral markers
such as nuclear microsatellite DNA has markedly
improved molecular approaches to address such
questions, finally applying a tool suitable to the
task at hand. Thus, nine microsatellite loci were
able to parse the high gene-flow rates of A. anguilla,
estimating the Fst value (a standard measure of
inter-population gene flow; Wright 1951) to be as
low as 0.0002 (Wirth and Bernatchez 2001), nearing
the theoretical limits of Fst. Microsatellite loci have
recently been developed for A. junius (Matthews
et al. 2007a), significantly increasing their value as a
model for insect migration. Clearly, without devel-
oping markers for monarch butterflies that have a
similar degree of resolution to microsatellite loci,
we cannot make comparable inferences about gene
flow and population differentiation.

Biomolecular studies of movement analyse intrin-
sic proxy markers in individuals (Webster et al.
2002). Mark-release-recapture methods epitomize
acquired proxy markers, but new methods of study-
ing naturally acquired markers have been devel-
oped since the early 1990s. The application of stable
and radiogenic isotopic ratios to movement studies
assumes that an environmental source such as prey
items or ambient water contains recoverable infor-
mation about the origin or path of movement. Most
such studies have focused on birds, although stable
isotopes have proven highly effective at measur-
ing the scale of continental movement by monarch
butterflies and distinguishing separate migration
routes (e.g. Dockx et al. 2004).



A handful of studies have gone further and
combined molecular genetic and isotopic ratio
techniques to the same set of individuals, gener-
ating synergies between analytical techniques
with high power over large regions for much less
effort than required for direct tracking of individu-
als via telemetry or large-scale banding networks
(e.g. Chamberlain et al. 1997; Clegg et al. 2003). As
with isotopic ratio studies, these few multi-method
studies have focused overwhelmingly on birds.

By applying two isotopic ratio techniques with
microsatellite-based population genetics to a set
of 180 adult A. junius collected during a 6-week
window in the fall of 2005, Matthews (2007c) was
able to demonstrate continental-scale movement by
individual adults, some of which traveled over 2800
km before capture. Moreover, these distances were
measured as net north—south distances traveled—
displacement—rather than, as might be generated
by telemetry studies, the length of the actual route
followed. Mean southbound movement before col-
lection was over 900 km. Although collection sites
were all near coastal areas between 45 and 19°N
latitude, more than 80% of individuals originated
between 36 and 49°N, with more than 95% of indi-
viduals showing isotopic evidence of southbound
movement. Genetic and radiogenic isotopic ratio
evidence indicated that individuals at each collec-
tion site were ‘mixed swarms’, originating from
multiple latitudes, parent populations, and largely
inland sites although collection often occurred in
or within sight of tidal wetlands.

Genetic data also indicated that near-panmictic
conditions prevail, with continental-scale Fst val-
ues in the order of 0.04 for this group. Traditional
population genetic estimates of spatial organiza-
tion (e.g. a Mantel test) showed no isolation by
distance. Bayesian population clustering of individ-
uals into ‘populations” based on microsatellite pat-
terns (Pritchard 2000) again found no geographic
pattern among southbound migrants. Moreover,
a large study of the population structure of some
500 individuals, including 300 larvae, found an
Fst value of 0.02 over the same spatial scale, a pat-
tern also found when focusing only on the subset
of larvae, at continental, regional, and single-pond
scales (Matthews 2007d). That is, populations in
single ponds contain a nearly random sample
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of the gene pool within eastern North America.
Together, these data suggest (1) that the mixed
swarms reflect largely random-origin assortments
of individuals, (2) that these individuals are mat-
ing and ovipositing during large-scale movement,
and (3) that mating and ovipositing are probably
occurring multiple times for each individual en
route. Eastern North America may reasonably be
described as a single population.

Thus, A. junius population structure is shallow.
In addition to the isotopic evidence mentioned
above, a northern spring movement is also implied
by the uniformity of genetic diversity across North
America. Repeated major southbound movements,
would eventually result in the gradual loss of gen-
etic diversity over most of the northern part of the
range (as in Hanski ef al. 2004) unless compensated
by an influx of alleles from elsewhere. When cou-
pled with a northbound movement, however, espe-
cially if by a different generation of individuals,
both genetic diversity and spatial homogeneity
would be maintained. Moreover, since reproduc-
tion and ovipositing are coupled during the move-
ment, long-distance displacement in A. junius is
not made in a pre-reproductive/teneral adult stage
seen in many migrant lepidopterans. This pat-
tern generally goes against the ‘classic’ views of
insect migration summarized in Dingle (1996), in
which large-scale movement precedes or follows
reproduction, focusing physiological resources
on movement and reproduction in series rather
than contemporaneously. In fact, the coupling of
migration and reproduction may make A. junius
migration a novel form of large-scale movement.

The combination of reproduction and long-
distance movement suggests that whereas A. junius
flight can safely be described as migration (Dingle
1996), this migration is not to a specific locality.
Rather, movement is almost certainly from habi-
tats declining in seasonal quality to more southern
habitats with better average quality (but with a sub-
stantial variance in quality), suggesting migration
as ecological movement, occurring at a landscape
scale. The genetic evidence in particular suggests
that A. junius movement spreads reproductive risk
across multiple water bodies, minimizing threats
from predation, intra- and inter-specific competition,
and droughts. Given that A. junius larvae are most



70 STUDIES IN ECOLOGY

abundant in shallow, largely lentic wetlands that are
often ephemeral and susceptible to even small shifts
in precipitation on a regional scale, a bet-hedging
strategy seems singularly appropriate as an adap-
tive basis for large-scale movement. Indeed, a large
body of theoretical literature on dispersal polymor-
phisms would predict such patterns (e.g. Roff 1994).
In a more speculative vein, the patterns and basis of
A. junius migration may be representative of many
taxa with a relatively non-dispersive aquatic larval
stage and a highly vagile reproductive adult stage,
such as many aquatic insects and amphibians.

6.2.5 The evolutionary ecology of dispersal
phenology and phenotype

Although Calvert (1929) and Walker (1958) made
scattered observations suggesting the presence of
more than one emergence group, Trottier (1971)
first clearly described distinct but sympatric spring-
emerging and fall-emerging cohorts of A. junius in

Caledon, Ontario. The spring-emerging group has
been referred to as residents or non-migrants, and
the fall-emerging group is normally described as
migrants.

Resident larvae take up to 1 year between ovi-
position and emergence, with a diapause or qui-
escent period during the winter months. Thus,
development proceeds through part of the fall
before stopping or slowing and begins again the
following late winter or spring. The migrant larvae
develop over a much shorter period spanning only
a few months between late spring and late summer
or early fall (Figure 6.2). These patterns have been
tracked at several sites (summarized in Corbet 1999),
including one locality as far south as 30°N lati-
tude (although at least one site at 42°N apparently
lacked bimodal emergence; M.L. May, unpublished
results). Generally, the spring cohort emerges earl-
ier and the fall cohort later with decreasing latitude
(JH. Matthews, unpublished results). Moreover,
ponds with bimodal size distributions have been
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Figure 6.2 Generalized larval life-history tracks for A. junius. ‘Migrant’ fall-emergent larvae are shown with a dotted line (long-distance-
dispersing larvae). ‘Resident’ or ‘non-migrant’ spring-emergent larvae are shown with a dashed line (locally dispersing larvae). Note that
residents complete their life cycle in just under 1 year, undergo winter diapause, and are active as mature adults before emergence of
migrants. The latter complete development in 4—6 months without diapause. Both patterns have been observed between latitudes 45 and
19°N in eastern North America, but the clear separation of adult flight seasons is not always evident. After Trottier (1971).



seen as far south as 19°N latitude (J.H. Matthews,
unpublished results). Another distinct emer-
gence ‘bump’ well before most spring-emergers
mature has also been observed in a few instances
(Wissinger 1988), suggesting that some larvae
‘destined’ for a fall emergence entered a temper-
ature-triggered quiescent state until the following
spring, perhaps as a result of early cold-water tem-
peratures, a pattern also seen in Anax imperator in
Europe (Corbet 1957).

Debate about the major spring- and fall-
emergence groups has centred on two points. First,
how are these emergence phenologies maintained
over large spatial scales? Second, what is the adap-
tive strategy maintaining this bimodal strategy?

The basis for determining emergence (and thus
dispersal) phenology and phenotype is arrived at
more easily. Direct and indirect evidence discussed
above suggests that fall-emergers migrate south
and spring-emergers migrate north, although only
limited estimates of the scale of north-bound move-
ment are available currently (Matthews 2007c).
Thus, the traditional terms resident and migrant
for describing these groups are misleading and
inaccurate. Moreover, since at least the time of
Trottier (1971), these groups have been described as
separate ‘populations’, even when referring to indi-
viduals belonging to different cohorts in the same
pond. Assuming that ‘population” implies meas-
urably restricted gene flow between these groups,
the work of Freeland et al. (2003), Matthews (2007d),
and Matthews (2007e) suggests that these cohorts
are not different populations. Indeed, Matthews
(2007d) measured multilocus gene flow between
spring- and fall-emergers within and between 500
adult and larval samples collected over 27° of lati-
tude across eastern North America, finding Fst
values in the order of approximately 0.02 between
all categories, without regard to geographical
structuring. Although based on a much coarser
means of genetic resolution via a nested clade ana-
lysis, Freeland et al. (2003) found a similar pattern,
leading them to attribute variation in emergence
phenology to phenotypic plasticity rather than a
genetically determined phenotype. Conceivably, a
maternal effect could also be involved.

Phenotypic plasticity is widespread in nature and
has been identified in a handful of odonate species
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(e.g. Hopper 2001; De Block and Stoks 2003). For any
particular plastic trait, a particular phenotype—
whether one of several qualitative alternatives (e.g.
phenotype A or B) or a point on a continuum of pos-
sibilities (e.g. phenotypic expression ranging from
1 to 10)—is cued by some environmental trigger.
A. junius presumably follow the qualitative model
with two alternative states. Trottier (1971) found
that the rate of development of late-instar larvae
could be manipulated across a wide range of val-
ues by ambient temperature, but he also found
that spring- and fall-emerging larvae showed dif-
ferent categories of responses to temperature. A
similar pattern was found by Corbet (1957) with
A. imperator. Moreover, Calvert (1929, 1934) found
that an A. junius larva bound for spring emergence
entered diapause when raised from an egg indoors
where it was exposed to relatively constant room-
temperature conditions rather than the harshness
of a Pennsylvania winter. All of these leads suggest
that emergence phenology is determined early in
development and that temperature has little or no
cueing effect for phenotype, even if temperature can
play a role in determining relative rates of devel-
opment within phenotypic states. Corbet (2003)
suggested that aeshnids at intermediate to high
latitudes may regulate emergence phenology via
photoperiod. Given the especially wide latitudinal
range of A. junius, photoperiod would be a very rea-
sonable and reliable cue for dispersal phenotype.

Matthews (2007e) tested this hypothesis with
split-sibling groups of A. junius exposed to con-
stant, increasing, and decreasing photoperiod from
the egg in an environmental chamber. The increas-
ing photoperiod treatment group (corresponding
to the fall-emerging larvae, with eggs laid between
the spring equinox and summer solstice) devel-
oped significantly (P <0.001) more rapidly than the
equinoctial constant (light/dark period of 12h:12h)
and decreasing photoperiod (the latter correspond-
ing to eggs laid between the summer solstice and
fall equinox) groups. These results suggest that
there is little if any maternal effect on emergence
phenology, but they do not rule out the possibility
of a gene x environment effect, which might reflect
significant lineage differences in plasticity. Indeed,
several families did show significant differences in
their responses.
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In essence, any individual egg could develop
along the slow spring-emergence pathway or the
fast fall-emergence route based on the photo-
period experienced by the egg or a very early
instar. This result fits neatly with the genetic data
(Matthews 2007d) showing no significant differ-
ences between spring-emerging and fall-emerging
larvae. Temperature may modulate the rate of
development within the limits set by photoperiod
and, presumably, determine the direction of adult
migration as well. This model also implies that the
small emergence bump noted by Wissinger (1988)
may reflect mismatches between temperature
modulation and photoperiod cues, leading a few
individuals to develop rapidly before ambient tem-
peratures triggered diapause, halting development
in the final or near-final instar.

Although not tested experimentally, no evidence
indicates an effect of larval crowding on migra-
tory predilections, as is well known in locusts
(reviewed by Dingle 1996). For example, no effect
on development or evidence to suggest early
migration has been observed in populations in
which the early-emerging cohort is much larger
than the late-emerging larvae (M.L. May, unpub-
lished results).

The second issue mentioned above regarding
the adaptive basis of emergence phenology and
phenotype is much harder to test. The key ques-
tion here is, why maintain two and only two
cohorts? One theory is based on the observation
that there appears to be a latitudinal relation-
ship between the climate-normal timing of rain
and emergence phenology across eastern North
America (Matthews 2007a, 2007b). This relation-
ship suggests that long-distance migration may be
timed in the fall to arrive when the largest number
of suitable habitats are available; for example, lake
and wetland water levels in south Florida generally
peakin October and, at least in larger lakes, remain
high until February (Abtew et al. 2006), consistent
with arrival of probable northern migrants and
timing of local emergence (Paulson 1999). Northern
movement is in turn set to coincide with the coinci-
dence of appropriate temperatures for larval devel-
opment with high spring water levels. In a closely
related hypothesis, northern fall-emerging larvae
(‘migrants’) may be habitat generalists, capable of

reaching adulthood in both shallow (ephemeral)
and deep (more permanent) water bodies, with
northern spring-emerging larvae (residents’) act-
ing as habitat specialists for permanent water bod-
ies (Matthews 2004). Several theorists predict just
such a system for the evolution of movement poly-
morphisms (Roff 1994). However, these adaptive
explanations remain to be tested.

6.2.6 Behaviour en route

6.2.6.1 Orientation

Migratory monarch butterflies are known to
use time-compensated sun-compass orientation
(Mouritson and Frost 2002), and other butterflies
may be able to use magnetic orientation (Srygley
et al. 2006). Nothing, however, is known with cer-
tainty about mechanisms of long-distance orienta-
tion in dragonflies. Typical routes of aggregated
migrants follow obvious landmarks for much
of their length, and several writers, especially
Shannon (1916) and Dumont and Hinnekint (1973),
have emphasized the importance of visual land-
marks in orienting migration. On the other hand,
as already noted, accumulation along leading lines
need involve no more than downwind flight and
avoidance of open water. Furthermore, dragonflies
may sometimes pass over long stretches of water,
such as Delaware Bay or Lake Erie (Corbet 1984;
Root 1912), or featureless plains without obvious
landmarks. Corbet (1984), reporting on movements
of A. ephippiger, a well-documented Old World
migrant, on the plains of East Africa, suggested that
their strikingly constant flight heading was due to
sun-compass orientation.

We suggest that landmarks are probably used
at least as secondary aids to navigation as sug-
gested above but note that for consistent southerly
movement along a coastline, for example, some
mechanism of choosing one of two directions
must exist. Likewise, it appears that individual
Anax can distinguish northerly from southerly
winds (see below). Certainly sun-compass orien-
tation is possible given the known capabilities of
other insects. On the other hand if, as we suppose,
a specific narrow destination is not necessary for
A. junius, it is possible that positive phototaxis
toward the sun or the brighter southern sky in fall



might suffice for southward orientation. If so, this
might again be a useful model for other insects
with similar migratory strategy. Of interest would
be to determine whether orientation in spring is
based only on reversal of the response to similar
cues as during fall and, in any case, how this inter-
generational change is mediated. Also unresolved
is whether some other odonate species might have
more stringent navigational requirements (e.g.
A. ephippiger, which may depend on finding desert
oases; Dumont and Desmet 1990) and species that
sometimes migrate at night (Feng et al. 2006).

6.2.6.2 Flight patterns

Virtually nothing is known about individual deci-
sion rules and trajectories of migratory insects,
because it is very difficult to follow such small
organisms over vast distances. Recently, however,
Wikelski et al. (2006) were able to attach micro-
radio transmitters to 14 A. junius and follow them
during fall migration for up to 12 days. Although
the presence of the transmitters may have affected
behaviour, individuals migrated up to 140 km per
day, and two were observed foraging apparently
normally.

These observations provide unique insight into
individual behaviour. A. junius alternated distinct
stopover periods with active migration and on
average migrated about every 3 days. The average
advance of 13 migrating individuals was approxi-
mately 60 km (12 km/day), but daily movement
ranges (Figure 6.3a) exhibited a trimodal distri-
bution: short-range and omni-directional and
medium or long-range and directional. Average
direction was within a few degrees of due south.
Dragonflies only migrated when wind speeds
were low, independent of wind direction, although
winds on days when the dragonflies migrated were,
on average, more northerly than on non-migratory
days, thus indicating, as suggested above, that
A. junius have at least a rudimentary directional
sense. They did not seem to compensate strongly
for wind drift as individual migration paths only
differed by approximately 20° on average from
wind direction (Figure 6.3b). Thus flight paths
often zig-zagged on consecutive days. Daily high
temperatures did not differ significantly between
migrating and non-migrating days, but a migrating

MIGRATION IN ODONATA 73

day always succeeded a night that was colder than
the previous night, whereas non-migrating days
had on average warmer nights leading up to them.
This behaviour makes sense if migrating after a
decrease in night-time temperatures ensures that
individuals ordinarily migrate when cold, north-
erly winds aid their southward migration.

Three individuals changed their migration
route by more than 120° when hitting an ocean
barrier (e.g. the Delaware Bay), clearly reorienting
in response to landmarks. Two actually flew out
over the bay for about 5 km, then turned north
to spend the night on the New Jersey side, about
30 km north of the capture point; 2-4 days later
they crossed the upper end of the bay, as shown in
Figure 6.4. Such behaviour mirrors that of numer-
ous songbirds and small hawks upon reaching
this same spot during fall migration (e.g. Wiedner
et al. 1992).
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Figure 6.3 (a) Daily movement of radio-tagged A. junius;
movements greater than 5 km were assumed to represent migration
whereas shorter movements were thought to occur during periods
when the dragonflies forage to replenish energy stores and are thus
relatively sedentary. (b) Flight direction relative to wind direction of
radio-tagged A. junius; zero deviation represents due south. Note
that the modal direction is quite close to south and that none of the
movement vectors deviated more than 90° from south. Both from
Wikelski et al. (2006).
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6.3 Comparisons with other
airborne migrants: what can
dragonflies teach us?

A. junius differs in several respects from most bet-
ter-known animal migrants. Unlike birds and mam-
mals, they do not provide parental care beyond
oviposition and both sexes are able to reproduce
at intervals shorter than the duration of migration
throughout most of their adult lives. Unlike migra-
tory insects that have been closely studied hereto-
fore, they apparently do not exhibit an oogenesis
flight syndrome, although we cannot discount the
possibility that maturation might be somewhat
slowed during migration. As already noted, many
southbound migrants are evidently reproductively
mature. Tandem linkage is seen from southern
Ontario southward (J.H. Matthews and M.L. May,
independent personal observations), and one of us
(JHM) observed oviposition by apparent migrants
throughout Atlantic and Gulf coastal regions in the
USA in September and in Veracruz state, Mexico,
as late as mid October. Thus direct observation

Figure 6.4 Flight tracks of 13 radio-tagged A. junius in Fall
2005 in New Jersey. Each line represents a separate individual;
numbers depict days since tagging, numbers in parentheses show
maximum number of days individuals were tracked, broken lines
indicate uncertainty about which day individuals conducted their
migratory flight. Note that four individuals changed direction
near the coastline of Delaware Bay, apparently avoiding flying far
over water. One individual (black line) initially flew over Delaware
Bay for about 5 km, then turned north and stopped for the night
about 25 km north; it was re-found on day 3 in Maryland and is
assumed to have crossed the bay well north of its capture point.
From Wikelski et al. (2006).

establishes that oviposition occurs during south-
ward flight, although strong indirect and anecdotal
evidence also indicates that much reproduction
occurs at or near the southern terminus of migra-
tion (Paulson 1999; D.R. Paulson, personal com-
munication; J.H. Matthews, personal observation).
In fact, A. junius is incapable of adult diapause as
far as we know (unlike some tropical Anisoptera,
including probable migrants; Corbet 1999). A. junius
are generalized predators at all life stages, so adults
can obtain food widely as long as flying insects are
available, unlike specialized plant feeders such as
monarch butterflies or Oncopeltus bugs, and larvae
can develop in frequently encountered, but unstable,
aquatic habitats. Moreover, the aquatic larval habi-
tat provides a refuge from thermal extremes. These
characteristics, coupled with high adult mobility,
allow Anax to reproduce in a succession of sites as it
moves progressively southward. Repeated ovipos-
ition both spreads risk to offspring from drought and
predation and allows adults to employ a bet-hedging
strategy against cumulative mortality risks during
migration. We expect that other organisms with low



parental care costs and generalized and reasonably
abundant energy resources, especially other aquatic
insects in unstable lentic habitats, may employ simi-
lar strategies.

On the other hand, individual migratory behav-
iours and decision rules are strikingly similar to
those proposed for songbirds, and may represent
a general migration strategy for directional long-
distance travel of self-propelled aerial organisms
(Wikelski et al. 2006). These studies should be rep-
licated and extended, both geographically and to
include spring migration, but they can provide
independent confirmation of movement patterns
inferred from stable isotope markers as well as
more details about behaviour, possibly includ-
ing reproductive behaviour and success. In any
event, they highlight characteristics that are likely
to be shared very widely among migrants across
taxa because of pervasive effects of limitations on
energy stores in small, flying organisms and the
consequent needs to replenish internal supplies
and take advantage of external power sources; that
is, favourable winds.
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CHAPTER 7

The use of dragonflies in the
assessment and monitoring
of aquatic habitats

Beat Oertli

Overview

Aquatic resources are under particular threat today, and therefore the management of aquatic habitats
and of their watersheds requires the development of comprehensive assessment and monitoring methods.
Biological methods are now widely used, and many include Odonata, in association with other groups or
even taken singly. Odonata constitute a valuable tool for various types of assessment and monitoring, such
as the measure of biodiversity, the appraisal of water-body health or integrity (including water quality
and ecosystem function), the monitoring of management or restoration practices, and the detection and
prediction of the biological impact of climate warming. Furthermore, sampled through standardized meth-
odologies, they have already provided excellent data-sets for hypothesis testing in ecology or evolution.
However, some types of assessment show that the use of Odonata as a single group can have limitations
which can be avoided if other complementary biological groups are also used. For efficient sampling of
Odonata, a method should focus on the three stages: larvae, exuviae, and adults. Since this approach may
be too expensive, most existing methods only use one stage. In applied issues, the adult stages of Odonata
are surveyed at a low cost, and are therefore useful for rapid assessments; they can be used for preliminary
screening, for example when identifying local hotspots of diversity or, on the contrary, of degraded sites.
Existing methodologies are highly numerous, particularly in applied studies. The development of unified
standardized procedures would be beneficial, as it would enable spatial and temporal comparisons.

between geographic regions and different types of
water body. Temperate countries are clearly lead-
ing in the development and application of assess-

7.1 Introduction: bioassessment and
biomonitoring in freshwaters

Aquatic resources are essential to human life and
activities. Although water pollution has existed for
many centuries, these resources are particularly
under threat today because human impacts have
diversified and intensified. For these reasons, the
management of aquatic habitats and their water-
sheds has been applied widely. The invertebrates is
one of the main groups of bioindicators used in bio-
logical assessment and monitoring. Nevertheless,
our knowledge of biomonitoring still varies widely

ment and monitoring methods. Furthermore,
running waters are much more studied than lakes,
wetlands, and ponds around the world.

The objectives of freshwater bioassessment and
the procedures to carry it out are schematized in
Figure 7.1. Until now, these have focused mainly
on (1) the magnitude or value of biodiversity,
(2) the degree of integrity or health of a water body
or a region (e.g. water quality, ecosystem struc-
ture and function), (3) the success of restoration
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> Global changes
Climate warming

» Others

g

Testing ecological theories

conservation value) Sampling
> Ecosystem health Odonata

(water quality, assemblage

hydromorphology,

ecosystem

Other biotic
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— species traits

— particular metrics

Assessment

Figure 7.1 Procedure for freshwater bioassessment using Odonata and examples of objectives.

or management practices, (4) the effects of global
changes (i.e. hydrological perturbations and cli-
mate warming), and (5) other factors such as the
impact of species introductions (e.g. invasive spe-
cies). These issues, addressed by managers (in
conjunction with the scientific community), are
also closely related to more fundamental ecologi-
cal and evolutionary theories, which can be tested
with such data-sets. These theories, in turn, can
also provide guidelines for management plans.
An assessment can take place at different spa-
tial scales, from local (water body, network, nature
reserve) to regional (watershed, other area with
political or biogeographical limits). Bioassessments
are conducted with a selected indicator group (e.g.
plants, plankton, invertebrates, dragonflies, fish,
birds) or several together. Each bioassessment has
its own objective and this has to be clearly identi-
fied, so that (1) biotic group(s), (2) type of data to
be recorded (species inventory, species richness,
species abundance, diversity index, conservation
value, and other metrics), and (3) sampling scheme
are chosen correctly. The results of the assessment
are then used for analysis and final evaluation.
Biomonitoring is essentially a time series of bio-
assessments. Its objective is usually to describe

biotic changes (richness, community composition,
abundance, etc.) in relation to, for example, pertur-
bation or management measures.

