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Abstract. Body size has important effects on reproductive behaviour and fitness of species. Although
body size is usually advantageous for territorial species, its direct implication in determining the
behaviour of non-territorial species is still not well understood. Here we investigate the reproduc-
tive behaviour of a non-territorial damselfly Chalcolestes viridis in northeast Algeria and assess
the effects of body size on different behavioural and ecological components. The diurnal pattern
of abundance depended on temperature and hour of the day, showing a peak within temperatures
ranging between 23° and 26°C. Copulation and oviposition duration were not correlated to body size
and did not change across the season. In addition, the species oviposited eggs in wooden substrates
that were 150-200 cm above the water surface, and this vertical stratification was negatively cor-
related to branch diameter and water depth, positively correlated with water width and velocity, but
was not correlated with body size and season. Our study suggests that body size might not be very
relevant in shaping certain aspects of reproductive behaviour and habitat selection in non-territorial

damselflies, but could influence other fitness components.

INTRODUCTION

Insect body size is an important life history trait that
has several physiological and evolutionary implications
(Stearns 1992; Blanckenhorn 2000). Larger body size
may confer benefits to both males and females. For
instance, in territorial species, males win more contests
for resource acquisition which increases their repro-
ductive success (Thornhill and Alcock 1983), whereas
larger females can produce more eggs and have more
offspring (Andersson 1994; Rodriguero et al. 2002;
Miller and Svensson 2014). Although the advantages of
a larger body size in territorial species have been well
documented, the implication of body size in physiologi-
cal and behavioural characters in non-territorial species
remains an open hot topic in evolutionary biology.

Odonate adults are good model organisms to assess the
reproductive behaviour and body size effects because
they are conspicuous, widespread, easily marked, mostly
confined to freshwater ecosystems, and their body size
does not change with age during the adult stage (Cordero-
Rivera and Stoks 2008). Many species are territorial,
non-territorial, or show mixed strategies (Fincke 1985;
Banks and Thompson 1987; Corbet 1999; Koskimaki
et al. 2009). In many non-territorial species, males use a

scramble competition tactic for mates to ensure egg ferti-
lization and oviposition by staying attached to the female
after copulation (Stoks et al. 1997; Corbet 1999). This is
the case for Chalcolestes viridis, a non-territorial lestid
damselfly which is widespread in Europe and northern
Maghreb. North African Lestidae are known to have
different reproductive strategies that involve postponing
reproductive season after summer (Amari et al. 2019). The
species lives in permanent slow-flowing water which is
bordered with bushes and trees. Egg laying takes place in
wooden substrates near the water, so that after hatching
larvae fall into the water and start their larval life. This
mode of oviposition suggests that females select oviposi-
tion localities that best ensure the survival of the eggs and
larvae after hatching. Hence, microhabitat selection during
oviposition might be a complex decision depending on
the interplay between characteristics of both the terrestrial
habitat (related to the wooden substrate) and aquatic sys-
tem (related to the physical features of the water) (Waage
1987; Rehfeldt 1990; Martens 1993; Martens 2001; Allen
etal. 2010). Although the life cycle and behaviour of the
species has been studied (Dreyer 1978; Cordero 1988;
Ferreras-Romero 1988; Agiiero-Pelegrin et al. 1999), few
studies have looked at body size and morphometric effects
on the different aspects of its reproductive behaviour (De
Block and Stoks 2007).
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In this study, we present an investigation carried out
in the North African hotspot, the Seybouse River in
northeast Algeria (Khelifa 2011; Khelifa et al. 2016b),
on a natural population of Chalcolestes viridis. The aim
of the study was to characterize: (1) the diurnal pattern
of abundance by looking at hourly distribution of adults
(males, females and reproductive pairs), (2) body size
and sexual size dimorphism (SSD), (3) reproductive be-
haviour, focusing on copulation and oviposition duration
by surveying individually marked adults, and (4) mi-
crohabitat selection during oviposition by using a mul-
tivariate approach to determine the main environmental
factors determining habitat choice. We also tested for
potential correlations between temperature, body size
and different aspects of reproductive behaviour.

