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1 | INTRODUCTION

| Rabah Zebsa® | Hichem Amari® | Mohammed Khalil Mellal® |

Abstract

Theory predicts that within-population differences in the pace-of-life can lead to co-
hort splitting and produce marked intraspecific variation in body size. Although many
studies showed that body size is positively correlated with fitness, many argue that
selection for the larger body is counterbalanced by opposing physiological and eco-
logical selective mechanisms that favour smaller body. When a population split into
cohorts with different paces of life (slow or fast cohort), one would expect to detect
the fitness-size relationship among and within cohorts, that is, (a) slower-developing
cohort has larger body size and higher fitness than faster-developing cohort, and (b)
larger individuals within each cohort show higher fitness than smaller individuals.
Here, we test these hypotheses in capture-mark-recapture field surveys that assess
body size, lifespan, survival and lifetime mating success in two consecutive genera-
tions of a partially bivoltine aquatic insect, Coenagrion mercuriale, where the spring
cohort is slower-developing than the autumn cohort. As expected, body size was
larger in the slow-developing cohort, which is consistent with the temperature-size
rule and also with the duration of development. Body size seasonal variation was
greater in slow-developing cohort most likely because of the higher variation in age
at maturity. Concordant with theory, survival probability, lifespan and lifetime mating
success were higher in the slow-developing cohort. Moreover, individual body size
was positively correlated with survival and mating success in both cohorts. Our study
confirms the fitness costs of fast pace-of-life and the benefits of larger body size to

adult fitness.
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range where individuals from southern populations are smaller than
individuals from northern populations (Angilletta, Steury, & Sears,

Several studies agree that there is a trade-off between development
rate and size at maturity in ectotherms (Stearns, 1992). Individuals
that develop slowly will have larger body size at maturity whereas
those that develop quickly will have a smaller body size (Ashton,
2004; Blackburn et al., 1999). As one consequence of this pattern,

plasticity in development rate and body size occurs across a species

2004; Partridge & Coyne, 1997; Pincheira-Donoso et al., 2008; Van
Voorhies, 1996). Although laboratory studies have documented the
trade-off between development rate and fitness (Angilletta et al.,
2004), the results derived from the laboratory are not often sim-
ilar to those observed in the field (Irschick et al., 2008; Warner &
Andrews, 2002).
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In insects, a positive relationship between female body size and
fecundity has been observed in many groups (Berrigan, 1991; Honék
& Kocourek, 1990; Partridge & Farquhar, 1983; Tammaru, Esperk, &
Castellanos, 2002; Thornhill & Alcock, 1983) because larger females
have the capacity to produce and carry more eggs. In males, larger
body size has also been shown to confer mating advantages, particu-
larly in territorial species because larger males are better at acquiring
and defending territories (Alcock, 1981; Baker, 1983; Choe & Crespi,
1997). However, there is also evidence of selection for smaller or
intermediate body size (Cordero, Carbone, & Utzeri, 1997; Okuyama,
Samejima, & Tsubaki, 2015; Rivas-Torres, Sanmartin-Villar, Gabela-
Flores, & Cordero-Rivera, 2017; Rivera, 2000; Zamudio, Huey, &
Crill, 1995). For instance, larger body might be associated with dis-
advantages such as longer development time, higher nutritional re-
quirements and lower flight performance (Blanckenhorn, Preziosi, &
Fairbairn, 1995; Clutton-Brock, Albon, & Guinness, 1985).

Insects of the temperate region show latitudinal plasticity in
voltinism (the number of generations produced per year) (Dmitriew,
2011). Populations have shorter generation time at lower latitudes
due to higher temperatures. Thus, univoltine, bivoltine and multi-
voltine life histories are dominant in hot temperate (southern) areas
whereas semi- and partivoltine forms are widespread at cold tem-
perate (northern) areas (Corbet, Suhling, & Soendgerath, 2006;
Flenner, Richter, & Suhling, 2010). Some populations display a mixed
life-history pattern (e.g. partial semi- or bivoltinism) in which two
population cohorts have considerably different development times
as a response to different environmental conditions, hence pro-
ducing groups of individuals with different paces of life (Ricklefs &
Scheuerlein, 2002). These individuals typically show variations in
behaviour, physiology and life-history traits, which determine their
fitness at the adult stage (Réale et al., 2010). Pace of life syndrome
(POLS) has been reported in deciduous trees (Vitasse, Porté, Kremer,
Michalet, & Delzon, 2009), birds (Gebhardt-Henrich & Richner,
1998), mammals (Lovegrove, 2003) and insects (e.g. beetles) (Singh
& Mishra, 2014). Odonates (dragonflies and damselflies) offer a great
opportunity for the study of POLS (Debecker, Sanmartin-Villar, de
Guinea-Luengo, Cordero-Rivera, & Stoks, 2016) because shifts in life
history occur within the same population, leading to cohort splitting
(Amari et al., 2019; Watts & Thompson, 2012). In fact, one cohort
which reproduces in the spring can produce offspring that develop
quickly throughout the summer and emerge during the same year
(Ferreras-Romero, 1991; Ferreras-Romero & Garcia-Rojas, 1995;
Ingram & Jenner, 1976; Khelifa, 2017).