7.2 Rationale behind bioindication and
species traits of dragonflies

To be useful for bioassessment (or for monitoring),
species or groups of species have to provide some
answer to the question underpinning the assess-
ment. Invertebrates are usually good bioindicators
and dragonflies are in many cases well suited for
the following reasons:

¢ they constitute a keystone, umbrella, and flag-
ship group;

¢ they are representative of wetlands, lake shore-
lines, ponds, or running waters but, nevertheless, are
not the most diversified insect order in fresh waters;
¢ they are reasonably diverse and have a well-
established taxonomic framework; even when
taxonomic literature on Odonata is not available
anywhere in the world, it is better known than for
other macroinvertebrate groups;

¢ they have diverse life stages; indeed, they use
aquatic habitats as larvae and terrestrial areas as
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adults; nevertheless, functionally they are not very
diversified, all species being predaceous;

® several species are stenotopic, and require spe-
cialized habitat conditions;

e they are geographically widespread, although
they are missing at high altitude;

e they are particularly well accessible and amen-
able to quantitative sampling by standard tech-
niques;

e they are likely to generate political sympathy
and support;

e they are already well studied and as a result
there is a substantial body of ecological knowledge
on many species (e.g. ecological traits, conserva-
tion value), although this still has to be achieved
for many tropical species.

The advantages of using Odonata as bioindicators
have already been often highlighted and this is
supported by a large base of scientific evidence. As
several species are stenotopic, a given assemblage
reflects the effects of environmental variables, for
example the presence of vegetation (emerged, sub-
merged, or floating), current velocity, hydroperiod,
ambient temperature, water oxygen concentration,
the chemical characteristic of the water (e.g. pH,
conductivity, pollutant concentrations; reviewed
extensively by Corbet 1999). Databases on species
traits are already available to water managers (e.g.
Moog 2002 for Europe).

7.3 What is assessed and monitored?
With or without dragonflies?

7.3.1 Biodiversity

Measuring biodiversity in itself often constitutes
the central objective of an assessment. Furthermore,
as biodiversity value is generally recognized as an
indicator of ecosystem health and integrity, it is
also used as a metric in other assessment objec-
tives. Therefore, most assessment and monitoring
programmes record taxa richness, at local (water
body or network) or regional (watershed, biogeo-
graphical region, political area) levels. The most
investigated groups in fresh waters are plants,
mammals, birds, fish, and reptiles/amphibians.
In terms of invertebrates, Odonata is often one of
the most used groups, especially for wetlands and

small water bodies. Indeed, investigating the adult
stages is both technically easy and cost-effective
(see Section 7.4).

At national or international levels, red lists are
drawn up on the basis of species distributions and
of their temporal trends (increasing or decreasing).
Monitoring programmes are therefore conducted
for Odonata in many regions of the world, where
they are more or less well coordinated, depending
on countries, and involve mostly volunteers (see
also Chapter 8 in this volume).

At the local scale, assessment of odonate diver-
sity is mostly made through species inventories,
which need to be exhaustive if the aim is also to
include the less-abundant species. If exhaustive
sampling is not a requisite, an index of diversity
reduces survey costs. Such indices are particularly
appropriate for conducting a preliminary screen-
ing on multiple sites, before studying the “hotspots’
in more detail.

Odonata by themselves can sometimes be rela-
tively good indicators of global biodiversity, but
this is not always the case. A correlation between
species richness of dragonfly larvae and of vascu-
lar plants was highlighted in Scandinavian small
lakes (Sahlen and Ekestubbe 2001). Furthermore,
Briers and Biggs (2003) suggest that the richness
of the Odonata family Coenagrionidae shows the
best performance for indicating the overall pond
invertebrate community richness. However, mac-
roinvertebrate richness is not necessarily corre-
lated with the diversity shown in other groups
(bacteria, ciliates, phytoplankton, zooplankton,
fish, and water plants), as demonstrated for shal-
low lakes of Western Europe (Declerck et al. 2005).
Moreover, odonate diversity is sometimes poorly
correlated with that of other groups. For example,
in Swiss ponds, species richness of adult Odonata
was poorly correlated (0.38 <R%2<0.56) with those
of aquatic plants, Gastropoda, Coleoptera, and
Amphibia, even if the relations were significant
(P<0.001; Oertli et al. 2002). In the assessment
of backwaters in the Sdone floodplain (France)
(Godreau et al. 1999), adult Odonata richness was
correlated with that of aquatic Coleoptera, but was
not with that of aquatic plants, Trichoptera, and
Mollusca (B. Oertli, unpublished results). In back-
waters of the Danube floodplain, adult odonate
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richness was not correlated with amphibian rich-
ness (Tockner ef al. 1999). In UK ditches, the conser-
vation value of invertebrate assemblages showed
no correlation between rankings of larval Odonata,
aquatic Coleoptera, and Mollusca (Painter 1999). At
the regional scale (gamma diversity), areas rich in
Odonata species (hotspots) frequently do not coin-
cide with those from other taxa (Prendergast 1993).
In conclusion, for a coherent approach to global
biodiversity assessment, it is always preferable to
use some complementary group(s) in addition to
Odonata.

Most assessments of Odonata diversity aim to
identify species-rich sites, these being considered
‘the best sites” (wWhere conservation efforts should
be directed). However, low species richness does
not necessarily reflect degradation. Indeed, some
endangered stenotopic species are found only
in species-poor systems, like bogs. Therefore, in
assessment procedures, it is always important to
score not only species richness, but also the degree
of threat to the species.

In the assessment of biodiversity, the social
value should be given a high importance. Indeed,
Odonata are especially useful as they have a high
cultural and aesthetic value (Chapter 8). For small
water bodies, they are used regularly for engaging
the public, along with two other flagship groups,
aquatic plants and amphibians.

7.3.2 Ecosystem health

7.3.2.1 Water quality

Assessment of water quality is carried out through
the use of a wide range of physical, chemical, or
biological variables. It is now often also coupled
with the quality of the aquatic habitats.

For running waters, aquatic macroinvertebrate
assemblages are widely used as bioindicators, par-
ticularly through biotic indices that give a unique
score for a site. Odonata larvae usually contrib-
ute to this unique score. Their use is nevertheless
generally low in running waters. Three types of
approach can be distinguished, as follows.

1. Odonata are used, together with other mac-
roinvertebrates, in assessment systems
paring observed communities with reference

com-

communities [e.g. the River Invertebrate Prediction
and Classification System (RIVPACS) and the
Australian River Assessment System (AusRivAs)].
2. Odonata can be included in the calculation of a
metric in association with other taxa (see Table 7.1).
Odonata are never used as a single group. In most
cases, the life stage used is larvae. For example,
Odonata can contribute to macroinvertebrate com-
munity richness score (total number of taxa), as in
many biotic indices or rapid bioassessment, but are
rarely chosen as a single indicator taxon. They can
also contribute to an average score of pollution sen-
sitivity.

3. Odonata can simply be ignored (e.g. in most
metrics presented in Hering et al. 2004).

For lakes, water quality is less frequently investi-
gated with aquatic macroinvertebrate assemblages,
and other groups are more often used (e.g. plank-
ton, fishes). The use of macroinvertebrates (and
potentially Odonata) should, however, increase in
the future, especially in Europe where the Water
Framework Directive of 2000 includes them in the
biotic variables that have to be used to assess the
ecological status of European lakes. For ponds
and wetlands, the use of macroinvertebrates (and
Odonata) is much more widespread, especially for
accessing their biological integrity. Odonata is here
frequently solicited, and is a component of many
metrics (see Table 7.1).

In the assessment of water quality, there are
relatively few methods which use Odonata (i.e.
Table 71), and this is probably because of (1) their
low diversity (compared to other macroinverte-
brate groups) and (2) the moderate sensitivity of
Odonata larvae to organic pollution (Carchini and
Rota 1985). Indeed, the diversity of Odonata is
only a minor part of the whole macroinvertebrate
assemblage and, for example in running waters of
Europe, represent less than 2% of the total diversity
(Schmidt-Kloiber et al. 2006). Furthermore, Odonata
are globally clearly less sensitive to organic pollu-
tion than most Ephemeroptera, Plecoptera, and
Trichoptera species (known as EPT taxa) (see
Moog 2002). Nevertheless, larvae are absent in
heavily polluted waters (e.g. Corbet 1999); as lar-
vae need oxygen for respiration, they cannot sur-
vive in anoxic conditions. The level of sensitivity is
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also variable among Odonata species; for example
European Cordulegaster boltonii and Coenagrion mer-
curiale are associated with relative nutrient-poor
streams, whereas Calopteryx splendens tolerates a
much larger gradient of nutrient concentrations.

Even if their sensitivity is weak, it is undoubt-
edly still enough for Odonata to be used in assess-
ment of water quality. Moore (1997) reported that a
count of dragonflies provided a quick, and there-
fore low-cost, indication of the health or richness
of a lake or river. Therefore, rapid bioassessment
of ecosystem health should pay more attention to
these benefits, especially for habitats where the
potential species pool of Odonata is important. For
example, in a first screening process, the classifica-
tion of sites in relation to Odonata abundance and
diversity will be efficient for a relatively low cost.
This could even be conducted with adult stages.
With adults, assessment of odonates is quicker
than for the other sensitive EPT taxa, because they
are more easily observed and identified in the field.
From Table 7.1 it appears that biological monitoring
of water quality rarely integrates study of the adult
stage of Odonata; but it would gain from doing so,
and therefore methodologies should be developed
in this direction (nevertheless see Section 7.4.1
about the pros and cons of using larvae/exuviae/
adults).

Beside the trophic status of water (and organic
pollution), many assessments are also concerned
with providing information on particular pollut-
ants. These include heavy metals, organo-metallic
compounds, chemical elements causing acidifica-
tion, and pharmaceutical products (including hor-
mones and antibiotics). Pollutants not only affect
species survival or growth rate, but also induce
deformations and alteration in symmetry. In these
cases, Odonata are a good biomonitoring tool. For
example, levels of fluctuating asymmetry in cell
patterns in adult wings were increased when lar-
vae where exposed to pesticides (Hardersen and
Wratten 1998). However, Odonata have to be present
in sufficient numbers in a water body to allow for
their investigation; frequently other target organ-
isms, like Ephemeroptera, Diptera, or Trichoptera,
will be more numerous and easier to sample.

In conclusion, Odonata are never used as a sin-
gle group for the assessment of water quality; they

are mostly integrated as part of macroinvertebrate
assemblages. This position is probably justified,
first because of their lower species diversity in
comparison with some other groups, and second
because of their resistance to pollution compared
to other groups. Nevertheless, the actual sensitiv-
ity of Odonata to pollution remains largely under
studied. More information would allow using
Odonata in rapid assessments, and possibly using
adult stages, especially for approaches that involve
the screening of many sites.

7.3.2.2 Ecosystem function

Odonata have complex habitat and microhabitat
requirements that differ according to individual
species (see details in Corbet 1999). This is particu-
larly obvious when comparing assemblages from
water bodies with different functions. This bioindi-
cation property of Odonata is well exploited for the
assessment of backwaters in dynamic floodplains,
and has been described for larvae in the rivers
Rhéne and Ain (Castella 1987) and for adults, exu-
viae and larvae in the River Danube (Chwala and
Waringer 1996; Tockner et al. 1999). In terms of spe-
cies richness (local or regional), the highest values
for Odonata occurred in the para- and plesiopotamal
channels (neither connected to the main channel,
nor totally isolated) of the floodplain of the Danube
(Tockner et al. 1999). Furthermore rivers with mod-
erate disturbance have higher species richness than
rivers with high disturbance (Stewart and Samways
1998). Longitudinal specificities also exist along the
main channel (Rehfeldt 1986), with clear distinction
between the fauna of small streams and large rivers,
as shown on the River Kiewa (Australia) (Hawking
and New 1999) or on rivers in the Upper Guinean
forest (Dijkstra and Lempert 2003). A standard-
ized scheme for assessing the ecological status of
floodplain areas using Odonata (adults, larvae, and
exuviae) was developed and tested at local level in
Austria (Chovanec et al. 2004): the Odonata Habitat
Index (OHI).

Hydrological aspects can also be surveyed with
Odonata. Temporary water bodies have different
species assemblages from those of permanent ones,
and habitats with different hydrological param-
eters can be well discriminated by their dragon-
fly assemblages, as demonstrated for example for



Table 7.1 The use of Odonata in metrics to assess the health of freshwater ecosystems.

Water-body type

Type or name of
the biotic index

Main
assessment
objective

Geographical
location

Odonata life stage/
identification level

Metrics using Odonata

References

Various (running and
stagnant)

Streams

Streams

Streams

River

Large rivers

River/floodplain

systems

Ponds

Pollution-sensitivity
index (or also
various biotic
indexes)

AQEM assessment
method

AQEM assessment
method

IBE

Biotic index SIGNAL

Multimetric index

Floodplain Index

Multimetric index
PSYM

Water quality

Organic
pollution

General
degradation

Water quality

Water quality

Water quality

Ecological

status

Biological
integrity

Various

Mountainous areas
of Central Europe

Southern
Apennines, Italy

Italy

Australia

Missouri, US

Austria

Britain

Larvae/family

Larvae/species

Larvae/genus

Larvae/genus

Larvae/family

Larvae/species

Adults/species

Larvae/family

Average pollution-sensitivity index of the
macroinvertebrate community (including
Odonata)

One metric (among six): EPTCBO richness

One metric (among 15): abundance in
Cordulegaster (Odonata) and Dinocras
(Plecoptera)

Biotic index of the macroinvertebrate
community (the number of Odonata
genus contributes to overall taxonomic
richness)

Average pollution sensitivity index of the
macroinvertebrate community (including
Odonata)

Two metrics (among 15):

— EPOT richness

— percentage EPOT

The Floodplain Index uses species’
habitats preferences of five indicator
groups (MoTOAF)

One metrics (among six metrics):

MO richness

Various, e.g. Armitage
et al. 1983 for the
Average Score per
Taxon (ASPT)

Hering et al. 2004

Hering et al. 2004

Ghetti 1997

Chessman 1995

Poulton et al. 2003

Chovanec et al. 2005

Pond Action 2002



Ponds

Ponds

Wetlands

Wetlands

Wetlands

Multimetric index

Pond
Macroinvertebrate
Integrity Index

Wetland Index of
Biological Integrity
(WIBI)

NEFWIBP
Invertebrate
community index

Various indices

Eutrophication

Water quality

Biological
integrity

Ecological
integrity

Biological
integrity

Switzerland

Italy (mountains)

Minesotta, USA

New England, USA

USA

Adults/species or family

Larvae/genus

Larvae/genus

Larvae/family

Mainly larvae/—

Three metrics (among four): COGA
species richness; MO family-level
richness; family-level richness of
macroinvertebrate (including Odonata)

One metric (among seven metrics used in
the integrity index): percentage of total
richness composed by EOT

Two metrics (among 10 metrics used
in the WIBI score): ETSD richness in
pollution-sensitive groups: number of ET
taxa and presence of S and D; Odonata
richness

Three metrics (among 13 metrics
used in the community index): EOT
richness; EQT/Chironomidae ratio; other
Odonates/Coenagrionidae ratio

Various metrics

Menetrey et al. 2005

Solimini et al. 2008

Gernes and Helgen
1999

Hicks 1997

US Environmental
Protection Agency
2002

A, Amphibian; B, Bivalvia; C, Coleoptera; D, dragonflies; E, Ephemeroptera; F, Fish; G, Gastropoda; M, Megaloptera; Mo, Mollusca; O, Odonata; P, Plecoptera; S, Sphaeriidae; T, Trichoptera;
AQEM, Integrated Assessment System for the Ecological Quality of Streams and Rivers throughout Europe using Benthic Macroinvertebrates; IBE, Indice Biotico Esteso; NEFWIBP, New England
Freshwater Wetlands Invertebrate Biomonitoring Protocol; PYSM, Predictive System for Multimetrics.
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freshwater habitats in Western Namibia (Suhling
et al. 2006).

7.3.3 Management practices and habitat
restoration

The twenty-first century is, in many regions of the
world, the century of ‘turning back the clock’, with a
multitude of restoration and management schemes.
To measure the success of such practices, and par-
ticularly the short- and long-term impact on bio-
coenosis, assessment and monitoring programmes
are necessary. Nevertheless, such programmes are
often missing, because all funds available are used
in the restoration scheme itself, and monitoring is
considered to be a time-consuming and unneces-
sary stage. When restoration or management suc-
cess is evaluated, most studies include a measure
of diversity. Therefore, biodiversity assessments
are often carried out, and Odonata are frequently
represented. In specific cases, individual Odonata
species can also act as indicators of success of man-
agement measures.

The creation of new water bodies, such as ponds,
is a frequent restoration measure which already
benefits Odonata in the short term (e.g. Moore
1991). Such practice is also useful by its contribu-
tion to regional network restoration.

The drainage of ponds or lakes is another man-
agement tool sometimes used (1) as a necessary step
during fish farming for harvesting fish or/and for
the removal of nutrient-rich sediments, and (2) for
restoration, reducing fish densities and promoting
the growth and diversity of macrophytes, amphib-
ians, or birds. Indeed, the impact on biodiversity of
such drainage is often assessed with macrophytes,
zooplankton, or birds. However, macroinverte-
brates are also good indicators (Van de Meutter
et al. 2006) and the adult stages of Odonata may
constitute a good tool, but this has yet to be inves-
tigated.

The extensive artificialization of lake shorelines
reduces the native littoral vegetation in quantity
and quality. Aslarval Odonata seem to be indicators
of littoral and shoreline habitat integrity, particu-
larly for emergent and floating macrophyte species
(Butler and deMaynadier 2008), they could be used
for the monitoring of lake shores where restoration

measures are planned, to assess management suc-
cess. This can also apply to running waters; for
example, along the River Tisza (Hungary), Odonata
communities are indicators of degradation of the
littoral marsh zone caused by sports fishing activ-
ity (Muller et al. 2003).

In wetlands, the effects of some classical man-
agement practices can be measured through the
assessment of Odonata species assemblages. For
example, water bodies with different water lev-
els will also have different Odonata communities
(Johansson and Suhling 2004), and the impact of
grazers (e.g. cattle) can be measured through the
abundance or diversity of larval or adult Odonata
(Foote and Hornung 2005). In the case of manage-
ment of ditches and especially their mechanical
cleaning, adult and larval Odonata are valuable
indicators of (1) the age of excavation and (2) the
stage of plant development (marginal, submerged,
and floating) (Painter 1998). In combination with
other aquatic macroinvertebrates, Odonata larvae
can also be used to assess the impact of rewetting
measures carried out for the conservation and res-
toration of raised bogs (Van Duinen et al. 2003).

The success of the restoration of river flood-
plain function, or of individual backwaters, can
also be well described with invertebrates, includ-
ing Odonata, as already described (see the above
section on ecosystem function). Restoration also
addresses management practices in issues of water
quality (see above section on water quality). For
example, adult or larval Odonata can be used to
assess artificial neutralization in cases of acidi-
fication (D’Amico et al. 2004). At a regional scale,
tropical forest burning is a management practice
that impacts biodiversity including Odonata. The
diversity and community composition of Odonata,
used in conjunction with butterflies, were reliable
indicators in Indonesia (Cleary et al. 2004).

All these examples demonstrate that for fresh-
water, measuring the success of restoration or man-
agement schemes can be carried out using Odonata
(larvae, adults). Indeed, the specificity of species to
habitat (and microhabitat) conditions make them a
suitable group for detecting change. Furthermore,
as active colonizers, they appear rapidly at new
sites. However, it is always an advantage to accom-
pany them with other complementary groups.



Many restoration programmes choose indicator
or flagship species to engage people, and to explain
the way in which public money is used. In this
sense, the social attractiveness of Odonata is a real
opportunity (see also Chapter 8).

7.3.4 Global changes

Global changes will have drastic consequences
for the geographical distribution of species; range
shifts have already been reported for various taxo-
nomic groups, including Odonata (e.g. Ott 2001).
Various species traits are also likely to be modified
in response to warmer temperatures, as for exam-
ple growth rate, fertility, and duration of the life
cycle. Although some recent investigations have
been devoted to Odonata (e.g. Ott 2001; Hickling
et al. 2005; Hassall et al. 2007), they are probably still
being largely underused as indicators of changing
climate conditions. In the same way that butterflies
have been used for grassland, Odonata are suitable
for models assessing the effect of climate warm-
ing, particularly for wetlands. The reasons for this
are that (1) they are active dispersers, (2) many spe-
cies are univoltine (in tropical or temperate species)
and can therefore colonize new wetlands each year,
(3) temporal species distribution is well monitored
(mainly through volunteers), and (4) they are likely
to attract people’s attention.

Changes in geographical distribution of Odonata
species in Europe show an extension to the north
for southern species (Ott 2001). At the same time,
the range of cold stenothermic species will be
decreased in boreal and mountain areas. Their alti-
tudinal distribution will logically shift upwards;
ultimately, the possible consequence of these proc-
esses for these cold stenothermic species is local
extinction, and replacement by eurythermic spe-
cies. For example, the two boreo-alpine species
Aeshna caerula and Somatochlora alpestris are associ-
ated in the Alps with altitude (mainly above 1200
m above sea level); warming would lead to their
extinction from the Alps, and will confine them to
boreal areas north of the treeline. Similar changes
will occur elsewhere in the world and affect spe-
cies confined to high altitude. To assess the shift in
the geographical distribution of species, extensive
data collection, coordination, and centralization
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are needed. This could be achieved by, for example,
national biodiversity centres or fauna data banks.

For most species, life-cycle characteristics will
also change with a warming climate, and these can
therefore be monitored as a fingerprint of global
warming, especially if a large set of species is con-
sidered together. Warming will lead to an earlier
emergence in the season (e.g. Hassall et al. 2007),
resulting in more rapid larval development and a
shorter larval life period. Univoltine species may
become multivoltine, and partivoltine species may
become monovoltine.

The response to climate warming will also take
place at community level. Local or regional species
diversity is likely to increase with higher tempera-
ture. At the regional scale, the type of altitudinal
gradient described for regional species richness by
Samways (1989) will shift upwards; the same type
of change is likely to be observed in all areas of
the world with mountains. On the local scale, spe-
cies richness will particularly increase in moun-
tain regions. In Switzerland, models showed that
for a mountain pond, an increase in mean annual
air temperature of 5°C could potentially double or
even triple odonate species richness (Oertli 2008).
Only long-term monitoring will track such biotic
changes. Long temporal series of observations are
the best data for assessing variation related to cli-
mate change, and the Odonata, because of their
relative facility of observation, are therefore a very
good choice of study model.

7.3.5 Testing theories in ecology
and evolution

Assessment and monitoring of Odonata are fre-
quently motivated by applied issues, often related
to management, as shown by the range of examples
reported previously. Assessment and monitoring
can also be motivated by fundamental research
in ecology or evolution. Applied and fundamental
researches are also often linked, and if sampling
was standardized, the results could be used for both
research and management. Through standardized
assessments, Odonata can be used efficiently for
ecological research and for testing ecological the-
ory, as illustrated in the other chapters of this book.
In another example, dragonfly species richness
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was used to confirm the intermediate-disturbance
hypothesis for rivers (Stewart and Samways 1998).
Odonata data were also used to test the island
biogeography theory (pond size and species rich-
ness) (Oertli et al. 2002). Food-web interactions can
also be investigated with Odonata as predators
(McPeek 1998). In landscape ecology, Odonata are
used as models for testing dispersal, for example in
a patchy environment (Angélibert and Giani 2003),
among structurally dissimilar habitat types (Pither
and Taylor 1998) or along corridors (Stettmer 1996).
Furthermore the role of local or regional processes
in structuring the communities can also be explored
(McCauley 2007). Pond organisms (and therefore
Odonata) offer a large potential for testing theories
in ecology, evolutionary biology, and conservation
biology (De Meester et al. 2005).