MATERIALS AND METHODS

Study species

Chalcolestes viridis is a medium-sized damselfly con-
fined to Europe and northern Maghreb. The species used
to be assigned to the genus Lestes, but due to some larval
characteristics such as a broad instead of a greatly nar-
rowed (spoon-shaped) prementum, it was moved along
with C. parvidens to the genus Chalcolestes (Gyulavari
etal. 2011). The species often reproduces in permanent
slow-flowing water bordered with trees or bushes where
eggs are deposited in soft wood (Dijkstra and Lewington
2006). The species is abundant across its range and is
currently listed as least concern in the IUCN Red list
(Boudot et al. 2009).

Old Bridge canal
River

National road

Study site

Our investigation was conducted at the Old Bridge
canal, which is 8 km upstream on the Seybouse River,
and 5 km west of Guelma city (36° 28.3' N, 7° 22.3'E)
(Figure 1). The watercourse is about half kilometre long
with a depth of 7 cm and width of 120 cm (Khelifa et
al. 2013). The study on Chalcolestes viridis was carried
out upstream of the canal, within a transect of 250 m
where the banks are dominated with bushes of Oleander
(Nerium oleander) and a few olive trees (Olea Europea).
There were sparse patches of cattail (7ypha angustifolia)
and knotgrass (Paspalum distichum). At this part of the
canal the odonatofauna was not diverse and it consisted
mainly of the green emerald (Chalcolestes viridis), cop-
per demoiselle (Calopteryx haemorrhoidalis), barbary
featherleg (Platycnemis subdilatata) and epaulet skimmer
(Orthetrum chrysostigma).

Adult sampling and thermal preferences

An hourly pattern of abundance of individuals of Chal-
colestes viridis was investigated by daily walking across
the study transect from 09:00 to 17:00 and recording the
number of males, single females and reproductive pairs.
We assessed the thermal preferences of reproduction by
combining abundance with temperature data. We used
daily average air temperature of a meteorological station
which is 7 km distant from the study area.

Copulation and oviposition duration
To assess the reproductive behaviour of the species, we
carried out from 3 September to 10 October 2012 daily

_____

Figure 1. Study area of the natural population of Chalcolestes viridis in northeast Algeria.
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markings of individuals with a permanent marker on
the left hind wing. Individual alphanumeric codes were
assigned for each mature imago. This marking enabled
us to precisely estimate the duration of copulation and
oviposition of each breeding pair. When captured, the
body length and posterior wing length were measured
with a digital caliper to the nearest 0.01 mm. The po-
tential effect of body size in determining oviposition
site selection was also tested. For each sampling occa-
sion, we recorded the duration of copulation during the
reproductive period of the day (see results), i.e. from
the formation of wheel position (intromission) until
the removal of the male penis from the female genital
parts. We also estimated the duration of oviposition, i.e.
from the first until the last egg laid and the separation of
the breeding pair. For both copulation and oviposition
duration, we investigated their potential relationship
with body size.

Habitat selection for oviposition

Chalcolestes viridis is probably the only lotic damselfly
in North Africa that carries out oviposition exclusively
in wooden plants. The choice of oviposition site depends
on environmental variables related not only to the plant
but also to the water. To understand oviposition site
selection, we recorded (1) the plant used for oviposi-
tion and estimated the oviposition height to the nearest
cm with a decametre (from the position where the eggs
were laid to the water surface), (2) the branch’s diameter
where the eggs were laid estimated with a caliper to the
nearest 0.01 cm, (3) water depth in the middle of the
water course to the nearest cm with a gridded stick, (4)
water velocity by calculating the time in seconds spent
by a floating object within 2 m. When the position of
the ovipositing pair changes, we take into account the
position where most oviposition duration was spent.

Statistical analyses

Statistical analyses were all performed with R 3.2.2
(R Development Core Team 2019). Due to a strong
correlation between body and posterior wing length
(Spearman’s rank correlation: » = 0.65, p < 0.0001),
we use body length as a measure of body size hereaf-
ter. To analyse the relationship between the abundance
of the reproductive pairs and hours of the day and air
temperature, we carried out a generalized quasipois-
son model with abundance as a response variable and
temperature and hour (linear and quadratic term) of the
day as explanatory variables. A seasonal pattern of abun-
dance was analyzed with a Poisson mixed effects model
using individual groups (males, females and reproduc-
tive pairs) and Julian date as an explanatory variable
and hour as a random effect. The seasonal pattern of
copulation and oviposition duration (response variable)

were tested with linear models by using Julian date as
an explanatory variable. The potential relationship be-
tween copulation and oviposition duration was tested
with Spearman’s rank correlations. The relationships
of body size (body length), copulation and oviposition
duration with oviposition height were tested with linear
models. Values are mean + SD.

RESULTS

Climatic conditions

During the study period, the average temperature was
24.78 £2.58°C, ranging from an average minimum and
maximum of 16.68 + 3.04°C and 30.83 + 3.76°C, re-
spectively (Figure 2). There was a weak but a significant
negative temporal pattern of average temperature (» =
—0.03,SE=0.01,R?=0.07; p=0.03). Out of the 58 days
of our survey, rainfall was recorded in only five days
with an average of 1.47 + 6.07 mm, whereas wind speed
had an average of 5.18 +3.17 km-h"!, which, according
to Beaufort scale, is ranked as light breeze. This means
that climatic conditions during our survey were mostly
favourable for behavioural observations.
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Figure 2. Thermal regime in the study area during the re-
productive season of Chalcolestes viridis. Black line is the
average air temperature and lower and upper red lines are
minimum and maximum temperature, respectively.

Diurnal behaviour and temperature

Single males and females had different diel activity
patterns (Figure 3). While the number of males did not
show any diurnal trend, meaning that their abundance
remained relatively constant from 9:00 to 17:00 (12.79
+6.93, N =243), the number of single females declined
from 9:00 (12.37+13.43,N=27) to 13:00-14:00 (3.05
+2.63, N = 54) and then increased in later hours until
17:00 (7.33 +£6.43, N =27). Breeding couples started to
appear at 10:00 (0.12 £ 0.43, N = 27), peaked at 14:00
(2.88+3.97, N=27), then gradually declined until 17:00
(0.81+1.76, N =27) (Figure 3). In addition to the hour
of'the day, the number of breeding couples was affected
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Figure 3. Diel pattern of abundance of male, female and reproductive pairs (couples) of Chalcolestes viridis in the study site.

Error bars are 95% confidence intervals.

Table 1. Summary results of the generalized quasipoisson
model assessing the pattern of the number of breeding couples
across hours of the day and temperature (T).

Estimate | Std. error | ¢ value p value
(Intercept) |—58.565 | 14.350 —4.081 <0.0001
Hour 4.984 0.852 5.848 <0.0001
Hour? —-0.176 0.030 —5.753 <0.0001
T 2.017 1.008 2.002 0.046
T2 —0.041 0.019 -2.099 0.037
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Figure 4. Predicted number of reproductive pairs of Chal-
colestes viridis across hours of the day and air temperature.

by temperature (both linear and quadratic effects) such
that there was an optimum between 23 and 26 °C where
the maximum numbers were recorded, but temperatures
beyond the optimum tended to reduce the number of
pairs (Table 1, Figure 4). There was a seasonal pattern

Table 2. Summary results of the Poisson mixed effects model
assessing the seasonal pattern of abundance of Chalcolestes
viridis males, females and breeding couples. Group is either
male, female or reproductive couple. The intercept is the
baseline group ‘reproductive couple’.