7.4 Methods of assessment
and monitoring

There are two successive steps to assessing Odonata
communities, at a local or regional scale (see
Figure 7.1): sampling and data analysis. The data gath-
ered through sampling include various descriptors
of the communities (species lists, semi-quantitative
data, indices of diversity, and other metrics) depend-
ing on the assessment objective. Measures are also
sometimes focused on an individual species of con-
servation interest. Basic knowledge of assessment
and monitoring methods is presented in numerous
textbooks and underlines the necessity to record
data in a standardized way, with a precise sampling
protocol. For sampling of Odonata, unfortunately
there is currently too little literature available on
standardized methods; no comprehensive textbook
exists that is comparable with those for, for example,
amphibians or butterflies. Descriptions of methods
are scattered in various publications or in the grey
literature. A review of methods and the building of a
core standardized protocol would be greatly benefi-
cial for future assessment and monitoring,

7.4.1 Usefulness of dragonflies: larvae,
exuviae, or adults?

In theory, without taking into consideration finan-
ciallimitations, it would be recommended to sample

all three life stages: larvae, exuviae (from last instar
larvae), and adults. Such an approach can be con-
ducted or adapted from standardized protocols,
such as that proposed in Europe by Schmidt (1985).
If it is feasible to sample only one of the three life
stages (often for economic reasons), it is recom-
mended to prioritize exuviae, then larvae and only
lastly the adults. The presence of exuviae on the
shore is undoubtedly the best indicator of the asso-
ciation of a species with a water body. It demon-
strates that the species was present at all stages of
the life cycle, including reproduction and egg lay-
ing. Furthermore, if using standardized methods,
exuvia collection provides a reliable estimate of
population density and is therefore an exceptional
monitoring tool for species of conservation interest
(see the case study developed for the endangered
North American species Somatochlora hineana by
Foster and Soluk 2004). Nevertheless, repeated
searching is required (sometimes in a hostile and
inaccessible environment), which is time-consum-
ing. Another inconvenience is the level of identifi-
cation skills required: it takes real expertise and,
in addition, identification keys for exuviae are not
always available.

When studying larvae, one often faces the same
taxonomic problem, further exacerbated when lar-
vae are not well developed. Furthermore, larvae
have to be sorted from sampled material, a proce-
dure that is very time consuming. Sampling ses-
sions have also often to be repeated according to
species phenology so as to collect last-instar stages
for all the species present.

The study of adults is motivated principally by
financial reasons: sampling and identification is
much less expensive. The sampling of adults can
be easily performed and the species assemblage at
a site can be identified rapidly (see Section 7.4.2.3).
Therefore, the sampling efforts can be usefully
directed to assess a larger number of water bod-
ies at regional scales instead of intensifying the
sampling in fewer sites. Another feature of adults
which encourages their study is that they are pop-
ular with local communities. This social aspect is
not negligible, as it sometimes helps to justify man-
agement or restoration measures. However, the
studies on the adult stages of Odonata often receive
criticism. Migration events from neighbouring



water bodies are common, especially in networks.
Therefore, when recording an adult assemblage,
these allochthonous species generate background
noise. In most cases, because its magnitude does
not prevent identification of the main trends, this
noise can be coped with.

7.4.2 Sampling dragonflies

7.4.2.1 Exhaustive surveys

Conducting an exhaustive survey of Odonata is
often the first goal for a wetland manager, at a local
or regional scale. The aim is to obtain a complete
inventory of the species present (sometimes also
recording their abundances), including species
of conservation interest. Because species invento-
ries of adult stages impose fewer procedural con-
straints, they can easily be produced by informed
volunteers, amateurs, and hobbyists. Such surveys
have proliferated, and the grey literature (partly
available on the Internet) abounds with such lists.
Most nature reserves have probably already con-
ducted inventories of odonate species. However,
the absence of standardization is probably a com-
mon trend for most of these studies. Methods are
abundant, and in fact there may be nearly as many
methods as species lists, because each observer
conducts the sampling in their own way.

74.2.1.1 Checking exhaustive sampling:
species-accumulation curves and
real-richness estimators
As the aim of exhaustive sampling is to record all
species present, it is important to assess whether
sampling was really exhaustive. The best control
method is to use species-accumulation curves and
real-richness estimators (see examples in Box 7.1).

If the sampling was exhaustive enough, accu-
mulation curves will show an inflexion and later
a plateau. For adults, such a plateau is reached
only if the sampling site is isolated. If there is a
connection with other sites, then the accumulation
curve is likely to still increase slightly, until poten-
tially reaching the regional richness (including all
allochthonous species) (see Box 7.1).

A complementary (but not alternative) method to
accumulation curves is the use of estimators of real
richness. Richness measured from a non-exhaustive
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sampling programme is affected by the sampling
effort: as the sample number increases, the number
of sampled individuals consequently rises, and the
number of species will also rise. This sampling bias
can be reduced by means of real-richness estimators
like Jackknife or Chao, now easily calculated with
simple software. Furthermore, these estimators can
be used to compare species richness scores obtained
from different sampling strategies. A requisite for the
use of some of these estimators is that the observed
species list represents at least 50% of real richness.
The required data for the calculation of Chao 1 esti-
mator are a species list with species abundances,
and for Jackknife 1 or Chao 2 estimators, presence/
absence data in replicates (samples, quadrats, days).
An example at the local scale (a ditch) is presented
in Box 7.1. The same estimators can also be used for
assessing the regional species richness.

The use of estimators should come with a word of
warning: the estimated species richness will only
match the habitats and the season sampled. For
example, if only sunny shore segments have been
surveyed, an estimator will not be able to account
for species that live exclusively in the shadow or far
from the shore. In the same way, if the sampling is
done during the summer, the estimation will not
predict how much species are flying during spring
or autumn.

The use of estimations of real richness is very
attractive for assessment and monitoring. Indeed,
if correctly used, they offer the possibility of carry-
ing out comparisons at local (e.g. time series, multi-
ple sites) or regional (e.g. different biogeographical
regions) scales.

74.2.1.2 Representative species assemblages

Species richness alone is only one type of informa-
tion. If the Odonata community is used for bioindi-
cation, then the species assemblage has to be taken
into consideration. Probably the most comprehen-
sive sampling protocol published, which aimed to
construct a ‘representative spectrum of Odonata
species’ was presented by Schmidt (1985). It is
based on semi-quantitative observations of larvae,
exuviae, and adults, made over 2-3 years (see an
application in Chovanec et al. 2004). A representa-
tive spectrum of Odonata species is useful for most
of the objectives presented in Figure 71; it is also
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Box 7.1 Species-accumulation curves and real-richness estimation

Shown is an example of a species-accumulation
curve (30 sampling days) for a 6-year inventory
conducted with adult Odonata on a 1.5-km long
ditch (“Seymaz”, Geneva Canton, Switzerland).
The estimations of real richness (Jackknife 1,
Chao 1, Chao 2) are also indicated for the end of
each year. The curve of observed richness (Sobs)
bends after the second year and reaches 27
species at the 30th sample day. The real richness
estimators show a stabilization after just 2 years
(Jackknife 1) or 4 years (Chao 1 and Chao 2),
and finally reach values between 27 (Chao 1)
and 31 (Chao 2 and Jackknife 1). This shows that

the sampling effort was therefore satisfactory,
although a few new species could still potentially
be observed at the site. As other sites (ponds,
wetlands) are present in the surrounding area,
the curve presents a continuous slight increase,
due to visits of allochthonous species. On a much
longer timescale, this increase could potentially
reach the regional richness level (regional richness
was assessed for the Geneva Canton at 52
species, i.e. Angélibert et al. 2006). Therefore, a
further step would be to present the same curves
showing only data for autochthonous species.
Data from Qertli (2002).
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particularly well suited to conducting classification
or ordination of water bodies.

7.4.2.2 Non-exhaustive surveys

Depending on the type of ecological study, exhaus-
tive surveys are not necessarily useful, and it is
often enough to perform sub-sampling to give an
index that is representative of odonate diversity.

This procedure is much less expensive, and so
more effort can be devoted to replication (spatial or
temporal). Standardization is also easier to imple-
ment here than for species inventories. Therefore,
ecological research often uses such an approach,
with a strong emphasis on standardization.

Rapid bioassessment protocols are an example of
non-exhaustive surveys. They aim to be efficient,



effective, low in cost, and easy to use. For aquatic
invertebrates, a comprehensive review of rapid
assessment approaches is provided by Resh and
Jackson (1993). Odonates (especially adults) show
the required characteristics and therefore can make
a very beneficial contribution to such protocols. At
the regional scale, rapid bioassessment of Odonata
is already used for biodiversity assessment, for
example in the African Freshwater Biodiversity
Assessment. Rapid bioassessment are also particu-
larly useful for screening to identify local diversity
hotspots or degraded sites.

7.4.2.3 Sampling methods

The sampling of the adult stages of Odonata can be
conducted easily, and in most cases it only requires
a net and pair of binoculars. A species assemblage
can be identified quickly, as the populations usu-
ally have a high number of individuals in a given
water body; species with only a few individuals, or
only one specimen, are an exception. This may con-
cern adults of territorial species with a large ter-
ritory (e.g Anax and Cordulegaster males). A quick
examination of methods shows that there are two
types of sampling units for surveying the adult
stages of Odonata:

e transect survey as used for butterflies; that is,
fixed travel routes along a section of the bank (e.g.
Brooks 1993; De Marmels 1998; Cleary et al. 2004);
® quadrangular or rectangular survey plot (e.g.
Stewart and Samways 1998; Oertli ef al. 2005).

Typically, all species flying or perching in the sam-
pling area are counted. The sources of bias or errors
during the survey of a water body are numerous,
especially for the non-specialist. In planning a
standardized protocol, and in particular the number
and timing of surveys, it is important to consider
the phenologies of targeted species and their ecol-
ogy (habitat association, diurnal activity).

To sample the larval stage, most methods devel-
oped for sampling aquatic macroinvertebrate
assemblages (in particular for measuring biotic
indices) are useful, and they usually have a stand-
ardized protocol (see in Elliott and Tullett 1993).
The kick-net and the Surber-net samplings are
techniques frequently used in streams, and artifi-
cial substrates in non-wadable streams or in lakes.
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For ponds or wetlands, a sweep pond-net is the
most common sampling tool; different types exist,
which vary in their size, the shape of the opening,
and the mesh size. To collect exuviae, the vegeta-
tion or substrate near the water has to be searched
(e.g. Foster and Soluk 2004). Such sampling can be
completed by collecting teneral adults by using
traps during emergence.

The use of replicates (survey plots of a fixed area)
for sampling Odonata (adults, larvae, or exuviae)
is particularly recommended, as it allows conduc-
tion of statistical analyses using means and stand-
ard deviations, simple non-parametric tests (e.g.
Mann-Whitney U or Wilcoxon tests), accumulation
curves, and real-richness estimators.

7.4.3 Assessment of the dragonfly community

Odonate assemblages can be analysed directly, for
example as an attempt to carry out classification or
ordination analyses and to investigate the relation-
ship between assemblage patterns and environmen-
tal variables (e.g. Juen et al. 2007). The composition
of a community can also be compared with pre-
dicted assemblages from reference conditions.

In a multimetric approach, the Odonata species
list can be used to produce various metrics:

¢ species-richness measures, such as mean sample
richness, total number of species, number of auto-
chthonous species, number of species of conserva-
tion interest, and B diversity;

e conservation value (see examples of scoring in
Painter 1999; Oertli et al. 2002; Van Duinen et al.
2003);

e diversity indices, such as Shannon, Margalef, or
Simpson;

e other metrics, related for example to phenology,
behaviour, water quality or habitat health (e.g.
Table 7.1), reproduction, or habitat association.

These metrics have to be chosen before planning
the monitoring/assessment, because they are
linked directly to the study objective. Furthermore,
the selected metrics will dictate the sampling strat-
egy to use.

The next step after calculating the metrics is to
conduct an assessment. For the evaluation of the
quality of a given water body, or for a measure of
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its degradation, reference conditions can be used as
a baseline. For example, for each measured param-
eter (species richness or other metrics) one can
calculate the ratio of the observed value to that of
the reference conditions. An example of this is the
assessment system adopted in Europe for the Water
Framework Directive of 2000. A major advantage of
the Water Framework Directive is that assessment
is based on a comparison between a status quo
and a ‘water-body-type-specific’ reference state.
This has a major implication for the role of ‘species
richness’ in assessment procedures. For example,
an impounded running water (with originally two
autochthonous rheophilic odonate species) might
show a species richness of 15 limnophilic spe-
cies after rehabilitation of the inshore structures.
Although species richness has increased the eco-
logical status of the water body it has decreased
significantly due to the loss of the autochthonous
dragonfly fauna.

7.5 Conclusion: suggestions for
future research

This review presents evidence that Odonata can
constitute a very valuable tool in the assessment
and monitoring of freshwater bodies. Furthermore,
when sampled through standardized methodolo-
gies, they provide excellent data-sets for hypoth-
esis testing in ecology or evolution.

For applied issues, adult stages of Odonata can
be surveyed at a low cost. Additionally, as many
species of Odonata are stenotypic, assemblages
will always give accurate indication about habitat
or microhabitat conditions. The good ratio of quality
of gained information over monetary price of the study
constitutes undoubtedly the greatest advantage of
using Odonata assessment. Therefore, this group
can often be used for preliminary screening, before
investigating selected sites in more detail.

Their value as a tool nevertheless depends on
the field investigated. For example, Odonata have
limitations for water-quality assessment if they are
used as a single group; a combination with other
groups tends to give a more reliable diagnosis. The
most promising use of Odonata is probably for bio-
diversity assessment. This is enhanced by the high
value of Odonata to society, and they are recognized

as an excellent flagship group (see also Chapter 8).
Nevertheless, for biodiversity assessments, the
use of complementary groups is advantageous to
increase the accuracy of the analysis. Another par-
ticularly suitable application of Odonata monitor-
ing is the assessment of habitat changes, related to
perturbations or management measures. In par-
ticular climate change can be assessed by using
Odonata at the local and regional scales; Odonata
are still probably underexploited for this purpose.

In applied studies, existing methods are much
too diverse and often lack standardization. Future
research should focus to the development of
unified standardized procedures. This would be
particularly useful for conducting comparisons
(e.g. across continents), and would help in testing
ecological theories.

The use of Odonata in bioassessment could also
be improved through more extensive use of metrics,
based on Odonata as a single group or in a combi-
nation with other groups. The use of databases of
ecological or biological species traits should offer
the opportunity to identify a large variety of new
metrics. The ecological information in these data-
bases can still be improved, particularly with the
help of national or international centres which
could easily conduct statistical analyses of bio-
logical data (e.g. geographical species distribution,
duration of life cycle).
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CHAPTER 8

Dragonflies as focal organisms in
contemporary conservation biology

Michael J. Samways

Overview

Fresh water ecosystems worldwide are highly threatened, with the biodiversity crisis in these systems being
exceptionally severe. Dragonflies are among the most significant organisms in the systems that are under
threat, and are therefore important focal organisms in contemporary conservation biology. Their role is as
top predator for other invertebrates, as well being food themselves for vertebrates. At the outset of a conser-
vation exercise, we must be clear as to whether a species is at its geographical range margin or at the centre,
as this makes a difference as to how we go about the conservation. Threats to odonates are many and syn-
ergistic, with global climate change also beginning to impact on them, although not necessarily adversely
for some species. Worldwide, assessments are being made of dragonfly conservation status. In this respect,
they are one of the highest-profile invertebrates in conservation awareness, planning and action. During the
process of conservation, it is becoming increasingly important to be clear on how we value the subjects of
that conservation. Dragonflies are highly valued as they are iconic, have aesthetic value, and are sensitive
indicators of landscape change. They are both important subjects in their own right and also important role
players in overall biodiversity conservation. In view of their charisma and their role in ecosystems, they will

continue to play an important role in conservation circles for the foreseeable future.

8.1 Introduction

Fresh water is essential for a whole range of human
activities. Indeed, it has driven the rise and fall of
civilizations over the last 15000 years, and prior to
that determined where and how humans moved
and migrated across landscapes (Fagan 2004). Yet
we share this critical resource with a wide range of
organisms. Indeed, we share it with a disproportion-
ate species richness in comparison with other ecosys-
tems. This is borne out when we consider that fresh
water makes up only about 0.01% of the world’s sur-
face free-flowing water (and about 0.8% of the Earth’s
surface), while about 100000 out of 1.3 million so far
scientifically described species (8%) live in it (Naiman
et al. 2006). This means that fresh water is a massive
10 times richer in species than the world average.

Of the world’s ecosystems, fresh waters are
under the most pressure (Postel and Richter 2003;
Millenium Ecosystem Assessment 2005), and inev-
itably the threats to freshwater biodiversity are
particularly severe (Dudgeon et al. 2006). Evidence
is accumulating that over 20% of freshwater spe-
cies are currently threatened or extinct, with indi-
cations from North America that extinction rates
are four to five times higher than in terrestrial sys-
tems (Ricciardi and Rasmussen 1999).

Dragonflies are among those casualties, and as
they are arguably the most conspicuous of all fresh-
water invertebrates, it is inevitable that they are
playing a major role in contemporary conservation
biology. On the one hand, they are significant con-
servation subjects per se, while on the other, they
are excellent indicators of environmental quality.
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Increasingly, they are also being used as indica-
tors of success, or not, of conservation activities. In
this chapter, I explore where this important insect
group is shaping conservation biology thinking,
and in turn, where conservation activities are mak-
ing positive strides in the conservation of dragon-
fly species.

8.2 Utilitarian and intrinsic value
of dragonflies

In conservation management, we must begin by
asking on what values we are basing our conserva-
tion action (Rolston 1994). The approach to values
adopted by most conservation policy makers is that
of utilitarian or instrumental value. This approach
posits that nature is there for our benefit and for
us to use. Utilitarianism may be consumptive
(we physically consume it) or non-consumptive
(we utilize it to satisfy our cultural, aesthetic, edu-
cational, or scientific needs without using it up).
We rarely consume dragonflies, although dragonfly
larvae and adults are eaten in some low-economic
income cultures.

On the non-consumptive side, dragonflies have
featured strongly in many cultures. Traditional
East Asian art has often featured dragonflies. Japan
even has parks dedicated to dragonflies (Primack
et al. 2000). Dragonfly viewing trails and artifi-
cial ponds are now becoming more commonplace
(Suh and Samways 2005; Niba and Samways 2006)
and books are being published on where to go to
view dragonflies (Hill and Twist 1998), in addition
to the surge in dragonfly field guides worldwide.
Such field guides are an essential first step for
increasing awareness (Pearson and Shetterly 2006).
Dragonflies also regularly feature as motifs on fab-
rics, and for jewelry and household items, illustrat-
ing forcibly that there is a sector of society which
appreciates dragonflies enough to purchase these
goods. D’Aguilar et al. (1986) give an interesting
illustration of a South American Indian wearing a
damselfly wing through the septum of the nose.

These non-consumptive, utilitarian, cultural,
and aesthetic values generally bear little relation-
ship to the conservation of rare species, although
they nevertheless respect the rights of individuals
(Rolston 1994). Arguably however, dragonflies do

have very important indirect utilitarian value in
that they are one invertebrate taxon to which the
public can relate, and thus dragonflies have an
important ambassadorial function.

Parks, ponds, and trails, besides providing enor-
mous cultural value, also lend themselves to educa-
tion, so introducing the young to animals to which
they might otherwise not be directly exposed. But
we must remember that the dragonfly species in
these largely artificial water bodies are mostly
widespread generalists. This means that visitors
to such retreats are not seeing a segment of spe-
cies that are of immediate conservation concern
(Samways 2007). Exposure to these threatened
species then only comes about with hiking trails
to and within the habitats where the species occur.
Then, to recognize them, a field guide is essential.

Some reserves have been set up specifically for
dragonfly species, or at least for certain dragon-
flies which are high on the conservation agenda.
Hemiphlebia mirabilis, an Australian endemic of
great phylogenetic interest, yet highly threatened,
has been given special and specific attention in
Wilson’s Promontory, southern Victoria (Sant and
New 1988).

Intrinsic value recognizes that every form of life
has its worth, regardless of its value to humans.
Although the utilitarian approach has held sway
in most conservation circles for a long time, there
is now a swing towards consideration of intrinsic
value. Sometimes though, this conservation for
conservation’s sake is still tinged with utilitar-
ianism, as in the precautionary principle (Fauna
and Flora International 2006), which declares that
we conserve as much as possible (composition-
ally, structurally, and functionally) in case there
might be adverse consequences should we not do
so. Dragonflies per se have not featured in this
debate. This is because the task at hand has been
maintenance of ecological integrity and ecosystem
function without teasing out isolated taxa which
would otherwise stand in ecologically meaning-
less isolation.

There is one area where intrinsic value does play
a role in dragonfly and other species conservation,
and that is in connection with the Red List. The point
is that the Red List gives equal attention to all and
every species, whether deer, dugong, or dragonfly.



This is very significant because the Red List has
enormous currency in global conservation trend
analysis and conservation planning. Dragonflies
feature strongly on the Red List, partly because
there are indeed many species which are threat-
ened but also because dragonfly conservationists
have been highly active with this iconic taxon.

8.3 Threats

The various threats to dragonflies are those gen-
erally applicable to many other freshwater inver-
tebrates. Among those threats is habitat loss. In
reality, this is a broad term, which although used
often to describe a threat, when unpacked, relates
to a whole host of possible impacts. Dragonflies
have illustrated this point. Among the impacts is
canalization, where the natural river system, with
its naturally porous margins, is converted into an
unforgiving concrete-bounded channel, often with
fast-moving water, and rarely suitable for any odo-
nates, except the occasional tolerant generalist (Ott
1995). Canalization also has a strong impact on flu-
vial dynamics, negatively affecting the diversity of
backwaters on floodplains (Davies and Day 1998).

Other engineering activities also impact on odo-
nates. Bridges can affect their dispersal (Schutte
et al. 1997), whereas dams affect water flow and
change the odonate assemblage from lotic to len-
tic (Steytler and Samways 1995). As dams often
disturb both the aquatic and riparian community,
inevitably the odonate assemblage changes from
one with specialists to one with widespread gener-
alists. Similarly, artificial ponds, while increasing
the area of occupancy, do so generally only for the
widespread generalists (Samways 1989), with col-
onization of new ponds not following any particu-
lar ecological assembly rules, but instead according
to the presence of suitable microhabitats (Osborn
and Samways 1996).

Various types of pollution can also have an
impact on dragonflies (Ott 1995; Corbet 1999), but
rarely has it been possible to associate a particu-
lar odonate population decline with a specific
pollutant. Zgomba et al. (1986), however, showed
that dragonfly populations can decline as a result
of impact by the biopesticide Bacillus thuringiensis
israelensis, which is used against mosquitoes. One
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of the reasons why there have been few correla-
tions between specific pollutants and demonstrable
dragonfly population decline is that pollutants
generally pulse, and, after an infusion, may well
be washed downstream and no longer detectable,
but nevertheless leave a swathe of ‘mysterious’
mortality in their wake. On the other hand, where
pollution is persistent and insidious, it can have an
ongoing ameliorating effect on the local dragon-
fly assemblage. The species that are particularly
affected are the narrow-range endemics, as in the
small streams on Mayotte island, which are subject
to continuous detergent input (Samways 2003b).
Alien organisms have become a major concern
for conservation worldwide (Mooney and Hobbs
2000). Alien fish, for example, can have cascading
effects on various other biota and even on neigh-
bouring ecosystems through impact on dragon-
fly larvae (Knight et al. 2005). Surprisingly, fish
removal rarely has been factored into conservation
plans specifically for dragonfly conservation, des-
pite the fact that alien fish can eliminate certain
naive damselflies of running waters on islands
(Englund 1999; Englund and Polhemus 2001).
Invasive alien trees have had an enormous impact
on South African endemic (and other) dragonflies
(Samways and Taylor 2004), with 11 out of the cur-
rent 12 Red-Listed species in South Africa being
threatened by alien trees (Samways 2006a). The
impact of these alien trees is seen in reverse when
the trees are removed, with extraordinarily fast
recovery of even the rarest of specialists (Samways
et al. 2005). The key threat from the trees is shade,
which has a direct impact on the odonates, but
also an indirect one through shading out of perch
sites and oviposition sites for some of the species
(Samways 2006b). Of great concern are synergistic
effects, with, for example, the alien trees triggering
bank erosion as indigenous plant cover is lost.
Physical loss of habitat, whether from draining of
wetlands or conversion of land for agricultural or
urban development, is a worldwide phenomenon.
Whereas there is loss of temperate forest that is
impacting on temperate dragonflies (Sahlén 2006),
it is tropical forest loss and the impact on tropical
species that is of greatest concern (Bedjanic 2004;
Dijkstra and Clausnitzer 2006; Orr 2006; Paulson
2006), principally because the wet tropics are so rich
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in narrow-range species, and yet such extensive
deforestation is taking place. A corollary is that the
actual level of severity of the tropical biodiversity
crisis is still uncertain (Laurance 2007). Yet dragon-
flies are indicating that there are probably many
extinctions taking place, and we certainly cannot
be complacent.

In conservation circles there has been some opti-
mism that certain focal species may be surviving in
landscape fragments, but a cautionary note comes
from Tilman et al. (1994) who point out that remnant
fragments may incur an extinction debt as ecologi-
cal relaxation starts to unfold. This is the process
whereby species are lost from fragments over time
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Figure 8.1 Geographic range expansion of the scarlet darter Crocothemis erythraea in Germany, with speculated distribution routes
denoted by arrows. The abbreviations represent various Federal States. Open circles, observations of single individuals; closed circles,
established populations; closed triangles, increasing area of occupancy/extent of occurrence; parentheses represent speculated expansion.
The first subdivision of the bar represents prior to 1970; the second, 1971-1979, the third 1980—1989, the fourth, 1990-1999, the fifth,

2000-2006. From Ott (2007) with permission of Scientific Publishers.



as various stochastic environmental factors, such as
drought and fire, as well as genetic effects, such as
inbreeding depression and genetic bottlenecks,
impact on the population refugia over time. Such
impacts may well be synergistic, and, of particular
concern, interactive with global climate change, thus
hastening the process of biotic attrition, as is occur-
ring in British butterflies (Warren et al. 2001).

Global climate change has been implicated in
geographical range expansion of dragonflies in
both Germany (Ott 2007) and Japan (Aoki 1997). In
Germany, Crocothemis erythraea has gone from being
a rare species a few decades ago to a common one
today, with its expansion being facilitated by using
gravel pits as stepping-stone habitats (Figure 8.1).
Hassall ef al. (2007) have shown for British drag-
onflies that there have been significant advances
in phenology, with a mean advance of the assem-
blage of 1.51 days per decade, which is equivalent
to 3.08 days per degree rise in temperature. These
examples show that certain species are highly
responsive to global climate change, but this does
not by any means suggest that all odonate species
will respond positively to climate change. Species
which are spatially confined in highly fragmented
landscapes (Thompson and Watts 2006) and those
that are confined to mountain peaks (Dijkstra et al.
2007; Samways 2008a) are highly susceptible.

8.4 Marginality and dragonfly
conservation biology

Conservation at geographical range margins is a
challenging topic (Gardenfors 2001), with dragon-
flies having been at the forefront of the debate.
Extinction comes about through loss of popula-
tions, until finally the last individual dies. Some
species are widespread and generally common
(i.e. have a large extent of occurrence and area of
occupancy). Populations may be lost well within
the geographical range. Usually, however, it is mar-
ginal populations that are most at risk (Lawton
1993; Samways 2003a).

The corduliid Oxygastra curtisii, for example, used
to occur in Britain (and indeed it was described
from there) but was last recorded in Hampshire in
1951. While scarce and localized in northern and
central Europe, its stronghold is in the western
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Mediterranean, where it appears to be comparatively
safe (Askew 1988; Dijkstra and Lewington 2006).

Marginal populations may not necessarily be
in optimal habitat, which becomes critical when
weather conditions are unusually adverse. At the
centre of their geographical range the comparative
weather extremes may have less impact, simply
because the species has been selected over long
periods of time to survive those various extremes.
At the edge of the range, the weather extremes
may be of an intensity that the species has rarely
or never had to deal with in the past, and is thus
ill-equipped to survive such extremes. This is seen
in South Africa, where species push south from
farther north in Africa, only to be pushed back,
and occasionally driven farther south, by extreme
droughts or floods (Samways 2008b).

Marginal and isolated populations are also gen-
etically cut off from the main metapopulation. This
is seen in isolated British populations of the dam-
selfly Coenagrion mercuriale, which suffers from
allele frequencies rapidly drifting apart from the
closest neighbouring population (Thompson and
Watts 2006).

Furthermore, when threats are synergistic, and,
inaddition, populations are isolated, there is greater
risk of population extinction as landscape frag-
mentation increases. This situation is aggravated
when there is climate change (Figure 8.2) (Travis
2003). This background is conceptually important
for odonate conservation biology, especially from a
global perspective. Some species may be very rare
at their range margins and in one political entity
or another (Country, province, state, county, muni-
cipality) and be declared ‘threatened’ and in need
of conservation action. Yet often the species is com-
mon elsewhere and not necessarily threatened from
a global perspective. This is the case for O. curtisii,
which is protected by law in Germany (Ott et al.
2007), and C. mercuriale in Britain (Thompson and
Watts 2006), while both are protected under Annex
2 of the Bern Convention.

In contrast to nationally rare and threatened spe-
cies, there are those that are threatened globally.
These are normally those with a small geographical
range (extent of occurrence) coupled with a small
area of occupancy, and often associated with spe-
cialized habitats. Should these species be lost from
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Figure 8.2 A computer model showing that habitat loss reduces the ability of a species to survive climate change as a generalist (a) and
as a specialist (b) species. The squares show the results for no habitat loss, circles with 20% loss, triangles with 40% and crosses 60%.
Increased fragmentation has a particularly severe effect on a specialist species in the event of climate change. From Travis (2003) with

permission of the Royal Society.

the local area, then they are lost to the world. In
conservation biology, such species (or sub-species,
i.e. evolutionarily significant units) are described
as irreplaceable. Often these narrow-range species
are also habitat specialists, which is normally the
very reason for their rarity. They are also particu-
larly vulnerable to the adverse impacts of global
climate change (Figure 8.3).

8.5 Biodiversity assessment

Dragonflies, being conspicuous invertebrates, have
featured strongly in biodiversity assessments at
various spatial scales from municipal to national.

The products have mostly been ‘red books’, ‘red
data books’, and ‘red lists’, and, with assess-
ments of other, concordant taxa, have enabled
conservation planners to identify the geographi-
cal areas where there is sensitive and significant
fauna. At the global scale, there is only one Red
List®, or to give it its full title, the IUCN Red List
of Threatened Species™ (Baillie et al. 2004; IUCN
2006). Underpinning the Red List is a database,
known as the Species Information Service (SIS).
In the case of dragonflies, data are entered on to
the SIS through the World Conservation Union/
Species  Survival Commission (IUCN/SSC)
Odonata Specialist Group (SG). Species that are
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Figure 8.3 Some unusual, even unique, habitats can occur

on mountain peaks. (a) Pictured here is the source of a stream
(Witrivier) in the Western Cape, South Africa, and home to the
recently discovered and very rare habitat specialist, the rustic
presba Syncordulia serendipitor (b). Of real concern is that only a
minor change in habitat conditions, such as climate change, might
result in the demise of this species.

threatened globally (which includes the threat cat-
egories of Vulnerable, Endangered, and Critically
Endangered; IUCN 2001) tend to have a great deal
of currency and often play a role in conservation
planning and action. They may be the sole focal
taxon, or be included in a range of taxa being con-
served in a particular area.

Species are assessed locally by a designated
individual known as an Assessor (through the
Odonata SG). The Odonata SG then acts as a Red
List Authority, thus authenticating (technically
termed evaluating) those assessments. The infor-
mation is then passed on to the ITUCN Red List
Office in Cambridge, UK, for entry on the SIS data-
base. This Red-Listing process is largely an ad hoc
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process depending almost entirely on the activity
of dedicated and much valued volunteers (who
nevertheless may be professional odonatologists).
Discussions of the process and considerations
with regards to dragonflies have been outlined in
Samways (2002) and Samways and Grant (2007).
An overview of the conservation status of dragon-
flies across the world has been given in the volume
edited by Clausnitzer and Jodicke (2004).

Large-scale assessments feed into this Red List
process, and significant among them is the African
Freshwater Biodiversity Assessment being under-
taken by the IUCN. Dragonfly data, along with
those of freshwater crabs, molluscs, and fish,
across Africa are being collated into the SIS data-
base. In turn, this database is also the forum for
the Global Dragonfly Assessment (GDA), which is
a bold initiative to collate data on all dragonflies
worldwide. It is being spearheaded by the IUCN
Species Programme, the IUCN/SSC Invertebrate
Conservation Sub-Committee, as well as the
Odonata SG, and is bringing together a consor-
tium of individuals and institutions. With the data
gathered, there will then be an overall picture of
conservation trends of dragonflies worldwide. Of
significance here is that it is the first global assess-
ment of any invertebrate group.

The Red List is an authoritative document
that is proving to have considerable conserva-
tion planning value worldwide (Baillie et al. 2004;
Rodrigues et al. 2006). However, dragonflies have
barely featured so far in the trend analyses given
in these papers, but will do so in the future, par-
ticularly with completion of the Global Dragonfly
Assessment. Additionally, dragonflies are also fea-
turing in another IUCN/SSC initiative, the Sampled
Red List Index, which aims to select a sample of the
world fauna from a wide variety of taxa, dragon-
flies included, and to assess changes in population
levels of these focal taxa over time, especially rela-
tive changes in environmental conditions. In con-
clusion, as dragonflies are such a conspicuous and
scientifically tractable taxon (i.e. they have high
iconic value), yet also tied to the scarce resource
of fresh water, they are inevitably going to play a
major role in the new assessments worldwide, and
alongside such well-known groups as amphibians,
birds, and mammals.
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8.6 Systematic conservation planning

The issue of values as discussed above is largely
about why we should do conservation. The next
question is what should we conserve? At first
glance, this would seem to be intuitively obvious:
dragonflies and their habitats (Moore 1997). Yet it
is not quite as simple as that. This is because there
are many other taxa (and their habitats) which
are perceived by other conservation champions
as also important. Mammals and birds are among
those organisms which are charismatic enough to
galvanize conservation action easily. Even among
the invertebrate ranks there are also taxa which
command attention because they are both adored
and threatened. Among them are the butterflies.
In Britain, the organization Butterfly Conservation
has a staggering 14000 members, whereas the
British Dragonfly Society, which covers all aspects
of odonate biology, has only 1400 members, which
nevertheless is still impressive.

This brings us to systematic conservation plan-
ning which has received considerable attention in
recent years, and has been pioneered by Margules
and Pressey (2000), among others. Dragonflies have
at times played a key role in these planning exer-
cises, as seen in the key paper by Prendergast et al.
(1993). The picture which emerged is that there is
not necessarily concordance between the various
taxa, neither in temperate countries, as shown by
Prendergast and his colleagues, nor in the tropics
(Lawton et al. 1998).

The field of conservation has evolved consider-
ably in recent years, with focus on a combination of
species approaches (see the critique by Favreau ef al.
2006) and landscape approaches (Margules and
Pressey 2000). The process involved is one of pri-
oritization, whereby ideal reserve areas are selected
by an iterative process involving complementarity,
which involves giving priority to most irreplaceable
of faunas. What is emerging is that when such sys-
tematic planning exercises are undertaken, as much
as 50% of the land surface should be conserved to
maintain biodiversity at current levels (Reyers
et al. 2002). The significance of this is that some
hard decisions have to be made, which inevitably
means that some form of landscape triage needs to
be instigated (Samways 1999). Besides undertaking

prioritization, there still has to be some selection of
reserve areas based on feasible goals.

Dragonflies will continue to play an important
role in systematic conservation planning. Besides
being highly iconic, they are also sensitive indica-
tors of landscape change (Samways and Taylor 2004).
Consequently, they are the grist of some important
databases currently being developed, especially
through the Global Dragonfly Assessment men-
tioned above.

8.7 Conservation management

Having discussed the why and what of dragonfly
conservation biology, let us now move on to the
how, which is conservation management. There
are essentially two levels (discussed in Samways
2005): that of the landscape and that of the species,
known as the coarse and fine filters respectively.
At the landscape scale (and larger), dragonflies are
part of the management activity. In other words,
the landscape is conserved to conserve biodiversity
in general. Dragonflies may be part of the plan-
ning process and they may also be one of the tar-
get groups of organisms for conservation. This is
not surprising because they are hardly likely to be
excluded, as with any other taxon. The issue though,
is that such landscape management does not focus
specifically on any one taxon but on compositional,
structural, and functional biodiversity in its entir-
ety. Indeed, dragonflies are part of food webs in any
particular ecosystem and even between ecosystems
(Knight et al. 2005; Taylor 2006), as they are gen-
erally very vagile organisms. Many do of course
need more than one ecosystem to become mature
adults. Landscape approaches that incorporate
dragonflies include the restoration of riparian cor-
ridors (Samways and Grant 2006; Samways 2006b),
assisted by natural reforestation, as has taken place
in Hong Kong, where over 40% of the land area is
designated as a Country Park (Figure 8.4).

The landscape or coarse-filter approach is gener-
ally overlain by the species or fine-filter approach.
Thus landscapes are conserved but it may still be
necessary to provide particular management activ-
ities that hone in on the needs of particular, focal
species. This is built into the Red Listing process in
that the listing is not just about flagging threatened
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Figure 8.4 By 1870, Hong Kong had been extensively deforested (top), but, unlike many tropical areas, has undergone considerable assisted
and natural reforestation, so that today it is largely green, with pockets of intense urbanization (middle). This re-greening has meant that
many dragonfly species that presumably once were there, but went extinct locally due to deforestation, have been able to return to the area
(bottom). Source and figure courtesy of Keith Wilson; presentation at the 17th International Symposium of Odonatology, Hong Kong, 2006.
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species, but also making suggestions for their con-
servation, and indeed proliferation, which feeds
into the 2010 targets.

Although dragonflies are featuring at the glo-
bal level in this management process (through for
example the Global Dragonfly Assessment), most
real-life management takes place at the local level.
Thus many countries have recovery plans. For
British dragonflies, as well as other insects, this has
been well articulated by Shirt (1987).

8.8 Conclusions

Dragonflies, being graceful and iconic, are high-
profile insects. Being associated with a scarce
resource, fresh water, and also largely sensitive to
landscape and global climate change, they have
featured strongly in contemporary conservation-
biology thinking. They have also been instrumental
in formulating conservation action, whether as par-
ticipants or as the focal taxon. However, we must be
fully aware they are part of food webs and gener-
ally cannot be separated out and put on a pedestal
of their own: they are components of compositional
and functional biodiversity. Nevertheless, because
they are so high-profile, it is inevitable that there
are several species-specific action plans across the
globe dedicated to certain of their species. Of spe-
cial significance is that they are one invertebrate
taxon that is playing a major role in conservation at
all spatial scales, and are likely to do so even more
in the future.
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CHAPTER 9

Valuing dragonflies as
service providers

John P. Simaika and Michael J. Samways

Overview

Valuing the services provided by ecosystems and their components is emerging as a new, practical tool for
conservation of biodiversity. One such framework for quantifying the components of biodiversity and their
attributes that are important for the diversity of ecosystem services is the service providing unit (SPU).
This framework, which is additive to other, current frameworks, provides a conceptual link between eco-
system services and the role of populations of different species in providing these services. Any particular
SPU provides a given service at a given spatial or temporal scale. Service provision may benefit humanity
either directly or indirectly. Dragonflies provide several ecosystem services to humanity at the population
level. Their role as SPUs encompasses most of the 28 ecosystem services, directly or indirectly, as recog-
nized by the Millennium Ecosystem Assessment, in the categories of provisioning, cultural, supporting,
and regulating services. Odonates lend themselves well as SPUs, as they are well known taxonomically,
conspicuous, and flagships of freshwater conservation. Dragonflies provide enormous cultural benefit to
humans, as shown by much visual and literary art, and the many worldwide recreational parks, trails, and
field guides dedicated to this taxon alone. Service provision by dragonflies sometimes can be quantified
easily. We provide examples of this in pest control and riparian restoration. The latter has been a huge suc-
cess for South African dragonflies, with the populations of many species, including Red Listed ones, stabi-
lizing and even increasing. Indeed, dragonflies are now being widely used as habitat quality indicators. On
the negative side, odonates may also have adverse effects on services, thereby reducing their value, as for
example with pollination. The SPU concept, as a value metric, has considerable currency with dragonflies,
and there is merit in investigating its application to other invertebrate taxa and ecosystems.

humans). Although we focus here on dragonflies as

9.1 Introduction . X ;
an entity, they are essentially no different from any

Biodiversity is the diversity of genes, species, and
ecosystems. Efforts to conserve biodiversity have
increased substantially in recent years, as a reflec-
tion of the realization that our well-being depends
not only on conserving, but also using, biodiversity
wisely. To do so depends in part on how we value
that biodiversity.

In its simplest form, biodiversity value may be
divided into utilitarian value (of use to humans)
and intrinsic value (not necessarily of use to

other group of organisms, in terms of their intrin-
sic value. Furthermore, we should bear in mind
that dragonflies are not a finite ecological box, but
rather they are components of ecosystems, interact-
ing with many other organisms and responding to
various abiotic variables (Knight et al. 2005).

In contrast to intrinsic value, although not mutu-
ally exclusive (Rolston 2000), is utilitarian value.
This is the language of most biodiversity conserva-
tion initiatives, and is presently the most persuasive
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for policy-makers. The current approach requires
that for biodiversity to be conserved, it must pay
its way. This is not only an economic issue but also
one of service provision (Millennium Ecosystem
Assessment 2005; Bishop et al. 2007). The utilitar-
ian standard set by the Millennium Ecosystem
Assessment can be seen as providing the vital con-
ceptual link between individual species and their
contribution to the provision of ecosystem serv-
ices. In addition, this link can also be translated
into an economic measure. For example, Losey and
Vaughan (2006) estimate that wild insects that con-
trol pests, pollinate flowers, bury dung, and pro-
vide nutrition for other wildlife are worth US$57
billion per year in the USA alone.

The European Union’s Co-ordination Action
Project RUBICODE (Rationalising Biodiversity
Conservation in Dynamic Ecosystems; www.
RUBICODE .net) is now exploring this predomi-
nantly utilitarian approach. The project’s aim is
to review and develop concepts of dynamic eco-
systems and the services that they provide. Those
components of biodiversity which provide specific
services to society are being defined and evalu-
ated to increase our understanding of the value
of biodiversity services, as well as the cost of los-
ing them. This will give decision-makers a more
rational base and will help the understanding of
the need for adequate conservation policies, which
are essential to halting biodiversity loss.

Building on the Millennium Ecosystem
Assessment (2005), a new approach is also being
developed, which was first articulated by Luck
et al. (2003). This novel approach uses the concept
of service providing units (SPUs), which focuses on
what biodiversity does for humanity, using quanti-
fiable services. These levels may be the populations
of single species but they may also be the popula-
tions of several species. The SPU concept identifies
the important species populations for service pro-
vision, as well as the important attributes of those
populations (size, temporal or spatial distribution,
etc.). The reasoning behind this approach is that it
translates threats to, and value of, biodiversity into
tangible and quantifiable factors for use by policy-
makers. As well as one or more species contribut-
ing to a service, they may also contribute to more
than one service.

Conceptually there is also the converse of the
SPU, where certain populations of certain spe-
cies can reduce a service. Such populations are
termed service antagonizing units (SAUs; see www.
RUBICODE.net). These concepts can be illustrated
with, for example, the service of pollination. The
SPUs are the right pollinators in sufficient num-
bers to carry out the service; that is, pollination. Yet
these pollinators may be subject to ameliorating
factors such as infestation by the Varroa mite, a bee
parasite, which, in sufficient numbers, may reduce
provision of the service, and so are an SAU. When
communities are considered, there is a whole host of
species which can alter the dynamics of food webs
(Memmot 2000). In the final analysis, the quantity
and quality of the service provision depends on the
sum of the SPUs minus that of the SAUs.

As research into service provision is just begin-
ning, it is difficult to quantify accurately many
of these services. Nevertheless, it is the aim of
RUBICODE to build upon what is known to date.
In keeping with the theme of this book, dragon-
flies as model organisms for ecological and evolu-
tionary research, and because this taxon is being
considered in contemporary SPU research, it is
appropriate to review the topic.

9.2 Dragonflies and ecosystem services

As the Millennium Ecosystem Assessment (2005)
is an authoritative document, it is a valuable plat-
form from which to launch a discussion of the sig-
nificance of dragonflies in service provision. The
Millennium Ecosystem Assessment recognizes
28 ecosystem services to humans, in four distinct
categories: provisioning, cultural, supporting, and
regulating services. These services can be applied
at the population level (Table 9.1). They could be
considered of direct benefits to humans, and thus
species or populations providing these services are
SPUs. As dragonflies are top predators, only cer-
tain services are, by definition, applicable to them.

9.2.1 Positive contributions (service provision)

9.2.1.1 Provisioning services
Provisioning services are the products obtained from
ecosystems (Millennium Ecosystem Assessment
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Table 9.1 Ecosystem services provided, and diminished, by Odonata as service providers, or service
antagonizers, at the population level. Parentheses denote indirect contributions.

Ecosystem service

Contribution by Odonata populations

Provisioning services
Biochemicals and medicines
Freshwater

Genetic resources
Ornamental resources
Production (food and fibre)

Cultural services

Cultural diversity and heritage
Education and inspiration
Knowledge system

Recreation and aesthetic values
Sense of place

Spiritual and religious values

Supporting services

Nutrient cycling

Primary production

Production of atmospheric oxygen
Provision of habitat

Soil formation and retention
Water cycling

Regulating services
Climate regulation
Disease regulation
Erosion regulation
Herbivory

Invasion resistance
Natural hazard protection
Pest regulation
Pollination

Seed dispersal
Water-flow regulation
Water purification and waste treatment

Traditional and Western medicine
(Monitoring ecosystem condition)

Models for research and population dynamics
Preserved for display purposes

Food in some traditional societies

Some cultures, especially in East Asia
Dragonfly trails or parks, and field guides
Both professional and amateur odonatology
Dragonfly trails or parks, and field guides
Parks, field guides, festivals

Significant to past and present cultures

Top predator and wide disperser

Not applicable

Not applicable

For parasites; vector of these to poultry and humans
Negligible; biomass small

Negligible; biomass small

(Sensitive indicator of global climate change)
Negligible; biomass small

Negligible; biomass small

Not applicable

Some, for example, on introduced bee species
Not applicable

Mosquito control by augmentation

Can severely lower value of service

Can inhibit seed production and plant dispersal
(Important bioindicator)

(Important indicator of habitat health)

2005). These include food, fibre, fuel, genetic resources,

ornamental resources, freshwater, biochemicals,
natural medicines, and pharmaceuticals (Table 9.1).
As regards provisioning services, dragonflies play
a role as a source for genetic resources, as research
subjects in medical laboratories. For example, recent
research by Schilder and Mardens (2006) on meta-
bolic syndrome in the dragonfly Libellula pulchella
may give clues to metabolic diseases such as diabetes
and obesity in humans. Despite the obvious differ-

ences between humans and insects, advances from

m

invertebrate biology have often led to a better under-
standing of mammalian biology. For example, the
discovery and dissection of mechanisms regulating
innate immunity pathways in mammals were based
on knowledge gleaned from Drosophila (true flies).
Schilder and Mardens (2006) hope that pathways
involved in the development of metabolic abnormali-
ties may be similarly homologous, which opens the
way for the use of non-mammalian systems as an
additional tool to study causes and treatments for
metabolic diseases such as diabetes and obesity.
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Dragonflies also have ornamental value. As with
butterflies, they are often preserved for display in
cabinets, although their main value is as motifs on
household items.

Dragonflies are not a staple food (like rice) that
nations depend on. Nevertheless, they are often
enjoyed as a delicacy or as an ingredient in main
dishes in a variety of cultures in Asia (e.g. China,
Japan, India), Africa (including Madagascar), and
the Americas (Mexico) (Corbet 2004). For example,
on Bali, dragonflies are fried in coconut oil and
served with vegetables (Hardwicke 1990).

Dragonflies are being used more extensively in
genetic studies, particularly to elucidate aspects of
their conservation. Thompson and Watts (2006), for
example, using genetic studies, showed that for the
European damselfly Coenagrion mercuriale, it was
not habitat loss that is the main concern but lim-
ited movement, indicating that sites for conserva-
tion must be placed close together.

9.2.1.2 Cultural services

Cultural services are the non-material benefits
that people obtain from ecosystems through spir-
itual enrichment, cognitive development, reflection,
recreation, and aesthetic experiences, including

cultural diversity, spiritual and religious values,
knowledge systems, educational values, inspira-
tion, aesthetic values, social relations, sense of place,
cultural heritage values, recreation, and ecotour-
ism (Table 9.1) (Millennium Ecosystem Assessment
2005). Dragonflies have cultural significance (Corbet
2004). For example, to the Navaho Indians, odonates
symbolize pure water. Traditionally known as the
‘invincible insect’, the dragonfly was a favourite
symbol of strength among Japanese warriors, and
the old name for the island of Japan (Akitsushima)
means ‘dragonfly island’ (Kritsky and Cherry 2000).
Dragonflies are thought to possess medicinal prop-
erties and are used by practitioners of traditional
medicine in China and Japan (Asahina 1974).
Along with butterflies, dragonflies arguably are
the most significant in terms of recreational service.
They are especially appreciated by the Japanese,
where Odonata reserves or parks are well estab-
lished, and new areas rehabilitated to help pro-
mote conservation awareness (Figure 9.1) (Primack
et al. 2005). The recreational value of Odonata is
also increasingly recognized by other developed
nations, as the burgeoning number of field guides,
associations, and websites would suggest (Lemelin
2008). Many parks worldwide feature dragonfly

Figure 9.1 Sophisticated infrastructure at the Nakamara Dragonfly Reserve in Japan, emphasizing the cultural significance of these insects

in this region.



trails, not necessarily for threatened species, but
rather for enjoyment of the insect subjects and to
increase awareness (Niba and Samways 2006). In
South Africa, for example, a dragonfly trail has
been established (Suh and Samways 2001).