Random effects
Groups Name | Variance | Std. Dev.
Hour Intercept | 0.007 0.081
N=682 |Hour=9
Fixed effects
Estimate | Std. Error | z value | p value
Intercept 0.246 0.065 3.800 | <0.0001
Season 0.075 0.058 1.280 0.2010
Group [Female] 1.366 0.067 20.300 | <0.0001
Group [Male] 2.299 0.062 37.260 | <0.0001
Season:Group —0.761 0.068 |—-11.170 | <0.0001
[Female]
Season:Group -0.139 0.062 -2.260 0.0240
[Male]

of abundance showing that males and females declined
in numbers (but more so for females), but the number
of breeding couples did not change across the season
(Table 2).

Body size and sexual size dimorphism

There was a male-biased SSD in body length, but a
female-biased SSD in wing length (Figure 5). Body
length was longer in males (42.61 = 2.47, N = 175)
than in females (39.84 £ 1.60, N = 147) (W = 4147,
p<0.0001), but wing length was larger in females (24.94
+ (.78, N =147) than in males (23.56 + 1.08, N = 175)
(W =22140, p <0.0001).
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Copulation and oviposition duration

Copulation took place near oviposition sites (Figure 6a).
The average copulation duration was 12.33 + 5.41 min
(N=168,95% CI: 11.51-13.15 min). Copulation dura-
tion did not significantly change across the reproduc-
tive season (r = 0.03, SE = 0.04, p = 0.34, Figure 7a).
Copulation duration was neither correlated with the
body length of males (» =-0.67, SE = 0.95, R =0.02,
p = 0.48) nor with that of females (»=-0.99, SE=0.79,
R2=0.04, p = 0.22, Figure 7b).

Oviposition took place in pairs (Figure 6b). The average
oviposition duration was 70.93 £ 29.16 min (N = 168.
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95% CI: 66.52—75.34 min). The duration of copulation
and oviposition were not correlated (Spearman’s rank
correlation: »=0.01, p = 0.90). Similarly to copulation
duration, oviposition duration did not show a seasonal
pattern (» = 0.09, SE = 0.20, R? = 0.001, p = 0.65)
and was not correlated with body length of males
(r=-0.88, SE = 2.88, R*=0.002, p = 0.54, Figure 7c)
or females (r =-1.98, SE = 3.56, R?=0.004, p = 0.58,
Figure 7d).

Habitat selection for oviposition
The species laid eggs quasi-exclusively (97.8%) in
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Figure 5. Body and posterior wing lengths of Chalcolestes viridis males and females. Error bars are 95% confidence intervals.

Figure 6. Reproductive pair of Chalcolestes viridis in (a) copulation and (b) oviposition.
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Figure 7. Relationship between body size and copulation and oviposition duration in Chalcolestes viridis. (a) and (b) refer
to the effect of body size of male and female on copulation duration, respectively. (c¢) and (d) refer to the effect of body size

of male and females on oviposition duration, respectively.

branches of oleander shrubs (Nerium oleander), but
rarely (2.2%) in the olive tree (Olea europaea). Of
those that used oleander shrubs, 79.7% (N = 106) used
dry parts of the branch, 14.3% (N = 19) used green
fresh parts, and 6% (N = 8) utilized a mix of dry and
fresh parts. Table 3 presents summary statistics of the
five environmental variables describing oviposition
site selection of the species. The reproductive pairs
used intermediate-sized branches for oviposition. This
diameter exhibited a constant seasonal pattern (LME:
r=0.012, SE = 0.012, p = 0.29) with a mean of 4.36
+ 1.05 cm (N = 168). The height of oviposition had a
mean of 167.9 = 55.1 cm (N = 168), and it showed a
marginally non-significant increase across the reproduc-
tive season (LME: » = 1.178, SE = 0.615, p = 0.06).
Pairwise Spearman’s correlations between the height of
oviposition, diameter of the branch used, water width,
depth and velocity showed that the height of oviposition
was positively correlated to water width (p < 0.0001)
and water velocity (p < 0.0001), but negatively corre-

lated with water depth (p = 0.02) and marginally with
support diameter (p = 0.05). Due to these significant
correlations, we used oviposition height as a surrogate
of oviposition site selection for testing the effect of body
size. Surprisingly, body length of both males (LME:
r=0.622, SE = 0.905, p = 0.90) and females (LME:
r=-2.836, SE = 7.135, p = 0.69) did not affect the
height of oviposition.