9.2.1.3 Supporting services

Supporting services are those that are necessary for
the production of all other ecosystem services. They
differ from the other services in that their impacts
on humanity are often indirect or occur over a
very long period of time, whereas changes in the
other categories have relatively direct and short-
term impacts on people (Millennium Ecosystem
Assessment 2005). These services include soil for-
mation, photosynthesis, primary production, and
nutrient and water cycling (Table 9.1). Dragonflies
contribute to nutrient cycling in that they are top
predators in vertebrate-free habitats, both as lar-
vae and adults. Dragonfly larvae prey on other
insects including other odonates, fish fry and eggs,
amphibian larvae, crustaceans, molluscs, flat-
worms, and leeches (Corbet 2004). Adults, like their
immature counterparts, are also predators, feeding
on a variety of insects including other dragonflies.
For example, Pritchard (1964) reports that at least
79% of prey items available to Aeshnidae, and 90%
to Libellulidae, are Diptera, followed by 58% and
20% Coleoptera, respectively. Pritchard also reports
that large Aeshnidae consume Trichoptera and
other Odonata. Overall, however, Diptera are the
major prey of odonates (Corbet 2004). Dragonflies
have very wide dispersal capability, and they
introduce nutrients from aquatic ecosystems to
terrestrial ecosystems. For example, there may be
over 1.2 million individuals partaking in the large
annual migration of Anax junius adults in North
America (Russell et al. 1998). These migrations are
now known to have great similarity with songbird
migration strategies (Wikelski et al. 2006).

Both larval and adult dragonflies have associa-
tions with other organisms, which relates to the
definition of supporting services in the Millennium
Ecosystem Assessment. These supporting serv-
ices have great variety and come from numerous
taxa; thus only some are mentioned here briefly.
Associations include, apart from predators, com-
mensals, mutualists, pathogens, and parasites.
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On dragonfly larvae, the associated commensal
organisms may include diatoms, rotifers, molluscs,
and other insects. Water mites are commensal on
larvae, but parasitic on adults (Corbet 2004). An
interesting mutualism involves an alga and the
damselfly larva, Mecistogaster ornata, whereby the
larva provides substrate for the alga and postures
itself to enhance the photosynthetic activity of the
alga, increasing the oxygen concentration around
its respiratory surfaces (Willey et al. 1970).

and adult dragonflies
include organisms from the Phyla Protozoa,
Platyhelminthes, Aschelminthes, and Arthropoda.
Of special interest are the trematodes, several spe-
cies of which infest poultry and humans. These
infestations are mediated by dragonflies, as
described in Section 9.2.2. Adult dragonfly com-
mensals are varied. These include pseudoscorpi-

Parasites of larval

ons, biting lice, wasps, milichiid flies, algae, and
microorganisms. Dragonflies appear to be suscep-
tible to some well-known fungal insect pathogens,
including Claviceps and Cordyceps (Corbet 2004). By
far the most conspicuous and prevalent parasites
are the ectoparasitic water mites (Hydrachnida)
(Smith 1988). Water mites are ubiquitous on drag-
onflies wherever there are eurythermic waters that
are lentic or slow-flowing, and usually permanent,
or temporary. Damselflies are parasitized more
often than dragonflies (Smith 1988). Furthermore,
common, widespread odonate species are more
susceptible to mite infestation than sympatric rare
and threatened ones, indicating the significance of
species traits (Grant and Samways 2007b).

9.2.1.4 Regulating services

Regulating services are the benefits obtained from
the regulation of ecosystem processes (Millennium
2005). They include
regulation of air quality, climate regulation, water

Ecosystem Assessment

regulation, erosion regulation, water purifica-
tion and waste treatment, disease regulation, pest
regulation, pollination, and natural-hazard regula-
tion. Dragonflies are only very minor components
as drivers of climate regulation, as their total bio-
mass is relatively small. However, they are highly
responsive to climate change, in terms of both
geographic range change (Aoki 1997; Ott 2007) and
phenology (Hassall et al. 2007).
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Being a top predator, dragonflies may have some
impact on invasive organisms lower in the food
chain, including honey bees in Florida (Wright
1944). Dragonflies also have potential in pest regu-
lation. Both larval and adult dragonfly stages may
be used in pest control. For example, as explained
in more detail below (Section 9.3.1), an experiment
in a village in Myanmar (Burma) demonstrated
that larval odonates of Crocothemis servilia could
be used to control larvae of Aedes aegypti, a vec-
tor of dengue fever (Sebastian et al. 1990). Another
example for pest control comes from several Asian
countries, where various species of damselflies
breed in rice fields. The damselflies consume large
numbers of stem borers and leafhoppers from
among the leaves of rice plants. Dragonflies are
among the most effective predators of rice pests,
partly because their density among the rice plants
increases as the growing season advances (Nakao
et al. 1976). According to Yasumatsu (in Corbet
2004), in some rice fields where dragonflies occur,
about 80% of farmers use no pesticides.

Dragonflies are increasingly used as bioindica-
tors of freshwater health and ecological integrity
(see Chapter 7 in this volume). They compare very
favourably with benthic macroinvertebrates in gen-
eral, and yet have the advantage that, as adults, they
are more spatially explicit than the benthic macroin-
vertebrate assemblage as a whole (Smith et al. 2007).

Odonata may not provide a water purification
or waste treatment service in the sense that they
provide a filtration or significant long-term storage
service of pollutants. However, as a faunal assem-
blage, they do store significant amounts of pollut-
ants in their tissues, due to their long ontogenetic
development (Peters 1988). Furthermore, different
assemblages or species are sensitive to different
types and gradients of chemical pollution (Rahmel
and Ruf 1994). This makes them excellent indica-
tors of ecosystem health (Clark and Samways 1996;
Smith et al. 2007).

9.2.2 Negative contributions (service
antagonism)

Whereas all the above relates to positive contribu-
tions (i.e. SPUs) by dragonflies, they can also have
negative effects (i.e. be SAUs). For example, certain

species attack bee colonies of apiaries, but also wild
colonies and solitary pollinators. Wright (1944)
reports that bee colonies of apiary yards along
the Mississippi River in Louisiana were severely
reduced by predation by large aeshnids. Reportedly,
where normally 75-85% of queens would return to
the yard after a nuptial flight, only 5% were doing
so in the summer of 1941. Predation on worker bees
was also severe. Predation on pollinators by some
dragonflies, such as Coryphaeschna ingens, a species
occurring in Florida, is so severe that it is locally
known as the ‘bee butcher’. Apparently this species
has made queen rearing unprofitable and impracti-
cable in parts of the south-eastern USA (Corbet 2004).
The effect of predation on pollinators is measurable
not only with domesticated populations for commer-
cial use, but also with wild populations (Knight et al.
2005; discussed in greater detail in Section 9.3.2).

Dragonflies may serve as intermediate hosts of
a number of parasites, including trematodes. This
includes a fluke, Prosthogonimus sp., that causes
severe inflammation in the oviducts of birds, pro-
duction of abnormal eggs, and peritonitis that
is normally fatal. The fluke also affects poultry.
When found in eggs, a farmer’s produce is ruined.
Birds are usually infected in spring or early sum-
mer, and contract the parasites by eating larval or
adult dragonflies. At least 13 orders of birds are
known to be definitive hosts for Prosthogonimus sp.
To prevent infection of stock by ‘dragonfly disease’,
poultry farmers in eastern Europe keep their poul-
try away from water’s edge when large numbers of
dragonfly larvae emerge, and shut the birds away
when large numbers of migrating adults appear
(Street 1976). In south-east Asia, humans too, may
be susceptible to trematode infection vectored by
dragonflies. Humans are definitive hosts for two
species, Phaneropsolus bonnei and Prosthodendrium
molenkampi. People are infected with these trema-
todes by ingestion of larvae, which are eaten raw
or ground up and added to other foods (Manning
and Lertprasert 1973). Infection can be avoided by
cooking the larvae before eating them.

9.3 Quantifying SPUs and SAUs

The value of the SPU lies in its identification and
quantification of changes in population levels,



and where these changes make a difference to
service provision, whether positive or negative.
Identification of quantitative links between com-
ponents and service provision then become crucial
for guiding the management of services. This is of
importance to policy-makers and land managers
as it facilitates specific rather than vague manage-
ment guidelines. We now look at three examples,
two positive and one negative, in more depth.

9.3.1 Dragonflies as SPUs in pest control

Certain dragonfly species and population levels
have great potential in pest regulation, as demon-
strated by a pilot study described in Sebastian et al.
(1990). In an experiment in a village in Yangon,
Myanmar, Sebastian et al. (1990) used larval odo-
nates of Crocothemis servilia to control larvae of
A. aegypti, a vector of dengue fever. The libellulid
C. servilia lends itself well for the task in pest con-
trol, as it is a eurytopic species and easily reared
in captivity from egg to adult. Gravid females of
this multivoltine species are available throughout
the year, ensuring a continuous supply of eggs for
rearing. Also, the larvae of C. servilia survive well in
large containers for several weeks on a low diet.

Adult
mosquitoes

Larval
mosquitoes
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In their pilot study, Sebastian et al. (1990) estab-
lished a treatment and control area. In the former,
three to four dragonfly larvae were released into
variously sized containers that the home-owners in
the community used to collect water for drinking
and other household usage. They found that at the
first evaluation, half a month after the augmentative
release, A. aegyptilarval indices had fallen by 46-86%,
and at the second evaluation, one full month after
augmentative release, by 77-96%. The indices con-
tinued to fall to negligible levels as the experiment
continued. These findings are consistent with ear-
lier, preliminary results, that two half-grown libel-
lulid larvae can kill virtually all mosquito larvae in
a drum of 90-litre capacity in 4-9 days, depending
on the number of mosquito larvae initially present
(Figure 9.2) (Sebastian et al. 1990).

9.3.2 Dragonflies as SAUs in pollination

In the case where dragonflies may act as SAUs, this
can also be quantified. Recently, Knight et al. (2005)
investigated how predation affects trophic cascades,
both directly and indirectly, across ecosystems. The
researchers set up predation experiments on pol-
linators, using dragonflies. In their experimental

Water-filled
| barrel

Dragonfly
larvae

Figure 9.2 Stylized diagram illustrating the pest-control experiment by Sebastian et al. (1990) in a village in Yangon, Myanmar. Sebastian
et al. (1990) used larval odonates of Crocothemis servilia to control larvae of Aedes aegypti, a vector of dengue fever. In the dragonfly-
free barrel (left) mosquito larvae mature without predation pressure. However, with as few as two dragonfly larvae present, the mosquito
population is severely decimated in as few as 4-9 days, depending on the initial number present in a 90-litre barrel.
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Figure 9.3 Trophic cascade in an ecosystem. In fish-free ponds, there are large dragonfly species of great abundance, whereas in fish ponds
smaller species and fewer individuals are present. Dragonfly abundance has direct (negative) effects on pollinator visits on flowers. Thus
dragonflies indirectly (negatively) affect pollination and thereby plant seed production. The presence of fish reduces pressure on pollinators
by dragonfly predation, and thus indirectly, positively affects pollination and plant seed production and dispersal. Solid arrows, direct effects;
dashed arrows, indirect effects; +, positve effect; —, negative effect. Redrawn from Knight et al. (2005).

set-up, they chose eight similar ponds, of which half
had no fish, and the other half had fish present. This
allowed them to test the hypotheses that fish would
reduce larval and adult dragonfly abundance and
that this would permit a higher abundance of insect
pollinators, indirectly increasing the pollination and
reproductive success of nearby terrestrial plants.
They confirmed that adult and larval dragonfly
abundances are much lower in fish ponds than in
fish-free ponds. Also, dragonflies are small at ponds
with fish, whereas medium-sized to large dragon-
flies frequent fish-free ponds. Pollinator visitation is
lower at fish-free ponds, because dragonflies feed on
the pollinators, and because the prey behaviourally
avoids foraging near adult dragonflies. Knight et al.
(2005) demonstrated this finding by using cages
covered in a small mesh, large enough to let pol-
linators through, but not dragonflies. Empty cages
served as the control, and the treatment cages con-
tained dragonflies. Visits to flowers in the treatment
cages were lower, and pollinators spent less time in
these cages.

Knight et al. (2005) also investigated the effect
of fish on dragonflies and whether the cascading
effect on pollinator visits influenced plant repro-
ductive output (Figure 9.3). Plants near fish-free
ponds were more than twice as pollen-limited than
plants near ponds with fish. The strong linkages
between consumers in aquatic and terrestrial eco-
systems are not an isolated occurrence, and could
have been demonstrated with other aquatic or
semi-aquatic predators revealing a similar trophic
cascade into terrestrial ecosystems.

9.3.3 Dragonflies as SPUs for
riparian restoration

Benthic macroinvertebrates have been widely
used for monitoring freshwater condition, which
includes riparian condition (e.g. Rosenberg and
Resh 1993). Adult, aerial dragonflies are excellent
surrogates of benthic macroinvertebrates, and are
more sensitive at the small scale of several metres
than the benthos, which responds principally



to overall stream condition (Smith et al. 2007).
Arguably, the adult dragonflies are also fairly good
surrogates of stream biodiversity in general. This
is especially significant bearing in mind that fresh-
water systems are among the most threatened of
any in the world (Naiman et al. 2006).

Without detailed studies focusing on a par-
ticular species, it is generally difficult to assess
population levels of invertebrates. This is because
they are often small, cryptic, and seasonal, making
even Red List assessments difficult without con-
siderable resources and some detailed knowledge
of their biology (Samways and Grant 2007). This is
despite many insect taxa in particular being excel-
lent indicators of environmental health (McGeoch
1998). Dragonflies are among those sensitive
taxa. They are large and conspicuous and have a
range of sensitivities from one species to the next.
Whereas certain individual species may be good
indicators of landscape change (Sahlén 2006; Smith
et al. 2007), and even global climate change (Ott
2007), it is really the whole assemblage and the
relative change in its species composition which
signals best any change in environmental condi-
tions. Thus, we propose here that the SPU is the
dragonfly assemblage.

The quantitative level at which the SPU operates
is the nominal; that is, species presence or absence.
However, species differ qualitatively in their
response traits to river restoration and thus each
species is given a Dragonfly Biotic Index (DBI).
This is based on the sum of three sub-indices: (1)
the size of the species’ geographical range, (2) risk
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of extinction, and (3) its sensitivity to habitat
change. Each sub-index has a score of 0-3, result-
ing in widespread and common habitat generalists
scoring 0, and threatened, endemic habitat special-
ists scoring as much as 9. The scores relative to geo-
graphical distribution, threat level, and sensitivity
are given in Table 9.2.

By far the greatest threat to South African drag-
onflies is from invasive alien trees, which block
out sunlight and cause general deterioration of the
river bank (Samways and Taylor 2004). Invasion is
a key threat (Samways 2006), and lifting it results in
an immediate recovery of even the rarest and most
sensitive of endemics (Samways et al. 2005).

There has been ongoing and massive nation-
wide restoration of rivers in South Africa, known
as the Working for Water Programme (Richardson
and van Wilgen 2004). Its prime target has been
the restoration of hydrology and to provide jobs.
Biodiversity recovery was not originally high on
the agenda, but as it turns out from the dragon-
fly studies, biodiversity has benefited enormously
from this restoration activity. This is important, as
South Africa has biodiversity hotspots (Myers et al.
2000). Although it was known that dragonflies are
sensitive indicators for the success of this restora-
tion programme at the local level (e.g. Clark and
Samways 1996; Smith et al. 2007), it became clear
after studies were done at larger spatial scales (e.g.
Stewart and Samways 1998) that the use of drag-
onflies as SPUs could also be undertaken at the
national scale (Grant and Samways 2007a). Thus
we have a SPU that is easy to use and effective on

Table 9.2 Typical Dragonfly Biotic Index (DBI) scores for African dragonfly species. The DBI ranges from 0 to 9. It is based on the three
sub-indices relating to geographical distribution, level of threat, and sensitivity to habitat change, with particular reference to invasive alien
riparian trees. The DBI is the sum of the scores for the three sub-indices. A common, widespread, not-threatened, and highly tolerant (of
disturbance) species would score 0 (0+0+0), whereas a highly range-restricted, threatened, and sensitive species would score 9 (3+3+3).

Score Sub-index... Distribution Threat Sensitivity

0 Southern African, and Not threatened Not sensitive; may even benefit from habitat change
common in South Africa due to alien plants

1 Southern African, but rare  Near threatened Low sensitivity to habitat change from alien plants
in South Africa

2 National endemic in three  Vulnerable Medium sensitivity to habitat change from alien
or more provinces plants

3 Endemic, but to only one Endangered or critically ~ Extremely sensitive to habitat change from alien

or two provinces

endangered plants
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Table 9.3 Biodiversity recovery at Disa Stream, Table Mountain,
as measured by the Dragonfly Biotic Index (DBI) before and after
removal of invasive alien plants.

Table 9.5 Biodiversity recovery at White River, Bainskloof Pass,
as measured by the Dragonfly Biotic Index (DBI) before and after
removal of invasive alien plants.

Table 9.4 Biodiversity recovery at DuToit's River, Franschhoek

Mahogany Presba
Yellow Presba
Cape Julia Skimmer

Before After Before After
Species DBI Species DBI Species DBI Species DBI
Stream Hawker 4 Conspicuous Malachite 7 Sooty Threadtail 7 Conspicuous Malachite 7
Cape Julia Skimmer 4 Marbled Malachite 8 Mountain Sprite 4 White Malachite 7
Little Scarlet 3 Sooty Threadtail 7 Stream Hawker 4 Marbled Malachite 8
Red-veined Dropwing 0 Palmiet Sprite 7 Orange Emperor 2 Sooty Threadtail 7
Navy Dropwing 0 Friendly Hawker 3 Boulder Hooktail 2 Mountain Sprite 4
Stream Hawker 4 Cape Julia Skimmer 4 Palmiet Sprite 7
Mahogany Presba 8 Red-veined Darter 0 Stream Hawker 4
Cape Julia Skimmer 4 Orange Emperor 2
Little Scarlet 3 Common Thorntail 2
Red-veined Dropwing 0 Cape Thorntail 8
Navy Dropwing 0 Boulder Hooktail 2
Total DBI " Total DBI 51 Rustic Presba 8
8
7
4
0

Pass, as measured by the Dragonfly Biotic Index (DBI) before and
after removal of invasive alien plants.

Before After
Species DBI Species DBI
Sooty Threadtail 7 White Malachite 7
Mountain Sprite 4 Ceres Streamjack 9
Orange Emperor 2 Sooty Threadtail 7
Boulder Hooktail 2 Mountain Sprite 4
Cape Julia Skimmer 4 Mauve Bluet 9
Red-veined Darter 0 Stream Hawker 4
Navy Dropwing 0 Orange Emperor 2
Boulder Hooktail 2
Gilded Presba 8
Mahogany Presba 8
Yellow Presba 7
Cape Julia Skimmer 4
Red-veined Darter 0
Navy Dropwing 0
Jaunty Dropwing 1
Total DBI 19 Total DBI 72

multiple scales. Naturally, there are differences
in the ‘players’ (particular species), yet the prin-
ciple is the same wherever the SPU is applied.
This emphasizes that whereas the SPU approach
focuses on function and the services provided, it
is essential also to recognize ecological integrity;

Red-veined Darter

Total DBI 23 Total DBI 85

that is, species” identity and where they live (what
Lockwood (2001) calls a sense of place).

Using the DBI is effective and easy, and all it
requires is close-focus binoculars for species rec-
ognition. It can be applied to various streams and
rivers. The service value can be calculated as the
ratio of the sum of the DBIs after alien clearance
to that before. For example, where the sum of the
DBIs after clearance is 50, yet before it was 25, then
the biotic recovery is 2. Translated into a percentage
Biodiversity Recovery Score (BRS), this is 200%.

The great advantage of this BRS is that very high
scores come out for streams which had previously
lost their narrow-range and sensitive specialists,
and have now been restored as a result of removal
of the alien trees. Examples are given in Tables 9.3,
94, 9.5, and 9.6. The DBIs of the species used in
the examples are given in Table 9.7. The massive
BRS (464%) for Disa Stream on Table Mountain
(Table 9.3) and the very high values for DuToit’s
River at Franschhoek Pass (379%; Table 9.4), and
White River in Bainskloof Pass (370%; Table 9.5)
are because these stretches of flowing water are in
the centre of the Cape Floristic Region biodiversity
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Table 9.6 Biodiversity recovery at Levuvhu River, Soutspansberg,
as measured by the Dragonfly Biotic Index (DBI) before and after
removal of invasive alien plants.

Table 9.7 Odonata species and their sub-indices reflecting the
species geographical distribution (G), its extinction threat (T), and
its sensitivity to habitat change (S). Each of the three sub-indices
are on a scale of 0-3, and the sum of these three scores is the

Before After Dragonfly Biotic Index (DBI). Only those species featured in the
examples given in this chapter are listed here.
Species DBI Species DBI
Dancing Jewel 1 Dancing Jewel 1 Common name G T s DBI
Goldtail . 5 Co'mmon Threadtall 3 Black-tailed Skimmer
Common Threadtail 3 Painted Sprite 2 .
painted Sprit 5 Kersten's Sorit 1 Boulder Hooktail
Ka|nte ’ p;n i 1 SIerts eSn s.t prite ! Broad Scarlet
SISTen's Sprite ate oprre Cape Julia Skimmer
Swamp Bluet 1 Swamp Bluet 1 )
) Cape Thorntail
Boulder Hooktail 2 Orange Emperor 2 .
) . ) ) Ceres Streamjack
Two-striped Skimmer 2 Common Tigertail 1 .
Co ; Common Thorntail
Eastern Julia Skimmer 0 Boulder Hooktail 2 .
T . ) Common Threadtail
Portia Widow 1 Two-striped Skimmer 2 . .
) C Common Tigertail
Round-hook Dropwing 0 Eastern Julia Skimmer 0 . .
) : ) Conspicuous Malachite
Riffle-and-reed 3 Black-tailed Skimmer 1 :
X Dancing Jewel
Dropwing ) .
J N . ' Portia Wid 1 Denim Dropwing
aunty Dropwing ortia Widow Eastern Julia Skimmer
Broad Scarlet 0 )
Little Scarlet 3 Friendly Hawker
RI de FardeD ; 0 Gilded Presha
De fve'ge arter ; Gloldtail
NemmD ropyvmg 0 Jaunty Dropwing
Ki?\t/)?s g)rzvgwigng . Kersten's Sprite
. Kirby's Dropwing
Rgﬂe-an.d-reed 3 Little Scarlet
ropwing Mahogany Presba
Total DBI 22 Total DBI 29

hotspot. This contrasts with the situation on the
Levuvhu River in the Soutpansberg where there is
only one national endemic species (albeit a sensi-
tive one) and the BRS is comparatively low (132%;
Table 9.6). The significant recovery of the Disa
Stream is represented in Figure 9.4.

9.4 Critique of the SPU/SAU concept
with respect to dragonflies

Marbled Malachite
Mauve Bluet
Mountain Sprite

Navy Dropwing
Orange Emperor
Painted Sprite

Palmiet Sprite

Portia Widow
Red-veined Darter
Red-veined Dropwing
Riffle-and-reed Dropwing
Round-hook Dropwing
Rustic Presba

SPUs are essentially a way of quantifying service ?(:SySTpP:Irteea dtail
provision. As regards' dragonflies, we may then Stream Hawker
ask whether the quantity of dragonflies matters to Swamp Bluet

humankind. Furthermore, we may also ask whether
the dragonflies contribute to the SPU concept.
There is no doubt that dragonflies play an enor-
mous cultural role, but this is largely associated
with their presence or absence, rather than their
population levels. Yet in an era of rapidly declining

Two-striped Skimmer
White Malachite
Yellow Presba
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(a) Invaded habitat

nvasive alien tree canopy

Shading of bank
and water and
loss of bushes

; == Steam hawker
i '«#: Cape julia skimmer

Friendly hawker

Little scarlet
Red-veined dropwing

Navy dropwing

Stream

Loss of shallow aquatlc
macrophytes -

Loss of basking and
. emergence sites

(b) Recovered habitat

Indigenous tree canopy

— Sunfleck

* Conspicuous malachite
* Marbled malachite
* Sooty threadtail

* Palmiet sprite

Shallow aquatic
- macrophytes

Sunlit bank * Mahogany presba
:ﬁ|= Stream hawker
Boulder : '-'-‘F Cape julia skimmer
Friendly hawker
Little scarlet

Red-veined dropwing

Figure 9.4 Dragonfly habitat invaded by alien trees (a) and recovery in rehabilitated habitat (b). In

Navy dropwing

(a), the invasive alien tree canopy shades

out the variety of indigenous grasses and bushes. This adversely alters the habitat structure, and also decreases the solar energy that adult
dragonflies depend on. In recovered habitat (b), solar energy now penetrates indigenous tree canopy and allows grasses and bushes to

grow. The indigenous habitat structures and increased solar energy now provide the habitat needed by rare, endemic habitat specialists and
increase the diversity of the dragonfly assemblage. Stylized dragonflies represent the Dragonfly Biotic Index (DBI) as follows: extreme habitat
generalists, DBI 0-3 (light grey); habitat generalists, DBI 4—6 (dark grey); habitat specialists, DBI 7-9 (black). Redrawn from Samways (2006).

biodiversity, presence also means healthy and
robust populations (Bridle and Vines 2007). The
presence of a population that is facing an extinc-
tion debt (Tilman et al. 1994) would be a population
of concern.

At this point, we need to bring in the concept
of intrinsic value. The reason for this inclusion
is that arguably so long as the public at large is
engaged with dragonflies, any dragonflies, that
is enough to satisfy the cultural value. In such
a case, only the real aficionados would be con-
cerned whether or not it is a rare and threatened

species. This is driven home when we consider
theme parks that feature dragonflies. Normally
the species to which the public are exposed are
the common and widespread ones. Although this
is good for being in touch with nature, it is doing
little for the seriously threatened species to which
the public is not normally exposed. We do not
wish to see the ‘extinction of experience’, where
people miss out to an increasing extent on their
contact with nature, but there is a question of qual-
ity rather than quantity at stake here, where such
parks should be instigated alongside conservation



management of the threatened species at other
locations (Samways 2007).

The three detailed examples given in this
chapter give very different angles to service pro-
vision. The control of mosquitoes involves the
deliberate introduction of dragonflies in particu-
lar quantities in artificial water bodies (Sebastian
et al. 1990). Arguably this is not really what the
SPU concept is about, as it is an artificial situation.
Yet this might well be a representative example, as
dragonflies are known to eat mosquitoes in natural
ecosystems. Furthermore, it is common knowledge
among odonatologists that many dragonfly species
can be reared on mosquito larvae. The point that is
brought home here is the possible consequences of
withdrawal of a service (i.e. where dragonfly popu-
lations have been lost). This example illustrates that
there is likely to be a huge amount of service provi-
sion in natural ecosystems that simply has not yet
been quantified.

The example of dragonflies reducing pollinators
(Knight et al. 2005) is very distinctly negative and,
again, quantifiable. Interestingly, the fish that fed
on the dragonflies were alien. Thus there is a situ-
ation here where an alien is improving a service
provision. This is of course a violation of a sense of
place (Lockwood 2001). Furthermore, this situation
may well have other consequences such as loss of
other macrobenthos. Alternatively, the plants ben-
efiting from the increased predation of dragonflies
by fish could, at least theoretically, increase in
population level and in doing so impact on other,
sympatric species of plants. What is clear from this
example is that there are many possible ramifica-
tions when one starts to probe the changes in level
of service provision.

The third example, very different from the
other two, operates at the level of the assemblage.
Dragonflies are clearly excellent indicators of ripar-
ian restoration where invasive alien trees are being
removed. Yet the most sensitive species are the rare
and threatened ones that occur in the global biodi-
versity hotspot, the Cape Floristic Region. Many of
the species which have recovered following alien
tree removal are localized Red-Listed endemics.
Again, the presence or absence of species is inti-
mately related to population levels. Red Listing
is, after all, about population levels. Whereas in
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many insect species the population size, in terms
of number of individuals, is difficult to measure,
the Red-Listing process also works on measures
of population size based on the extent of occur-
rence and area of occupancy (IUCN 2001). Thus the
service is definitely quantifiable but in this case it
uses both the number of species and the identity of
particular species.

In summary, what the SPU/SAU concept does, as
highlighted by these dragonfly examples, is enable
focus on quantifiable aspects that would otherwise
be overlooked. These examples show that service
provision depends on the quantity of the compo-
nents, whether individuals in a population or spe-
cies in an assemblage. It also depends on strategic
delivery of the services: populations and species
must have the right traits, and be in the right area
at the right time in sufficient density. This is not
to ignore the overall service that the host ecosys-
tem also provides, which must always be borne in
mind when focusing on ecology, rather than on the
artificial compartment of a single taxon, such as the
dragonflies.

9.5 Conclusions

The SPU/SAU concept is new and challenging.
What it does above all is to enable us to think of
nature’s service provision in quantitative terms. It
enables the construction of hypotheses about the
role that numbers of individuals of particular spe-
cies, at strategic or significant places or times, play
in determining the quality of that provision. We
can hypothesize that if the system is modified by
a certain amount, that the level of provision will be
altered accordingly and presumably predictably.
Translated into human well-being, this means
possible changes in quality of life.
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CHAPTER 10

Evolution of morphological defences

Frank Johansson and Dirk Johannes Mikolajewski

Overview

Many organisms express morphological traits such as spines or armour as protection against predators.
Understanding the ecology and evolution of these morphological defences helps to understand and protect
the diversity of animal and plant forms. Among odonates, several dragonfly larvae express lateral and dorsal
abdominal spines. In the most spectacular case the presence of cues from predatory fish induce longer spines
in one species. Studies within and among species have shown that large spines reduce predation risk, so
we suggest that larger spines in many cases are adaptations to reduce predation risk by fish. Interestingly,
one form of costs of morphological defence seems to be associated with a higher predation risk by inverte-
brate predators, as long-spined larvae have a higher probability of being caught by these small predators.
Dragonflies also use anti-predator behaviours to reduce predation risk. Studies on the relationship between
morphological defence and behavioural defence have revealed that either a positive correlation between traits
(trait cospecialization) or negative correlation between traits (traits compensation) occurs within species. We
suggest that the inconsistent relationship between both traits is related to the differences in predation risk
among different environments. The difference in vulnerability to different predators has the potential to affect
temporal and spatial variation in the morphology of dragonfly larvae, and may ultimately result in specia-
tion. A phylogeny suggests that larval spines in the genus Leucorrhinia represent the ancestral stage, and that
species with spineless larvae have evolved twice within this clade. Future focus on the joint evolution of corre-
lated traits such as morphology and behaviour and their plasticity might be fruitful for a better understanding
of the development of animal diversity, and dragonflies are good model organisms for testing this.

chemical weapons, plastic growth, and flexible

101 Introduction development (Edmunds 1974; Lima and Dill 1990;

A fundamental approach in understanding the
complex biological diversity on our planet is to
study the interactions of individuals and their envi-
ronment. Such studies try to understand how the
environmental effects affect an individual’s fitness
and drive adaptive radiation and diversification of
life (Schluter 2000; Kassen et al. 2004). One interac-
tion that has the potential to affect organism diver-
sity is the interaction between predators and their
prey (Sih 1987; Vamosi 2005).

To avoid and repel predators prey species evolved
a plethora of traits such as behavioural modifi-
cations, camouflage, morphological attributes,

Tollrian and Harvell 1999). Species and individuals
differ in the characteristics and expression of these
defensive traits, and it is well known that preda-
tion selects for the observed variation in appear-
ance and expression of the traits (e.g. Trussel 1996;
Vamosi and Schluter 2004). The challenge is to
understand how interactions between predators
and prey have shaped the variation we observe.
The interaction between predators and defensive
traits also has the potential to influence at the
level of species diversity. For example, in a study
on sticklebacks, Vamosi and Schluter (2004), sug-
gested that the presence of predators might cause

127
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the morphological divergence of species in sympa-
try and that this process was facilitated through
morphological defence. In contrast, Buckling and
Rainey (2002) and Meyer and Kassen (2007) showed
that predators reduced morphological diversity
of bacteria in sympatric Pseudomonas flouresence.
Thus, the presence of predators has the potential
to decrease or increase diversification.

Variation in morphological defence can be found
at many different levels; among individuals, popu-
lations, and species. For example, the wide vari-
ety of shell structure among marine snail species
is believed to be a response through an increased
predation from shell-destroying predators (Vermeij
1977). Similarly, within-species variation in mor-
phological defence is also high, but in most cases
the variation is less compared with between-
species variation. One example of within-species
variation involves the threespine stickleback com-
plex, where distinct morphological forms occur
and these forms differ in armour such as spines
and lateral plates (Colosimo et al. 2005). These stick-
leback populations represent genetic population
differentiation. However, there are also examples
of phenotypic plasticity in the amount of morpho-
logical defence within species. Several gastropods
show phenotypic variation in thickness and struc-
ture of the shell and this defensive morphology is
induced by crab predators (Appleton and Palmer
1988; Trussel 1996). Because morphological defence
structures vary both within and between species
it is relevant to ask several questions concerning
this variation.

Dragonfly larvae are excellent model organisms
that not only have provided answers to some of
these questions, but also have the potential to pro-
vide answers to some unanswered questions con-
cerning morphological defence. Dragonfly larvae
spend a large part of their total life span in aquatic
habitats before they emerge and these habitats are
inhabited by many different kinds of predators.
The growth and development performance in the
aquatic life stage does affect time and size at emer-
gence which are important fitness components of
dragonflies (Sokolowska et al. 2000; De Block and
Stoks 2005). We should therefore expect adapta-
tions in morphology and behaviour in the larval
stage that balance the trade-off between avoiding

predation and growing and developing at an opti-
mal rate.

Larvae of some dragonfly species (Anisoptera),
in contrast to damselfly larvae, express promi-
nent abdominal spines (Corbet 1999). These spines
have been shown to be important anti-predator
structures (Mikolajewski and Johansson 2004;
Mikolajewski and Rolff 2004). Our main focus will
be on the spines in the genus Leucorrhinia, because it
is one of the most thoroughly investigated morpho-
logical anti-predator traits in dragonflies. Another
well-studied anti-predator trait is the three leaf-like
lamellae that are present in damselflies. We will,
however, touch on this subject briefly because it is
the major topic in another chapter (see Chapter 5
in this volume). In each section below we will first
give a brief background to the topic in focus, and
then we will use dragonflies to illuminate our cur-
rent understanding and future progress on the
ecology and evolution of morphological defence.
We will use dragonfly larvae as examples to answer
the following questions with regard to morpho-
logical defence. (1) Is the morphological trait adap-
tive; that is, does it enhance survival? (2) Is there
genetic variation in the phenotypic plasticity for
morphological defence? (3) What are the costs of
morphological defence? (4) Is there a relationship
between morphological defence and anti-predator
behaviour? (5) What does the phylogenetic pattern
with respect to morphological defence look like?
Answering questions 1-4 is interesting because
they will tell ecologists how intra- and interspe-
cific variation in ecological forces creates diversity
that can be seen at larger scales, such as the pattern
looked for in question 5.

10.2 Fixed morphological defences

In some species, anti-predator defences are more
or less fixed; that is, individuals do not differ very
much in their trait expression and traits are not
affected or induced by the presence of predators.
These fixed traits are probably the results of an evo-
lutionary response to permanent coexistence with
potential predators (Sih 1987). However, the effec-
tiveness and mode of operation of these traits have
been studied in detail in a handful of organisms
but only rarely in aquatic insects. Two important
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Figure 10.1 Exuviae (cast skins of larvae) showing variation in spine length between and within species of Leucorrhinia. (a) Long-spined
species, Leucorrhinia frigida; (b) short-spined species, Leucorrhinia rubicunda; (c) Leucorrhinia dubia from lake with fish (note the long dorsal
spines on the abdomen); (d) L. dubia from lake without fish (note the absence of dorsal spines on the abdomen).

questions to ask about these fixed morphological
defences are, does it work, and is it an adaptation to
predation risk? To prove the adaptiveness of traits,
it must be shown that they increase fitness, for
example by enhancing survival. There are several
ways of showing this (Reznick and Travis 1996) and
we will highlight two approaches with dragonflies
as examples, using between-species comparison
and manipulation.

For the between-species comparisons it is impor-
tant to compare species that are closely related.
Comparing species that are not closely related
increases the probability that some other traits that
are not the morphological defence per se could
cause the observed difference in predator vulner-
ability. Larvae of the dragonfly genus Leucorrhinia
show considerable variation in spine length on the
abdomen (Figures 10.1a and b), and these spines
are suggested to be an anti-predator adaptation
(Mikolajewski and Johansson 2004). Mikolajewski
and Johansson (2004) compared survival probabil-
ity between the larvae of three species that differ
in abdominal spine length and found that spe-
cies with long spines had a higher survival prob-
ability when attacked by a fish predator. Hence,
long spines provided protection. Interestingly, the
spines provided protection only when larvae were

attacked from behind. Attacks from behind are
probably common because larvae detected by fish
predators swim away from the fish.

The between-species comparisons have the
problem that species might differ in other char-
acters that also may affect the escape probability.
A more direct estimate of the adaptive value of
morphological defence is to manipulate the mor-
phological character itself. Mikolajewski and Rolff
(2004) used this approach when they manipulated
the abdominal spines of the dragonfly larvae
Leucorrhinia caudalis. They fed a predatory fish with
larvae of two kinds: (1) larvae with intact spines
and (2) larvae with either all lateral or all abdomi-
nal spines cut off. The results showed very con-
vincingly that spines provide protection against
predation because larvae with spines intact had a
4-fold higher survival probability when attacked
from behind (Figure 10.2a). In addition, by manip-
ulation of the spines other confounding variables
such as anti-predator behaviour were excluded.
In both studies survival was estimated as larvae
rejected by the fish spitting them out. Larvae that
were spat out always survived. Under natural
conditions rejected larvae probably have a high
chance of survival because they escape by swim-
ming into the vegetation or to the bottom (see
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Figure 10.2 (a) The percentage of larvae rejected by perch preying on Lecorrhinia caudalis larvae with intact spines (dorsal and

lateral spines) and spines cut off (only dorsal spines and only lateral spines). Larvae with spines intact have a higher probability of survival.
(b) The percentage of larvae surviving when preyed upon by the invertebrate predator Aeschna cyanea. Larvae with spines cut off (no spines)
have a higher survival probability than larvae with intact spines (with spines). Modified from Mikolajewsi and Rolff (2004) and Mikolajewski

et al. (2006).

references in Corbet 1999). In conclusion, spines
are adaptive with regard to reduced predation risk.
The between-species comparison and the within-
species manipulation showed that spines provided
protection against attacking fish predators.

10.3 Predator-induced morphological
defence

Fixed morphological traits may carry a cost. Such
a cost could be the pure cost of production of the
character. It could also be an environmental cost if
the character interferes with other biotic or abiotic
factors. Because predation risk may vary spatially
or temporally, morphological defence might not
always be beneficial. One way to avoid cost is to
produce the morphological defence only in the pres-
ence of the predator. The ability to express different
trait values in response to environmental condition
is termed phenotypic plasticity. Phenotypically plas-
tic morphological defence has been shown in a great
variety of organisms (Tollrian and Harvell 1999), but
only one example is known in dragonflies.

One prerequisite for the existence of induc-
ible morphological defence is that predation risk
should be variable (Tollrian and Harvell 1999). Fish
commonly prey on dragonfly larvae (Frost and
Smyly 1952; Rask 1986; Butler 1989) and fish pres-
ence is variable for two reasons: first, drought and
freezing of waters can eliminate fish populations

for some time, with subsequent re-colonization
(Tonn and Magnusson 1982); second, adult drag-
onflies disperse from their native lake and may
end up depositing eggs in lakes with or without
fish, independent of their origin with regard to fish
abundance from their native lake (Pajunen 1962;
McPeek 1989). A recent mechanistic study suggests
that damselflies of the genus Enallagma cannot rec-
ognize fish cues in waters (McGuffin et al. 2006).
Hence, dragonflies encounter temporal and spatial
variation in fish predator abundance. Dragonflies
should therefore be an excellent system to study
predator-induced defence, and we should expect
the larvae to show phenotypic plasticity in mor-
phological defence.

A second prerequisite for the existence of induc-
ible morphological defence is that a reliable cue
should be present (Tollrian and Harvell 1999). In
a field study, Johansson and Samuelsson (1994)
showed that larvae of Leucorrhinia dubia from lakes
with fish had significantly larger abdominal spines
than larvae from lakes without fish (Figures 10.1c
and d). Two subsequent laboratory studies sug-
gested that the presence of fish is the cue that
induces longer spines in lakes with fish. When
L. dubia larvae was given visual and chemical cues
from fish simultaneously in the laboratory, longer
spines were induced compared to in the absence
of fish (Arnqvist and Johansson 1998; Johansson
2002). Hence, a reliable cue seems to be present.
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The induction of longer spines has also been per-
formed at the scale of whole lakes. In a 7-year study
Johansson and Wahlstrém (2002) showed that spine
length of L. dubia larvae decreased in two lakes
after the authors had removed the fish.

Two interesting patterns became evident in
the laboratory study on spine induction by fish
(Johansson 2002). First, families differed with
regards to spine length (Figure 10.3). Thus, there
is genetic variation in spine length and hence, a
potential for selection towards longer or shorter
spines given that selection pressure changes.
Second, there was significant interaction between
genotype (family) and environment (fish present/
absent). A significant genotype x environment
interaction suggests a potential for the evolution
of phenotypic plasticity in spine length. Hence,
if spatial or temporal variations in predation risk
increases or decreases in a geographical area, there
is a potential for phenotypic plasticity in spine
length to track these changes by becoming more
or less plastic respectively. Genetic variation in the
degree of plasticity has been found in other sys-
tems as well but how selection acts on this varia-
tion is not well known (Pigliucci 2005).
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In summary, the study on L. dubia larvae plastic-
ity has shown that (1) chemical and/or visual cues
by predatory fish induce longer spines in these
larvae, (2) there exists genetic variation for spine
length as well as for plasticity in spine length,
(3) lakes with fish have larvae with longer spines,
and (4) the spines are probably adaptive because
longer spines provide protection from attacking
fish predators.

10.4 Costs

The benefits of morphological defensive attributes
in animals and plants in general, and the benefits
of abdominal spines in the few dragonfly species
investigated so far, show that these attributes pro-
vide protection from attacking predators. Because
not all species or individuals within a species show
morphological defence, theory suggests that some
costs are associated with the defence (Tollrian and
Harvell 1999). It should however be remembered
that absence of morphological defence also could
be an effect of developmental and/or phylogenetic
constraints.

10.4.1 Costs for a fixed defence

Four main types of cost have been suggested
for a fixed response (Tollrian and Harvell 1999).
Allocation or production costs result from the
energy and material that is used to form and main-
tain the character. Self-damage costs are costs from
using, storing, or producing the character that
could harm the organism itself. Typically, such
costs could be chemical defence produced by ani-
mals. Opportunity costs are referred to as costs that
do not allow organisms to develop or behave opti-
mally once the defence is present. Finally, there are
environmental costs that depend on the environ-
ment in which the organism is living, such that a
character might be beneficial in one environment
but imply a cost in another environment.

One of the few examples of biotic environmen-
tal costs has been found in dragonfly larvae. As
discussed above, the spines of larval L. caudalis
provide protection against fish predators. On the
other hand, it has been suggested that spines make
prey organisms more vulnerable to invertebrate
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predators (Reimchen 1980). By feeding larvae with
intact or cut-off spines to the invertebrate predator
Aeshna cyanea, Mikolajewski et al. (2006) demon-
strated that survival of larvae with spines cut off was
higher than that of larvae with intact spines (Figure
10.2b). Hence, the presence of spines incurred a cost
in terms of survival from the attacking invertebrate
predator. Lakes without fish usually have a high
abundance of invertebrate predators (Mallory et al.
1994), so Mikolajewski et al. (2006) suggested inver-
tebrate predators may select for the lack of spines
in environments without fish. In contrast, in lakes
with fish, fish predators are likely the main preda-
tors on large invertebrates including dragonfly
larvae, and therefore fish select for longer spines
in these lakes. In conclusion, one cost for a fixed
defence is that it is a disadvantage against another
set of predators. Whether these costs occur in other
organisms or systems is currently not well stud-
ied. A similar variation in divergent selection has
been suggested on a temporal scale for a stickle-
back system. Reimchen and Nosil (2002) found evi-
dence for increased spine number during winter
and decreased spine number during summer in
stickleback populations. They attributed this pat-
tern to predation pressure from gape-limited avian
piscivores and odonate predators respectively. No
experimental evidence is currently available to
support this relationship.

10.4.2 Costs for an inducible defence

Whereas organisms with induced defence also have
the four costs associated with the fixed defence
there is an additional cost involved for the induced
defence, the cost of being plastic itself. True costs of
plasticity are costs that organisms which are able
to show phenotypic plasticity have; that is, costs
higher than or lower than those incurred by individ-
uals with a fixed phenotype (Scheiner and Berrigan
1998). DeWitt et al. (1998) defined five such costs:
maintenance, production, information acquisition,
developmental instability, and genetics. Most focus
has been on production costs, which are costs of
plasticity if the costs of producing the morphologi-
cal trait are greater for plastic genotypes than for
fixed genotypes producing the same phenotype.
Costs of plasticity have been notoriously hard to

find (Pigliucci 2005). Few studies have tried to esti-
mate plasticity costs of morphological defence, and
evidence received thus far has been scant (Scheiner
and Berrigan 1998; Relyea 2002). As far as we know,
no studies have tried to estimate costs of morpho-
logical defences in dragonflies. We can only agree
with Pigliucci (2005), who states that research on
costs of plasticity should become a major area for
future enquiry. In our opinion, dragonflies might
not currently be the best system for this enquiry
for several reasons. First, generation time is fairly
long; second, full-sib analysis with the appropriate
level of replication and considerations of maternal
effects are difficult to perform; third, ideally, plas-
ticity studies should be performed on organisms
where it is possible to study the cost in a plastic
genotype that does not express the trait under con-
sideration. Such studies have to be performed on
known mutated individuals or gene-manipulated
individuals, and none of those are currently avail-
able in dragonflies.

Production costs estimate the cost of producing
the character when it is not necessary. Johansson
(2002) estimated whether or not production costs
in Leucorrhinia dubia are incurred in terms of a
longer developmental time or smaller size for lar-
vae with induced longer spines. He did not find
any evidence for production costs. Neither was
there a correlation between spine length and lar-
val size in larvae from natural lakes (Johansson
and Samuelsson 1994). However, production costs
could be associated with other traits not measured
in these studies.

10.5 Anti-predator behaviour and
morphological defences

To avoid predation, animals not only show mor-
phological adaptations, they also exhibit behav-
ioural adjustments in response to predation risk.
Typically such behavioural adjustments involve
reduced activity, increased refuge use, and selec-
tion of less profitable prey (Lima 1998; Lima and
Dill 1990). Many animals show morphological as
well as behavioural anti-predator adaptations, so
it is interesting to explore how these two traits are
related. Dragonfly larvae are well suited for exam-
ining this relationship because morphological and



behavioural responses to predators have been well
investigated.

Four possible functional relationships between
behavioural and morphological anti-predator traits
have been suggested (DeWitt et al. 1999): (1) trait
co-dependence, when for example, the behavioural
trait is dependent on certain morphology to work
efficiently, (2) trait complementation, when two
traits are independent but must be combined to
work efficiently, (3) trait co-specialization, when
prey use both types of defence simultaneously
(a positive relationship), and (4) trait compensation,
when for example, prey with poor morphological
defences show strong anti-predator behaviour
(a negative relationship).

Mikolajewski and Johansson (2004) examined
these functional relationships in the larvae of
a suite of three species of Leucorrhinia. Results
showed no consistency among species with
regard to functional relationship. Leucorrhinia albi-
frons, the species with the longest spines showed
stronger anti-predator behaviour than the species
with intermediate spine length (Leucorrhinia dubia),
which suggests trait co-specialization (a positive
relationship). In contrast, Leucorrhinia rubicunda,
the species with the shortest spines, also showed
stronger anti-predator behaviour than the inter-
mediate spined L. dubia, which suggest trait com-
pensation (a negative relationship). We suggest
that these patterns in relationship between mor-
phology and behaviour are related to each species’
preference of lake type with regard to presence
and absence of fish (Johansson and Brodin 2003).
For example, L. albifrons is common in lakes with
fish and therefore showed strong behavioural as
well as morphological anti-predator adaptations
(co-specialization). In contrast L. rubicunda is rare
in fish lakes and common in fishless lakes and
therefore showed trait compensation.

Anti-predator behaviour and morphological
defence has also been studied in damselfly larvae.
These larvae have three leaf-like appendages that
function as respiration organs. But the appendages
can also be autotomized when grasped by a preda-
tor, and hence function as an escape defence. Stoks
(1999) showed that larvae with autotomized lamel-
lae showed stronger anti-predator behaviour than
larvae with intact lamellae. Hence, this supports
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the trait-compensation mechanism because larvae
with better morphological defence (intact lamellae)
foraged in a more risky way.

In summary, whether trait compensation or trait
co-specialization occurs in the system of organisms
studied, is probably a function of variation in pre-
dation risk. In a species that always coexists with
predators we should expect trait co-specialization
because both traits should be beneficial. In contrast,
if predation risk is more variable we should expect
trait compensation because these organisms need
to save the costs of either morphological defence
or behavioural defence. The dragonfly-larvae sys-
tem should be excellent for examining these ideas
because species differ in morphological and behav-
ioural anti-predator traits and abundance with
regard to fish presence and absence.