Table 3. Average, SD, and 95% confidence intervals of five
environmental variables related to oviposition site selection
of Chalcolestes viridis.

Variables Mean | SD LCI | UCI N
Height of 167.99 | 55.10 | 159.65|176.32| 168
oviposition (cm)

Diameter of the 436 | 1.05 | 420 | 452 | 168
support (m-s™)

Water depth (cm) 13.07 | 3.28 | 12.57 | 13.57 | 168
Water velocity (cm) | 0.12 | 0.07 | 0.11 | 0.13 168
Water width (cm) 190.72 | 38.32 | 184.92196.51 | 168
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DISCUSSION

This study investigated the potential effects of body
size on the behavioural biology and ecology of a non-
territorial damselfly, hypothesizing that since male-male
interference competition is absent, body size should
have little effects. We confirmed our hypothesis by
showing that body size neither affected copulation,
oviposition duration nor oviposition site selection.

We found different diurnal patterns of abundance be-
tween single males and females. The former had a rela-
tively stable abundance during the entire day, whereas
the latter decreased in numbers in the afternoon and
increased latter in the day. The decline of the number
of single females was associated with the increase in the
numbers of reproductive pairs, revealing that pair forma-
tion peaks in the middle of the day. A similar diel pattern
of occurrence was observed in Erythromma lindenii
(Bouiedda et al. 2018). However, the fact that the
number of single males was relatively constant across
the day and did not decline during the peak reproductive
activity shows that not all mature males find a mate and
that although single females were available, breeding
pairs were not formed. This suggests that either (1) some
males were not effective in searching and encountering
females and/or (2) females were choosy and refused
to mate with any male (Eberhard 1996; Cothran et al.
2012). The number of reproductive pairs was thermally
sensitive, showing a peak of activity within 23-26°C.
Knowing that summer temperature often exceeds 35°C
during most of the afternoon, the thermal sensitivity
of the species reflects its local temporal adaptation to
autumnal conditions during which temperature is lower
than that in the summer.

The copulation duration recorded in our study was
similar to that estimated for Spanish populations with
12.16-13.59 min (Cordoba-Aguilar et al. 2003) and
9.1-19.6 min (Uhia and Rivera 2005). Interestingly,
copulation duration did not show a significantly different
change across the reproductive season although tem-
perature slightly declined latter in the season. It might
be that copulation duration which consists of different
stages like tandem formation and sperm transfer (Uhia
and Rivera 2005) is not thermally sensitive in this spe-
cies. Moreover, body size of males and females did not
affect copulation duration, suggesting that there was no
link between the body length and tandem duration or
sperm transfer. It is not clear whether copulation dura-
tion is under the control of males, females or both. First,
the theory that prolonged copulation is a mechanism by
which males show some kind of copulatory courtship
or intrinsic quality (Eberhard 1996) might not be size-
dependent in C. viridis, or that the intraspecific variation
in the complex shape of the aedeagus in males which
might influence copulation duration (Takami and Sota

2007) is also not size-dependent. Second, there might
be no relationship between body size and bursa and
spermathecae size which is known to be quite small
for the species (storing 13% of the sperm) (Uhia and
Rivera 2005).