10.6 Macroevolution

Interspecific differences in morphological traits that
function as anti-predator traits suggest that preda-
tors have the potential to affect selection and, given
enough time, speciation events (Vamosi 2005). We
will exemplify this with two case studies. Studies
on the damselfly genus Enallagma in North America
suggest that predators have been important agents
of diversifying selection in this system. Typically lar-
vae of one group of Enallagma species can be found
in lakes with fish and another group of Enallagma
species exists in lakes without fish that are domi-
nated by dragonfly predators. Although the mor-
phology of larvae is similar within each species
group, the species within a group are not closely
related (McPeek 1995). Instead, predation pres-
sure seems to have shaped the difference between
the groups and similarities within the groups. The
shape and size of the caudal lamellae of the larvae
has been shown to be an important pre-contact
predator avoidance trait because the lamellae are
used for swimming away from dragonfly preda-
tors. Field experiments have shown that dragonfly
predators impose selection on lamellae size and
shape to increase swimming performance (McPeek
1997). A phylogeny on Enallagma showed that spe-
ciation events with shifts from fish lakes to fishless
lakes are associated with corresponding changes in
lamellae shapes (McPeek 1995; McPeek et al. 1996).
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Leucorrhinia frigida
NA frig

Leucorrhinia albifrons

EURA Leucorrhinia caudalis

NA

EURA

Hence, shape and size changes of the lamellae seem
to have facilitated habitat shift and diversification
in this group.

The genus Leucorrhinia consists of 14 species,
of which nine have prominent dorsal abdominal
spines and five lack or have very small spines. It is
interesting to explore the phylogenetic relationship
among species with and without spines because the
spines provide protection from fish predators and
are disadvantageous against invertebrate preda-
tors. A phylogeny of the group based on ribosomal
DNA sequences (Figure 10.4) showed that abdomi-
nal spines are the ancestral trait and that spines
have been lost twice, independently; once in the
North American clade and once in the Eurasian
clade (Hovmoller and Johansson 2004). In contrast
to the Enallagma system, no study between the asso-
ciation of spines and abundance with regard to fish
presence/absence in habitats has been performed
in this group. It is therefore premature to suggest
that morphological defence has made a large con-
tribution to speciation events in Leucorrhinia.

10.7 Outlook

The focus of this chapter has been on very few
species, with the reasoning that morphological
defence is not well studied in dragonfly larvae. Yet,

Leucorrhinia infacta

Leucorrhinia intermedia

------- Leucorrhinia rubicunda
Leucorrhinia dubia dubia

Leucorrhinia dubia orientalis

Leucorrhinia proxima
------- Leucorrhinia patricia
------- Leucorrhinia hudsonica
------- Leucorrhinia borealis

------- Leucorrhinia glacialis
Leucorrhinia pectoralis

Figure 10.4 Phylogeny of the genus
Leucorrhinia based on ITS1, 5.8S, and ITS2
ribosomal DNA sequences. The tree is modified
from Hovmdller and Johansson (2004). Dashed
lines denote species without dorsal spines and
the abbreviations NA and EURA denote North
American and Eurasian clades respectively.

dragonfly larvae have been useful as a model system
in understanding and answering general questions
on morphological defences, but many unanswered
questions remain. There is large variation in spine
length at many different taxonomical levels, so it
would be interesting to examine the relationship
between perceived predation risk and habit choice,
spine status, and behaviour. We suggest that spe-
cies with longer spines should be more common
in systems with fish and that these species should
show strong anti-predator behaviour towards their
predators. However, some species with very promi-
nent spines rarely occur with fish (Figure 10.5). We
therefore suggest that spines might be adaptations
to other factors as well. Phylogenetic constraints
could also explain some of the cases where we
do not have a good explanation for the presence
or absence of spines in relation to predation risk.
Manipulative experiments in combination with
a phylogenetic approach, as has been used suc-
cessfully for the Enallagma system (see Chapter 5)
should be a fruitful approach to explore the evolu-
tion of abdominal spines.

Published studies on morphological defence
have a strong focus on defence on mature individ-
uals. However, an organism may go through sev-
eral ontogenetic stages, which might include niche
shifts with regard to predation risk. For example,



Figure 10.5 Pantala flavescens larva. The larvae of this species
rarely occur with fish but they still show prominent lateral spines,
although dorsal spines are lacking. Drawing by Ole Mueller.

although small larvae might be at risk from one
guild of predators large larvae might be at risk
from a different kind of predator. This shift might
call for different morphological defences during
ontogeny because a defence that works effectively
early in life might be disadvantages later in life.
Arnqvist and Johansson (1998) examined abdomi-
nal spine length in dragonfly larvae of L. dubia and
found that spine length showed an ontogenetic
acceleration in environments with fish. This sug-
gests that the importance of spine length increases
as larvae grow. A speculative interpretation is
that spines are not a great advantage early during
ontogeny in these larvae. More work is certainly
needed in the area of ontogenetic reaction norms
of morphological defence.

Our focus on morphological defence has cen-
tred on abdominal spines, but there might be other
morphological anti-predator characters on dragon-
fly larvae as well. For example, some Somatochlora
larvae have well-developed protuberances (‘horns’)
on the back of the head early during ontogeny, but
the function of these horns is, as far as we know,
unexplored. Another example of morphological
defence is the ability of damselfly larvae to autot-
omize their caudal lamellae to escape predation
(Stoks 1998, 1999).
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Information about the genetic mechanisms
behind loss or gain of abdominal spines among
or within species might provide more clues on the
adaptation of these spines. In sticklebacks it has
been shown that a single gene is responsible for
the parallel loss and gain of spine formation that
has occurred independently in populations around
the world (Colosimo et al. 2005). By using the same
approach for dragonfly larvae an increased under-
standing could be gained of how new animal forms
evolve.
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CHAPTER 11

Interspecific interactions and
premating reproductive isolation

Katja Tynkkynen, Janne S. Kotiaho, and Erik I. Svensson

Overview

Interspecific interactions have several evolutionary consequences: for example, two species may compete,
hybridize, or behave aggressively towards each other, or there may be predator—prey interactions. One con-
sequence of these interactions is the evolution of premating reproductive isolation between the two species.
The most obvious interspecific interaction, which has an effect on reproductive isolation, is the avoidance of
hybridization, or, in other words, the reinforcement process. The theory of reinforcement states that when
hybridization is maladaptive, selection pressure causes a divergence in female mate preference and/or in
male secondary sexual characters. It is often assumed that, ultimately, females are responsible for hybridiza-
tion because they are the choosier sex and their co-operation is needed for successful copulations. Despite this
view, it is possible that males, rather than females, are responsible for hybridization, especially in species in
which males can force copulations. In addition to the avoidance of maladaptive hybridization, other interspe-
cific interactions, such as aggression or predation, may also have an effect on premating reproductive isolation.
For example, if interspecific aggression is directed towards males with the most exaggerated sexual characters
because of the similarity of these characters between the two species, natural selection for sexual character
divergence may arise. Just like the reinforcement process, this process may lead to a strengthening of premat-
ing reproductive isolation. In this chapter, we will review the effect of interspecific interactions on premating
reproductive isolation. As examples we will mostly use the studies conducted on Calopteryx damselflies.

11.1 Introduction . . o
traits, strengthening premating isolation between

In nature, there are several kinds of interaction the two incipient species (see Coyne and Orr 2004

between species. Species can be involved in pred-
ator—prey interactions (including parasites; Zuk
and Kolluru 1998; Kotiaho 2001; Svensson and
Friberg 2007), they may compete or defend territor-
ies against each other (e.g. Nomakuchi and Higashi
1996; Genner et al. 1999; Adams 2004; Tynkkynen
et al. 2006), and two species can hybridize (see
Mallet 2005). Interactions between species can have
evolutionary consequences, influencing reproduct-
ive isolation (Box 11.1) and speciation events. For
example, competition over resources can cause
divergent selection on ecological or behavioural

for a review of speciation).

Although there are several factors which may
affect reproductive isolation, we will here concen-
trate on two questions. First, how can interspecific
interactions, especially hybridization, aggres-
sion, and predation, affect premating reproduct-
ive isolation? Second, is reproductive isolation
a direct target of selection or does it evolve as a
correlated response to selection on other traits? We
will mainly use Calopteryx damselflies as a model
species, which have been under intensive study
concerning our study questions.
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Box 11.1 Reproductive isolation

Reproductive isolation can arise from several
reproductive barriers, which may work before or
after mating. Pre-mating barriers include factors
that prevent the occurrence of mating, whereas
post-mating reproductive barriers include factors
that, after mating, prevent the formation of
offspring, or that cause the hybrid offspring to be
unviable or sterile (Coyne and Orr 2004).

In this chapter, we concentrate on pre-mating
reproductive isolation. Pre-mating reproductive
isolation can be classified as caused by several
factors (see Coyne and Orr 2004 for more

11.2 Causes and evolutionary
consequences of hybridization
in animals

Hybridization means crossing of genetically distin-
guishable groups or taxa, leading to the production
of viable hybrids (sensu Mallet 2005). Hybridization
is a surprisingly prevalent phenomenon in nature: at
least 25% of plant species and 10% of animal species
hybridize (Mallet 2005). In animals, hybridization
is mostly observed in conspicuous and intensively
studied taxa such as birds (Grant and Grant 1992),
mammals (see Coyne and Orr 2004), Drosophila
(Coyne and Orr 1989; Mallet 2005), and butterflies
(Mallet 2005). In odonates, some suspected and
verified hybrids have been observed (e.g. Asahina
1974; Bick and Bick 1981; Corbet 1999; Monetti et al.
2002; Sanchez-Guillén ef al. 2005). However, odon-
ate hybrids may be more common than reported,
since precopulative tandems and matings between
heterospecifics are commonly observed in nature
(Corbet 1999).

11.2.1 Why do animals hybridize?

A pair of species can hybridize only if they occur
in sympatry (at the same place), and if they have
incomplete pre- and postmating isolation barriers.
In animals, the ultimate causes of hybridization can
roughly be divided into two groups: either there is
incomplete mate-recognition ability (e.g. Seetre ef al.

detailed description). First, there may be sexual
isolation (also called behavioural isolation),

in which reproductive isolation is based on
behavioural differences between two species,
or mate-recognition ability of individuals (for an
example case, see Box 11.2). Second is ecological
isolation, which means that gene flow between
species is impeded because of a divergence

in habitat or timing of reproduction. Finally,
mechanical isolation occurs when reproductive
structures are incompatible, thus preventing
normal copulation (Coyne and Orr 2004).

1997a; Randler 2002) or hybridization is the result
of adaptive decision-making (Nuechterlein and
Buitron 1998; Wirtz 1999; Veen ef al. 2001).

Hybridization can be caused by incomplete mate-
recognition ability, if, for example, behavioural iso-
lation between the two species is incomplete. Such
is the case for instance, when the two species have
occurred in allopatry (at separate places), and then
subsequently become sympatric. Here, the mate-
recognition ability that evolved in allopatry may be
poorly adapted to discriminating heterospecifics.
It is also possible that two or more closely related
species occur in sympatry without hybridization,
but after some environmental change, they start to
hybridize (Rhymer and Simberloff 1996; Seehausen
et al. 1997a; Lamont et al. 2003; Box 11.2).

Hybridization is not always maladaptive. For
example, when an individual is unable to find a
conspecific mate, it may do better by breeding with
a heterospecific than not at all. This adaptive expla-
nation for hybridization requires that the hybridiz-
ing individual gains some fitness return, meaning
that hybrids can have reduced, but non-zero fitness
(Grant and Grant 1992; Nuechterlein and Buitron
1998; Seetre et al. 1999; Wirtz 1999; Veen et al.
2001; Randler 2002). However, the two origins for
hybridization, incomplete mate-recognition ability
and adaptive decision-making, are not mutually
exclusive, since both may occur at the same time
within a sympatric population (Seetre et al. 1997a;
Veen et al. 2001).
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Box 11.2 An example of the relaxation of pre-mating reproductive isolation

In Lake Victoria are at least 500 endemic
haplochromine cichlid fish species (Seehausen

et al. 1997b). In these cichlid species, male
coloration is an important factor in sexual
selection, and works as a pre-mating isolating
barrier between species (Seehausen et al. 19973;
Seehausen and van Alphen 1998). Females of the
cichlid species are able to recognize conspecific
males based on their coloration in clear water
conditions. However, recent anthropogenic

11.2.2 Consequences of hybridization

Hybridization leads to different outcomes depend-
ing on the viability and fertility of the hybrid indi-
viduals. If hybrid fitness is not reduced, or if it is
even higher than that of parents (a phenomenon
known as heterosis), the mechanisms to avoid
hybridization are not strong or are missing, and the
gene pool of the two species may eventually fuse
(see, for example, Coyne and Orr 2004; Taylor et al.
2006). In such a case, if one species is less abun-
dant than the other, the fusion of the gene pools
may lead to extinction of the less-abundant species
(or the sympatric population) (e.g. Liou and Price
1994; Rhymer and Simberloff 1996; Levin 2004).
In the example of the Lake Victoria cichlid fishes
(Box 11.2), relaxation of premating reproductive
isolation had resulted in extinctions though intro-
gression (Seehausen ef al. 1997a).

When species hybridize there is often a cata-
strophic reduction in fitness, and thus selection
to avoid interspecific matings is likely to be very
strong. As a consequence, the mate preferences and
the sexual characters of a pair of potentially hybrid-
izing species may diverge. This process is referred
to as reinforcement because it should reinforce pre-
mating reproductive isolation of the species (e.g.
Dobzhansky 1951; Howard 1993; Seetre et al. 1997a;
Rundle and Schluter 1998; Noor 1999; Higgie et al.
2000). As a result of reinforcement, the probability
of copulation between heterospecifics, and thus
the occurrence of hybrids in the wild, is reduced.
The divergence of reproductively isolating traits

disturbance has increased the water turbidity
and the coloration of the males is not easy for
the females to observe. This has caused matings
between heterospecifics that result in viable and
fertile hybrids (Seehausen et al. 1997a). Thus, the
relaxation of pre-mating reproductive isolation
due to anthropogenic environmental change
has resulted in formation of hybrid swarms, and
may have lead to species extinctions through
introgression (Seehausen et al. 1997a).

between allopatric and sympatric populations of
two species is referred to as reproductive character
displacement (sensu Howard 1993; see Butlin 1987
for a different definition of the concepts). The pat-
tern may also be observed across sympatric popu-
lations, in which the divergence of isolation traits
depends on the relative abundance of the sympat-
ric species (Howard 1993; Noor 1999; Tynkkynen
et al. 2004). It should also be taken into account,
that in addition to hybridization, matings between
heterospecifics without production of hybrids may
cause selection for reproductive isolation, if mat-
ing or courtship itself has a negative effect on fit-
ness (see Chapman et al. 1998; Kotiaho et al. 1998;
Kotiaho 2001).

When premating isolation has been reinforced
such that matings between heterospecifics are not
prevalent, the selection to further enhance the
premating isolation may relax. It is possible, how-
ever, that sexual selection develops along with the
reinforcement process, and that its role increases
when reinforcement proceeds (Liou and Price 1994;
Coyne and Orr2004; Mallet 2005). When sexual traits
or female mate preferences are shaped by reinforce-
ment (i.e. by natural selection), a genetic correlation
will be formed between male sex traits and female
mate preference (Lande 1981; see also Liou and
Price 1994; Coyne and Orr 2004). Similar patterns to
reinforcement may also be caused by forces other
than avoidance of maladaptive hybridization. For
example, ecological factors and the associated selec-
tion pressures may cause premating reproductive



142 STUDIES IN EVOLUTION

isolation, which arises as a byproduct to divergent
natural selection on different populations (e.g. Noor
1999; Coyne and Orr 2004; Mullen and Andrés 2007,
see also Servedio 2001). One such ecological factor
is interspecific aggression; an example of which is
described later in this chapter.

11.2.3 Male coercion behaviour: can it lead to
hybridization in odonates?

In general, females are thought to be choosy and
it seems that female cooperation is frequently
needed for a successful copulation. Therefore, it
has been proposed that it is the females who are
mainly responsible for hybridization (Seetre et al.
1997b; Wirtz 1999; Randler 2002). However, in
some cases, males can coerce females to copulation,
and thus male choosiness should not be neglected
(e.g. Cordero 1999; Cordero and Andrés 2002). If
females are indeed the choosier sex, it may be too
costly for males to evolve to be choosy, since mating
opportunies with conspecific females may also be
missed (Parker 1983; Seetre et al. 1997b; Parker and
Partridge 1998; Wirtz 1999). Nevertheless, it is likely
that males will also be selected to display some dis-
crimination of conspecifics, especially if the costs of
reproduction activities are high (Wirtz 1999).

In some species of odonates, males are able to
grasp a female and form the precopulatory tan-
dem, and the females may have little option but to
mate (Oppenheimer and Waage 1987; Cordero and
Andrés 2002). This is the case in Calopteryx dam-
selflies: when the anal appendages of the male
grab the female neck to produce the tandem pos-
ition, the pair usually proceeds with copulation
(Oppenheimer and Waage 1987). Moreover, in most
odonates it is unclear whether female mate choice
even occurs (see Fincke 1997; Fincke et al. 1997; but
see Cérdoba-Aguilar 2006). The role of female mate
choice seems to be more clear in calopterygid dam-
selflies, in which males have conspicuously pig-
mented wings, and in which males court females
by performing a flight display (Fincke et al. 1997,
Siva-Jothy 1999; Cérdoba-Aguilar 2002). However,
since even in these species males can force females
to mate (Cordero 1999; Cordero and Andrés 2002),
it is thus still unclear who is, in fact, in control of
the onset of mating.

Interestingly, in his classical studies, Waage
(1975, 1979) suggested that character displacement
observed in wing pigmentation of Calopteryx macu-
lata and Calopteryx aquabilis is caused by avoidance
of maladaptive hybridization by males rather than
females. Although hybrids were not found, Waage
(1975) observed copulations between heterospecif-
ics followed by oviposition. Males of C. maculata
had better mate-discrimination ability in sympat-
ric populations than in allopatric ones, indicat-
ing occurrence of reinforcement. The selection for
better mate discrimination may also have caused
reproductive character displacement on female
wing transparency; that is, on the trait in which
males base their species recognition (Waage 1975,
1979). It is particularly interesting that in this case
reproductive character displacement was observed
in female characteristics and in male mate dis-
crimination (Waage 1975, 1979), because in most
other studies of reproductive character displace-
ment it is the male secondary sexual characters or
female mate-discrimination ability that has been
investigated (e.g. Howard 1993; Seetre et al. 1997a;
Rundle and Schluter 1998; Noor 1999; Higgie et al.
2000). It should be noted, however, that the sugges-
tion of reinforcement made by Waage (1975) was
challenged recently by the suggestion that repro-
ductive character displacement may have arisen
from selection caused by interference between
mate-recognition signals rather than reinforcement
(Mullen and Andrés 2007).

The role of females and males in reproductive
isolation has been studied in detail in Calopteryx
splendens and Calopteryx virgo. Hybrids between
these two species occur in nature in low preva-
lence (less than 1% of adult individuals), but
matings between heterospecifics are frequent
(Svensson et al. 2007, K. Tynkkynen, ].S. Kotiaho,
M. Luojumaéki, and J. Suhonen, unpublished results).
The discrepancy between number of observed
matings and hybrids, and the pronounced genetic
distance between the two species (Misof et al. 2000;
Weekers et al. 2001), suggests that hybridization is
likely to be maladaptive.

Females of these species mate assortatively and
use male wing coloration as a visual cue in species
recognition (Svensson et al. 2007). C. splendens males
have melanized wing spots in their wings covering
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Figure 11.1 Males of Calopteryx splendens (left) and Calopteryx
virgo (right). Artwork provided kindly by the artist Kaisa J.
Raatikainen.
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Figure 11.2 Percentage of males displaying courtship to
conspecific (grey bars) or heterospecific (white bars) females.

S indicates C. splendens and V means C. virgo females (Tynkkynen
et al., 2008). Reproduced with permission from Elsevier.

about 30-70% of wing area, and C. virgo have almost
completely pigmented wings (Figure 11.1). As the
extent of the wing pigmentation of C. splendens
males was manipulated to resemble that of C. virgo,
C. virgo females became more willing to copulate
with C. splendens males, and at the same time
the willingness of C. splendens females decreased
(Svensson et al. 2007). Thus, there is strong sexual
premating reproductive isolation between the two
species (Svensson ef al. 2007).

There is also a difference between C. splendens
and C. virgo males in courting activity towards
conspecific and heterospecific females (Tynkkynen
et al. 2008; Figure 11.2). In central Finland, it was
found that when heterospecific females were pre-
sented to territorial males of both species in field
experiments, C. splendens courted as many as 62%
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of the females, whereas C. virgo courted only 22% of
the females (Figure 11.2). This suggests, that in con-
trast to females, among which the sexual premat-
ing reproductive isolation was strong (Svensson
et al. 2007), the premating isolation in C. splendens
males was incomplete. The same asymmetrical
discrimination between males of the two species
was verified independently in a study in southern
Sweden, where it was found that C. splendens males
copulate with heterospecific females in the field
more often than do C. virgo males (Svensson et al.
2007). In contrast, C. virgo males were apparently
more discriminatory towards heterospecific mem-
bers of the opposite sex than females in both spe-
cies and C. splendens males (Svensson et al. 2007).
Thus, in the genus Calopteryx, a consideration of
male mating behaviours and male mate choice, not
just female mate choice, is crucial to understand the
causes of hybridization. It is possible that eagerly
courting C. splendens males are able to force C. virgo
females to copulate (see Cordero 1999; Cordero and
Andrés 2002), and C. virgo females yield to mating
since it may be costly for them to resist persist-
ent harassment from C. splendens males. The ele-
vated species-recognition ability and choosiness
of C. virgo males (Svensson et al. 2007; Tynkkynen
et al. 2008) may be due to the sex- and species-
specific costs of matings: C. virgo males have an
elevated predation risk from birds, presumably
because of their more conspicuous, entirely dark
wings (Svensson and Friberg 2007).

11.3 Interspecific aggression
11.3.1 Causes for interspecific aggression

There are at least two causes of interspecific
aggression: it can result from interspecific interfer-
ence competition over resources or from mistaken
species recognition. The first is probably more
common, as documented by published studies (e.g.
Nomakuchi and Higashi 1996; Genner et al. 1999;
Adams 2004).

Aggressive behaviour related to territorial defence
can mistakenly be directed towards heterospe-
cific individuals due to their phenotypic similarity
(Murray 1981; Nishikawa 1987; Alatalo et al. 1994;
Tynkkynen et al. 2004). For example, interspecific
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in which aggressiveness of territorial C. virgo males was determined towards C. virgo, and C. splendens males with large and small wing
spots. Reaction distance (a) and aggressiveness of reactions (b) were observed. Aggressiveness of reactions is indicated by proportions of
trials in which attack occurred (Tynkkynen et al. 2004). NS, not significant; **P<0.01, ***P<0.001. (c) Standardized selection differentials
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aggression occurs between males of C. virgo and
C. splendens, and the aggression seems to be at least
partially based on mistaken species recognition
(although there may also be a component of interfer-
ence competition over territories or oviposition sites)
(Tynkkynen et al. 2004, 2006). C. virgo males react
from greater distance to large-spotted C. splendens
males, but they are also more aggressive towards
large-spotted than small-spotted C. splendens

(Figures 11.1 and 11.3a and b). Thus, it seems that,
at least partially, interspecific aggression between
C. virgo and C. splendens is based on mistaken spe-
cies recognition. This is because if the behaviour
was due to interference competition, C. virgo males
should be equally aggressive towards large-spotted
and small-spotted C. splendens males, whereas reac-
tion distance could still vary, if the large-spotted
C. splendens males are more detectable.



11.3.2 Consequences of interspecific
aggression on premating reproductive
isolation

Interspecific aggression may have an effect on pre-
mating reproductive isolation of closely related
sympatric species at least in two ways. First, inter-
specific interference competition may cause eco-
logical reproductive barriers to emerge. In other
words, there may be shifts in habitat use or behav-
ioural adaptations to avoid contacts with the heter-
ospecific individuals. Such avoidance may lead into
strengthening premating reproductive isolation (see
Coyne and Orr 2004; Adams 2004). Second, interspe-
cific aggression due to mistaken species recognition
may have an effect on male sexual characters, which
in turn may affect premating reproductive isolation
through female mate choice or through interspe-
cific male-male competition (e.g. Tynkkynen et al.
2004, 2005). Regardless of the origin of the aggres-
sion, interspecific aggression can reduce the fitness
of the target. For example, interspecific aggression
may force individuals of subdominant species to
less preferred habitats or territories (Alatalo et al.
1994; Nomakuchi and Higashi 1996; Martin and
Martin 2001; Melville 2002), it may reduce attract-
iveness of males to females when males are the tar-
gets of excessive interspecific harassment, or it may
reduce the survival of individuals through injuries
or depletion of energy reserves (e.g. Eccard and
Ylénen 2002; Tynkkynen et al. 2005; Figure 11.3c).
In addition, energetically demanding fighting with
heterospecifics may reduce territory-holding poten-
tial and thus decrease territorial life span, which in
turn can reduce reproductive success (Tynkkynen
et al. 2006).

As an example, interspecific aggression from
C. virgo towards large-spotted C. splendens males
could have caused character displacement to the
wing spot of C. splendens males such that wing-spot
size decreases with increasing relative abundance of
C. virgo males (Tynkkynen et al. 2004; Figure 11.3d).
If the similarity between the males of the two spe-
cies decreases, it may facilitate female mate recogni-
tion. In addition, it may cause a genetic correlation
between a male sexual character and female mate
preference (see Lande 1981). A genetic correlation
may arise if males with a certain wing-spot size
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avoid interspecific aggression, but have sufficiently
large spots to appeal to females, giving these males
an advantage in both natural and sexual selection.
If this process occurs, it may enhance premating
reproductive isolation between the species. Thus,
it seems likely that interspecific aggression has a
role in creating premating reproductive isolation
between the two Calopteryx species (Mullen and
Andrés 2007; Tynkkynen et al. 2008).

11.4 Arole for predation in the
evolution of premating isolation

An influential review on laboratory selection exper-
iments in Drosophila concluded that reproductive
isolation between populations may often evolve as
a correlated response to divergent natural selection
between different environments (Rice and Hostert
1993). If two populations are inhabiting different
environments and have different ecologies, they
will become reproductively isolated from each
other, given sufficient time, even if some gene flow
connects the populations (Rice and Hostert 1993).
This is the so-called byproduct model of speciation,
which has been advocated by many workers since
Ernst Mayr and in which there is no particular need
to invoke any direct or indirect fitness benefits to
males or for females to choose their own conspecif-
ics as mates (Coyne and Orr 2004). There is very
strong empirical support for this byproduct model
of speciation, which is valid for both allopatric and
sympatric scenarios (Endler 1977; Hendry et al.
2000; Hendry 2001; Svensson et al. 2006).

Given the strong evidence for the byproduct
model of speciation, it follows that investiga-
tors should focus on ecologically important traits
between species or incipient species, and estimate
the form and direction of natural or sexual selec-
tion on the same traits. Interspecific differences
in wing coloration in Calopteryx damselflies are
particularly interesting in this context since they
function as a species-recognition mechanisms in
both males and in females (see above). If natural
or sexual selection on such wing colour differs
between populations, divergent selection could
cause sexual isolation and speciation as a corre-
lated response. Interestingly, the extent of wing
melanization and darkness of the wing patches
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has a strong effect on predation risk by white
wagtails (Motacilla alba) at a sympatric locality
of C. splendens and C. virgo in southern Sweden
(Figure 11.4) (Svensson and Friberg 2007). C. virgo,
which has entirely dark wings (Figure 11.1), and is

thus presumably more visible to avian predators,
had an almost three-times-higher predation risk
than sympatric C. splendens males (Figure 11.4a).
Moreover, both wing-spot size and the intensity
of wing-spot darkness were subject to natural



selection, although the selection pressures differed
between the two species (Figure 11.4b). Predation
selected for a reduced extent of wing melanization
but darker spots in C. virgo, whereas selection on
the smaller wing spot in C. splendens was not as
pronounced (Figure 11.4b). Taken together, these
data indicate that predator-mediated selection acts
on wing melanization and hence such selection
could potentially interfere with both the character-
displacement process between these two species
and may indirectly also affect the development of
reproductive isolation between populations or spe-
cies. More generally, the evolution of reproductive
isolation between incipient species is thought to
be facilitated if the species-recognition characters
are subject to direct selection, as in this case, rather
than if the species-recognition characters are only
‘arbitrary’ signalling traits that are only subject to
indirect selection (Felsenstein 1981; Dieckmann
and Doebeli 1999).

11.5 Sexual isolation as a result of direct
or indirect selection on female mate
preferences, or a correlated response to
divergent sexual selection?

Natural selection on the melanized wing spots in
the genus Calopteryx could have caused sexual
isolation (see Box 11.1) in this genus, irrespective
of whether natural selection was caused by male
interspecific interactions (Tynkkynen et al. 2004,
2005, 2006) or by avian predation (Svensson and
Friberg 2007). However, studies on sexual isolation
should preferably also be performed at lower taxo-
nomic levels than species; that is, between conspe-
cific populations. Such studies are still rare, relative
to the numerous laboratory studies on Drosophila
(Rice and Hostert 1993; Coyne and Orr 2004).
Ideally, such studies should be performed not only
between allopatric populations experiencing little
or no gene flow, but between parapatric popula-
tions with varying degree of gene flow (Hendry
et al. 2000; Hendry 2001), combined with simultan-
eous estimation of natural and/or sexual selection
regimes in the different populations (Svensson et al.
2006). Sexual isolation could evolve between such
parapatric populations, even in the presence of gene
flow, provided that natural and/or sexual selection
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is strong enough to overcome the homogenizing
effects of gene flow (Smith et al. 1997; Hendry et al.
2002; Svensson et al. 2006). Most previous studies
in this area have focused on the role of divergent
natural selection and the associated effects on the
development of reproductive isolation (Nosil ef al.
2002, 2003; Nosil 2004). However, divergent sexual
selection can also cause sexual isolation as a corre-
lated response, although the empirical evidence for
this is much more limited (Lande 1981; McPeek and
Brown 2000; Svensson et al. 2006).

Svensson et al. (2004) have studied divergent
sexual selection and sexual isolation within con-
specific populations of C. splendens in southern
Sweden. These populations are connected by vary-
ing degrees of gene flow, as revealed by analysis of
molecular population divergence using amplified-
fragment length polymorphism (AFLP) markers
(Svensson et al. 2004). The average neutral molecu-
lar population divergence between 12 populations
(pairwise F,,) ranges from close to zero to approxi-
mately 0.13 (Svensson ef al. 2004), implying strong to
moderate gene flow and varying degrees of parap-
atry between these populations. In spite of ongoing
gene flow, sexual isolation has apparently evolved
since in six out of seven populations, experimental
‘immigrant’ males presented to local females in the
field have lower courtship success than local males
(Figure 11.5a). We also confirmed, in a reciprocal
transplant experiment between two of our most
intensively studied populations experiencing more
or less full gene flow (F,; ~0), that local females to a
large extent preferred their own local males, rather
than immigrant males (Figure 11.5b). The average
courtship success of immigrant males was about
0.85 compared with local males; that is, a selec-
tion coefficient of —0.15 against immigrant males
(Svensson et al. 2006). The average courtship success
of male categories in this study was estimated from
the average female responses to tethered males,
measured on an 1l-degree scale that takes into
account all the distinct precopulatory behaviours
in Calopteryx (Svensson et al. 2006). Such a strong
selection coefficient against immigrant males could
be the result of either strong direct selection against
females mating with immigrant males; for exam-
ple, because of physical injury or increased preda-
tion risk, a possibility that we consider unlikely.
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Another possibly more likely explanation is that
sexual isolation has arisen as a correlated response
to strong divergent selection between these pop-
ulations. Sexual selection is clearly divergent
between these populations (Svensson et al. 2006),
so there is a clear potential for premating isolation
to develop as a purely correlated response, exactly

as predicted by the byproduct models of speciation
(Coyne and Orr 2004). Such byproduct models of
speciation predict that sexual isolation will arise
as a result of either divergent natural selection
(Rice and Hostert 1993) or divergent sexual selec-
tion (Svensson et al. 2006), both which may play a
role in odonate divergence (Svensson and Friberg



2007; Svensson et al. 2006). Another possibility may
of course be that females are rejecting immigrant
males because of indirect fitness costs, for exam-
ple if offspring from such interpopulation matings
have lower survival. However, we consider this
possibility unlikely given the fairly pronounced
gene flow between these populations (Svensson
et al. 2004), and indirect fitness costs and benefits
are also considered to be a relatively weak force in
the evolution of mate preferences (Kirkpatrick and
Barton 1997; Meller and Alatalo 1999; Arnqvist and
Kirkpatrick 2005; Orteiza et al. 2005). The reason
why premating isolation between the populations
on the female side has not more efficiently reduced
gene flow between the same populations could be
due to male coercive mating behaviour (see above).
If immigrant males are able to overcome discrimi-
nating local females by obtaining enforced copula-
tions, such male mating behaviour would constrain
population divergence by increasing gene flow in
spite of emergent sexual isolation among females
(see Parker and Partridge 1998).

11.6 Conclusions and suggestions for
future research

The possibility that males, rather than females, are
primarily responsible for hybridization, opens up
new perspectives in future studies of hybridiza-
tion and reproductive character displacement. For
example, almost all studies on reinforcement and
reproductive character displacement assume intrin-
sically that females are performing active mate
choice and thus are responsible for hybridization.
However, if males are driving the hybridization,
it may lead to unexpected patterns. For example,
there may be character displacement in secondary
sexual characters of the males, but it may be caused
by factors other than reinforcement of female mate
preferences.

One alternative mechanism for reinforcement
and patterns of reproductive character displace-
ment is interference of the mate-recognition signals
of the two species. For example, a female may have
problems to distinguishing signals of her own spe-
cies, increasing the costs of mate searching. This
may cause similar selection on female mate prefer-
ence and male sexual characters as does avoidance
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of maladaptive hybridization (see Noor 1999; Coyne
and Orr 2004; Mullen and Andrés 2007). We sug-
gest that interspecific aggression originating from
mistaken species recognition may form an unrec-
ognized form of interspecific interference, which
may explain reinforcement of premating isolation
(see also Mullen and Andrés 2007). In contrast to
increasing the costs for females, mistaken species
recognition between males may cause selection on
males for better species recognition or divergence
in their sexual characters. If male sexual charac-
ters and female mate preference are genetically
correlated (Lande 1981), interspecific aggression
may drive population divergence in male traits,
cause a correlated response in female preferences
and, as a result, produce a pattern similar to the
one predicted by classical reinforcement the-
ory (see Alatalo ef al. 1994; Tynkkynen et al. 2004,
2005, 2006).

The melanized wings in Calopteryx are unique in
their multifarious and pleiotropic effects on suites
of adaptive functions such as their links to male
immunological condition (Rantala et al. 2000; Siva-
Jothy 2000), their effect on predation risk (Svensson
and Friberg 2007), their importance in male-male
interspecific interactions (Tynkkynen 2004, 2005,
2006), and their role in female choice and intra-
specific sexual selection (Siva-Jothy 1999; Svensson
et al. 2004). In addition to all these documented
links to adaptive functions, wing pigmentation
also functions as a sexual isolation mechanism
between species (Svensson et al. 2007). The adap-
tive and multiple functions of melanized wings
in combination with their role in mediating sex-
ual isolation make these an excellent illustration
of so-called ‘magig-trait’ models in speciation
research (Gavrilets 2004). Future work in the genus
Calopteryx should aim to clarify whether and how
these wing pigmentations have influenced speci-
ation rates in a broader phylogenetic context and
the relative importance of natural and sexual
selection in speciation processes in this and other
odonate groups (Svensson et al. 2006). The relative
simplicity by which these wing pigmentations can
be measured and experimentally manipulated
in natural populations should make Calopteryx
damselflies excellent model organisms in future
speciation research.
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CHAPTER 12

Lifetime reproductive success and
sexual selection theory

Walter D. Koenig

Overview

Odonates exhibit a variety of characteristics that make them suitable for studies quantifying reproductive
success achieved by a cohort of individuals during their lifetimes. Such studies yield the best available
measures of fitness and have been thought to be critically important in understanding the strength and
patterns of selection acting on natural populations, including the importance of sexual selection. Here I
summarize 23 studies of lifetime reproductive success (LRS) conducted on odonates since the 1980s. Such
studies have focused on a variety of characters but have generally found that survivorship, in many cases
strongly influenced by random environmental factors, is more important than mating efficiency in deter-
mining LRS. Furthermore, selection on virtually all characters, including body size, varies considerably
not only from species to species but from population to population depending on factors such as density,
sex ratio, and community composition. By themselves, LRS studies have largely failed to fulfil the promise
of quantifying the relative importance of natural and sexual selection. LRS studies have been most suc-
cessful when focused on specific traits and when complemented by experimental manipulations of those
traits. Progress in understanding the current actions of natural and sexual selection is thus most likely to
involve a combination of long-term, LRS work combined with experimental and comparative approaches.
Such integrative studies will be necessary to address challenges of odonate systems, including incorpor-
ating the larval stage in fitness studies, performing parentage analyses to determine realized fitness, and
considering the potential role of non-breeding behaviours such as foraging efficiency.

inordinate amount of research in behavioural and

121 Introduction evolutionary ecology. Here I review studies of life-

Odonates make outstanding subjects for behav-
ioural and evolutionary studies because they are
often abundant, relatively easy to catch and mark,
readily observed, and geographically widespread
yet generally concentrated on and near water
sources. Besides these logistical features, commu-
nities of odonates are often diverse, populations
frequently exhibit intriguing morphological and
behavioural polymorphisms, and adults are almost
universally colourful and fun to observe. Given
these traits, it is not surprising that this otherwise
relatively modest order has been the subject of an

time reproductive success (LRS) in this taxon with
the goals of summarizing the contributions these
studies have made to our understanding of natural
and sexual selection and identifying some areas in
which progress remains to be made.

12.2 Historical background

Odonates have been the subject of detailed ecologi-
cal studies, often involving marked individuals,
since at least the 1930s (Borror 1934), with numer-
ous such studies being conducted by the 1950s
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(Corbet 1952; Moore 1952, 1954; Jacobs 1955). The
focus of this work was frequently behavioural,
often involving issues such as territoriality, mating
behaviour, mate-guarding, and dispersal. By the
1970s, mating systems had started to attract wide-
spread attention and became the focus of several
notable longitudinal studies of odonates (Parr and
Palmer 1971; Campanella and Wolf 1974; Johnson
1975; Campanella 1977).

The idea that LRS provides the best measure
of fitness that can realistically be gathered was
well established by the time of these latter stud-
ies (Cavalli-Sforza and Bodmer 1961). However, for
many years LRS appears to have been primarily of
interest to workers studying laboratory mice and
domesticated livestock, and it was not until the
University of Chicago’s evolutionary biology group
published a seminal series of papers on measuring
natural and sexual selection (Wade 1979; Wade and
Arnold 1980; Lande and Arnold 1983; Arnold and
Wade 1984a, 1984b) that interest in quantifying LRS
became a goal that field workers took seriously.
These papers inspired a flurry of studies expli-
citly attempting to quantify lifetime reproduction
(Clutton-Brock 1988a), of which those involving
odonates played a prominent role. Although deter-
mining exactly what constitutes a study quantify-
ing LRS is to some extent arbitrary, at least 23 such
studies involving 20 different species of odonates
(13 of damselflies and seven of dragonflies) have
been published, starting with Ola Fincke’s work
on Enallagma (Fincke 1982) and peaking in the late
1980s (Table 12.1).

Although the stated goals of studies measuring
LRS vary widely, two are most frequently repeated.
First is to measure selection on particular pheno-
typic characters, often while attempting to control
for confounding factors (Box 12.1). The second is to
measure the opportunity for selection (Box 12.2),
defined as the relative variance exhibited by fitness
or a particular fitness component such as survivor-
ship or mating efficiency (Arnold and Wade 1984a,
1984b), often in the hope of distinguishing the
importance of natural and sexual selection or of
testing Trivers’s (1972) hypothesis that the intensity
of selection on the limited sex should be greater
as investment in reproduction between the sexes
becomes more unequal.

successful have studies of lifetime
reproductive success been in achieving these
goals? It is fair to say that their success has been
limited. If nothing else, this is illustrated by the
numbers: of the 23 studies listed in Table 12.1,
nine were published in the 1980s in the wake
of the Arnold/Wade/Lande papers, nine came
out in the 1990s, and thus far five have been
published since 2000. Thus, although studies of
LRS continue to be conducted, there has been no
explosion of field studies quantifying LRS since
the early 1980s. Furthermore, there have been no
recent follow-ups to the two main edited books
published on the subject (Clutton-Brock 1988a;
Newton 1990), the latter of which is no longer even
in print. Although it is more difficult to expand
this conclusion to other taxa, I believe that LRS
studies in general no longer generate the kind of
excitement they did in the 1980s following the
publication of the Arnold/Wade/Lande papers on
measuring selection.

What went wrong? Two main difficulties would
appear to be paramount. The first is primarily
logistic: despite the considerable effort required to
gather LRS data, results are invariably prone to sea-
sonal effects and biases that can only be addressed
by conducting controlled studies under artificial
conditions. For example, Michiels and Dhondt
(1991), who conducted their LRS study in a large
enclosure, were specifically attempting to reduce

How

the potentially confounding effects of covariation
on observed selection parameters and minimize
the potential bias introduced by the typically large
proportion of individuals—often on the order
of 50% or more (Koenig and Albano 1987, McVey
1988; Beirinckx et al. 2006)—that disappear immedi-
ately after marking and release in odonate studies.
Similarly, studies by Van Gossum et al. (1999, 2001,
2005) of female dimorphism in Ischnura elegans were
conducted under artificial conditions to explicitly
investigate this phenomenon while controlling
for the potentially confounding effects of density,
sex ratio, and morph frequency in ways that could
not be accomplished in the field. Clearly LRS data
are no panacea for the biases inherent in other
less intensive investigations, and indeed run the
risk of providing less satisfying results than care-
fully designed (and potentially less time-intensive)



Table 12.1 Studies of lifetime reproductive success in odonates.

Species

Opportunity for
selection: survivorship
predominant?

Selection

Body size

Other

References

Zygoptera (damselflies)
Enallagma hageni (non-
territorial)

Enallagma boreale (non-
territorial)

Enallagma boreale (non-
territorial)

Coenagrion puella (non-
territorial)

Coenagrion puella (non-
territorial)

Coenagrion mercuriale
(non-territorial)

Ischnura gemina (non-
territorial)

Ischnura elegans (non-
territorial)

Ischnura elegans (enclosure
study; non-territorial)

Ischnura graellsii (non-
territorial)

Argia chelata (territorial)

MM, FF: yes

MM, FF: yes

MM, FF: yes

MM: yes; main correlate of
LMS was lifespan

MM: yes

MM: correlation between body
size and LMS NS but apparent
stabilizing selection

FF: NS

MM: smaller had lower survival
to maturity but higher mating
success

FF: NS

MM: stabilizing; declines
seasonally

FF: large females produce
smaller clutches but live
longer

MM: larger MM had higher LMS

MM, FF: directional and
stabilizing selection NS

MM: body length not correlated
with LMS, although possible
slight advantage to smaller
MM

MM: LMS greater in larger MM
in one of two populations
FF: NS

MM: no seasonal effect, LMS decreased with age
FF: no seasonal effects; no differences between
androchromes and heterochromes

MM: later favoured in 1 year, NS in 1 year
FF: earlier favoured in 1 year, later in 1 year

FF: no difference in LMS between androchromes and
heterochromes

MM: mating success declined with age

FF: no differences in LRS between androchromes
and heterochromes; lifetime egg production largely
determined by chance

MM: more symmetrical MM had higher LMS

MM, FF: highly constrained by poor weather conditions;
age and season NS
No significant difference in OS between MM and FF

MM: LMS declined seasonally

FF: androchromes achieve fewer ovipositions at high
density

MM: more symmetrical MM had higher LMS but result
weak and NS; MM that moved around more had
higher LMS

MM: mating efficiency independent of age

Fincke 1982, 1986, 1988

Anholt 1991

Fincke 1994

Banks and Thompson 1985,
1987; Thompson 1990

Harvey and Walsh 1993
Purse and Thompson 2005
Hafernik and Garrison 1986

Cordero et al. 1997

Van Gossum et al. 2005

Cordero Rivera et al. 2002

Hamilton and Montgomerie
1989




Table 12.1 (Continued)

Species

Opportunity for
selection: survivorship
predominant?

Selection

Body size

Other

References

Cercion lindeni (territorial)
Lestes sponsa (non-
territorial)

Hetaerina americana
(territorial)

Ceriagrion tenellum (non-
territorial)

Mnais pruinosa (territorial)

Anisoptera (dragonflies)

Erythemis simplicicollis
(territorial)

Libellula luctuosa

(territorial)

Plathemis lydia (territorial)

Nannophya pygmaea
(territorial)

Sympetrum rubicundulum
(territorial)

Sympetrum danae
(enclosure study; non-
territorial)

Orthetrum japonicum
(territorial)

MM: no; mating efficiency
explained 71% of variation
in LMS compared with 20%
for survivorship

MM, FF: yes (calculated
from data on unparasitized
individuals)

MM, FF: no, but still large

MM, FF: yes

MM, FF: OS for survivorship
greater than OS for daily
mating success

MM: apparently low due to
short reproductive period

MM: no significant effect
MM: stabilizing selection

MM: selection for larger
body size

MM: significant directional or
stabilizing selection for larger
body size, depending on the
character

MM, FF: NS; declined
seasonally

MM: larger had higher LMS
due to greater longevity and
higher competitive ability

MM: no effect of body size
on survival or MS; declined
seasonally

MM: larger MM had higher LMS

FF: no effect of body size

MM: varied among episodes
but in general NS

MM: no significant effect of fluctuating asymmetry

MM: selection for larger dark wing spot via MM
competition confirmed experimentally

MM: water-mite parasitism adversely affected
LMS in 1 year

FF: no effect of water mite parasitism on LMS

MM: no difference in LRS between orange-winged
territorial and clear-winged non-territorial MM

MM: age effects apparently NS; satellites achieved
lower daily MS, lived shorter

MM: significant directional selection for larger wing
patches; satellites smaller

MM, FF: seasonal decline in LRS

MM: weather factors very important

MM: no effect of emergence date on survival or LMS

MM: larger MM searched for mates more actively

Carchini et al. 2005
Stoks 2000

Grether 1996a, 1996b

Andrés and Cordero 1998

Tsubaki et al. 1997

McVey 1988

Moore 1990

Koenig and Albano 1987

Tsubaki and Ono 1987

Van Buskirk 1987

Michiels and Dhondt 1991

Kasayu et al. 1997

FF, females; LMS, lifetime mating success; LRS, lifetime reproductive success; MM, males; NS, not significant; OS, opportunity for selection.
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Box 12.1 Measuring selection on phenotypic characters

Selection takes place when the distribution of
phenotypes changes. Although traditionally
measured as the evolutionary response to selection
from one generation to the next, such changes
can also be measured within a generation by
guantifying the means, variances, and covariances
of phenotypic distributions at different stages

of the life cycle, thus sidestepping the issue of
inheritance (Arnold and Wade 1984a).

Within a generation, selection can be measured
by determining the statistical relationship
between fitness and the phenotypic character
or characters of interest. Since characters rarely

act by themselves, multivariate techniques are
frequently desirable to separate the effects of
potentially confounding factors.

To measure directional selection, multiple
regression can be used to determine the selection
gradient associated with a particular character.
Analyses to detect and measure stabilizing
selection, disruptive selection, or other complex
relationships between a character and its fitness
effects require more elaborate methods such as
quadratic regression (Lande and Arnold 1983) or
the estimation of non-parametric fitness functions
(Schluter 1988).

Box 12.2 Opportunity for selection

In order for selection, and thus evolution, to

take place, there must be variation in fitness.
Furthermore, variance in fitness sets an upper
bound on the rate of evolution in both mean
fitness and all phenotypic traits. Thus, the greater
the variance in fitness, the stronger the force of
selection (Shuster and Wade 2003).

Fitness variance has been called the index of
total selection and the intensity of selection, but
is now generally referred to as the opportunity
for selection, defined as I=V, /W?, where W and V,,
are the mean and variance of fitness, respectively
(Crow 1958). Because the opportunity for
selection is expressed as a variance it is possible
to quantify it in different subsets of a population
or in separate stages of the life cycle by relatively
straightforward analysis of variance methods
(Arnold and Wade 1984a). For example, Koenig
and Albano (1987), in a study of Plathemis lydia,
partitioned male LRS (measured as estimated

experimental manipulations focusing on a particu-
lar ecological or evolutionary issue.

The second shortcoming of LRS studies is the-
oretical: it was soon realized that it was not going
to be as easy to distinguish natural and sexual
selection (Box 12.3) as hoped initially, nor was it
likely that the opportunity for selection was going

number of eggs fertilized) into six multiplicative
‘episodes’ of selection, including days alive,
proportion of days alive present at the breeding
pond, hours per day at the breeding pond,
matings per hour present, ovipositions per
mating, and eggs fertilized per oviposition.
Knowledge of inheritance or phenotype are
not prerequisites for measuring /, since the
opportunity for selection is measured with
respect to fitness or a particular component of
fitness independent of phenotypic characters.
In contrast, a selection gradient is a regression of
relative fitness on a particular character, requiring
knowledge within a generation of the mean,
variance, and covariance of the phenotypic
distribution, whereas the evolutionary response
to selection involves changes in phenotype across
generations and thus involves both phenotypic
distributions and inheritance (Arnold and
Wade 1984a).

to provide data that would necessarily illuminate
the intricacies of selection in natural populations.
No small part of the excitement generated by the
early theoretical papers was the elegance and sim-
plicity of measuring sexual selection as ‘the vari-
ance in numbers of mates’ (Wade and Arnold 1980)
and thus being able to quantify, from data readily
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Box 12.3 Natural and sexual selection

Natural selection occurs when certain traits

or genes are more successful than others,
thereby becoming more common in successive
generations as individuals with those traits
reproduce and leave more descendants than
those with alternative traits or genes.

Darwin (1871) defined sexual selection as
that form of natural selection specifically related
to ...the advantage which certain individuals
have over others of the same sex and species in
exclusive relation to reproduction.” Darwin further
divided sexual 