The duration of oviposition was relatively shorter than
that reported for a Belgian population in which the aver-
age duration was 1.43 h (De Block and Stoks 2005). This
inter-population variation is less likely to be due to mor-
phological variations, but rather to behavioural differ-
ences. In fact, since the species is obligatory univoltine,
northern populations have a likely smaller body size than
southern populations due to seasonal constraints (shorter
warm season for development) (Sniegula and Johansson
2010), unlike the typical Bergman’s rule where body
size increases with latitude (Mousseau 1997). Given
the positive relationship between body size and clutch
size (Sokolovska et al. 2000) and between clutch size
and oviposition duration (Corbet 1999), the shorter
oviposition in our study site should not be due to body
size differences. Instead, there might be behavioural dif-
ferences where, depending on the plant species, females
spend more time selecting an appropriate location for
egg insertion in wooden branches.

The two morphological traits that we measured in
C. viridis showed different directions of SSD. Body
length was larger in males than in females, which is
the case in zygopterans (Serrano-Meneses et al. 2008);
however, wing length was larger in females than in
males. Although body size did not show a significant
effect on the general reproductive behaviour of the spe-
cies, larger bodies in males may confer a higher ability
to mate with females, such as higher energy reserves that
increases the endurance of searching for mates (Anholt
1991; Stoks 1999). This may explain the evolution of
male-biased SSD in body length. Females are known
to have cryptic behaviour, that is, come to the water
to lay eggs and leave the water to terrestrial habitats
(usually farther than males) to forage and produce eggs
(Stoks 2001). This spatial segregation between males
and females in foraging habitats can be the result of the
evolution of larger wings in females.

Egg laying was conducted in pairs, which is typical of
Palearctic Lestes species such as L. macrostigma (Ma-
tushkina and Lambret 2011), L. sponsa (Robert, 1958),
L. barbarous and C. viridis (Grand & Boudot, 2007),
and L. virens (Amari et al. 2019). Oviposition sites
determine the survival of eggs, and thus it is crucial to
understand the ecology of oviposition of odonate-plant
interaction (Khelifa et al. 2016a; Khelifa and Mellal
2017; Mellal et al. 2018). Oviposition took place mostly
exclusively in oleander branches. Corbet (1962) pointed
out that many damselflies show preference to a particular
species of plant to lay eggs. There was intraspecific vari-
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ation in the height of oviposition, but this variation was
not explained by body size. This can be explained by the
absence of intraspecific competition for space between
reproductive pairs of C. viridis who can aggregate dur-
ing oviposition and lay eggs near one another (De Block
and Stoks 2005). Furthermore, there was a marginally
non-significant seasonal increase in the height of ovipo-
sition which suggests that there might be an overuse of
lower strata of the oviposition supports, which induced
breeding pairs to select higher strata. On the other hand,
the diameter of the branches used for oviposition was
relatively constant across the reproductive season. The
reproductive pairs used intermediate-sized branches of
oleander to lay eggs, and due to the fact that this choice
was not affected by seasonally changing environmental
factors such as temperature, the diameter of the branches
selected should be the one that offers optimal conditions
for the development of eggs (Lutz and Pittman 1968).
Last but not least, the positive relationship between wa-
ter width and vertical stratification suggests that larger
water beds offer some fitness benefits. In fact, when
hatching takes place at higher strata, the probability that
the larvae fall into the water rather than onto the bank
(which is challenging in windy conditions) increases
with the width of the water. In addition, wider water
beds might be correlated with a higher food availability
which allows the fast development of larvae which are
time-constrained (De Block and Stoks 2004).

There is evidence that body size affects the reproduc-
tive behaviour of territorial odonates (Tsubaki and
Ono 1987; Serrano-Meneses et al. 2007). Our study
investigates the reproductive behaviour and ecology
of Chalcolestes viridis at the southern limit of the dis-
tribution range and shows no effects of body size. It is
interesting to investigate in further studies whether this
pattern holds true for other Lestes in particular and non-
territorial species in general. Furthermore, evolutionary
studies on a larger scale (including different species)
that relates reproductive behaviour, fitness and SSD
should be the next step to understand the evolution of
body size in odonates.
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