One indicator of the variance in physiological and behavioural
traits in a population is the commonly observed decrease in body
size for successive generations over the season (Corbet, 1999), which
has long been observed in adult insects (Rowe & Ludwig, 1991).
The most common pattern is the decrease in size over the season
(Corbet, 1999). This seasonal decline has been well documented,
but only a few studies have suggested satisfying explanations. Rowe
and Ludwig (1991) suggested that the cost to delaying maturation
increases with the season such that late individuals trade off fur-
ther growth against earlier emergence, which results in a decline of

size at emergence across the season. Other studies suggested prox-
imate causes like the seasonal changes in resource availability and/
or quality (Forrest, 1987; Palmer, 1984). An alternative explanation is
the relationship between the length of the development season and
seasonal size variation; in other words, larger individuals are those
that spend the longest development time in contrast to smaller indi-
viduals which spend the shorter development time. In a context of a
cohort-splitting species where most of the population is univoltine
and a small cohort is bivoltine, one would expect that the average
fitness is different among cohorts. This comes from the fact that the
main cohort that emerges in early season mostly consists of indi-
viduals that come from the reproduction of the previous spring and
those that come from the reproduction of the previous autumn, thus
resulting in larger body size in the spring and consequently higher
fitness.

In this study, we carried out a field investigation based on an ex-
tensive capture-mark-recapture of two consecutive generations of
an endangered damselfly Coenagrion mercuriale - a partially bivoltine
(a large cohort is univoltine but a small cohort is bivoltine) popu-
lation with a spring and autumn cohort (Mahdjoub, Khelifa, Zebsa,
Bouslama, & Houhamdi, 2015). We estimated differences in the
body size, lifespan, survival probability and mating success within
and among cohorts and determine the relationship among these pa-
rameters. Based on the trade-off between development time and
body size at emergence and the pattern of life history of the species,
we hypothesize that (a) the slower-developing (spring) cohort would
have larger body size than the faster-developing (autumn) cohort, (b)
due to the longer development time and mixed larval cohorts in the
spring compared to the relatively synchronized development of the
bivoltine autumn cohort, the seasonal pattern of body should appear
in both cohorts, (3) the body size positively affects lifespan, survival

probability and mating success in both cohorts.

2 | METHODS

2.1 | Study site

We collected data during 2013 in Old Bridge canal, a shallow 450-m
artificial stream that flows into the Seybouse River near Guelma,
Northeast Algeria (36°28' N, 7°22' E) (Khelifa et al., 2011). Typha an-
gustifolia and Paspalum distichum dominate the stream where C. mer-
curiale population occurs. No C. mercuriale population occurs within
10 km of the study population (Khelifa, Zebsa et al., 2016).

2.2 | Background information

Endangered in most parts of its range (Boudot et al., 2009), C. mer-
curiale has a fragmented distribution over Europe and North Africa
(southern and northern latitudinal limit: 30°N-54°N). The spe-
cies is listed as endangered in most parts of its geographic range
(Boudot et al., 2009). The voltinism of the species is plastic across
its distribution range with a semivoltine life history at its northern
range limits (UK) (Corbet, 1957; Purse & Thompson, 2003) and a
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partially bivoltine life history at its southern range limits (North
Africa) (Mahdjoub et al., 2015). The larger cohort emerges in early
spring and reproduces after a short maturation period of about a
week (Mahdjoub et al., 2014). Eggs that are laid during the spring
reproductive season hatch in summer, but some of the larvae de-
velop rapidly and emerge in late summer and autumn (hereafter
autumn cohort) (Mahdjoub et al., 2015). However, most of the
larvae emerge in the next spring where the adult cohort con-
sists of individuals that resulted from spring and autumn repro-
duction (hereafter spring cohort). Therefore, while there are two
adult cohorts (spring and autumn), there are three larval cohorts
with different development rates (rapid, intermediate and slow)
(Figure 1a,b).

Short larval development
Intermediate larval development

Long larval development

Larval cohorts
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2.3 | Capture-Mark-Recapture protocol

Prior to the study, we conducted daily visits in late March 2013 in
order to record the exact date of the start of the flight season. When
the flight season started, we carried out a daily capture-mark-re-
capture between 18 April and 25 May 2013 for spring season and
between 19 August and 19 September 2013 for the autumn season.
We caught mature individuals along a 120-m transect and marked
them with an alphanumeric code on the left hind wing using a paint
marker (Edding paint marker 780). To estimate lifespan, we assumed
that the day at which an individual was captured for the first time
was its first day as a flying adult (Fincke, 1982). This assumption was
reasonable since (a) there was no nearby population in the nearest

Phenology of
Coenagrion mercuriale

Adult cohorts
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Autumn phenology
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FIGURE 1 A theoretical representation of the partially bivoltine life history of Coenagrion mercuriale in Northeast Algeria and the
expected fitness for the two adult cohorts. (a) Phenology of the species showing adult and larval cohort splitting. There are two adult
cohorts resulting from a partial bivoltinism, that is, a large population that emerges from April to July and a smaller population that emerges
from August to October. Due to the absence of maturation delay, this adult phenology produces three larval cohort: (1) a cohort with

short larval development period resulting from eggs laid in late spring and emerging in early August (3-4 months of development); (2) a
cohort with a intermediate(rate) larval development which comes from the eggs laid in autumn and emergence in the spring (6-7 months

of development); and (3) a cohort with long larval development period, resulting from eggs laid in spring from which larvae later hatch and
adults emerge the next spring (9-11 months). (b) Expected fitness consequences for each adult cohort. Cohort A1 is expected to have a

higher fitness than cohort A2
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Estimate Std. Error
Intercept 34.113 0.577
Season -0.022 0.005
Sex[Male] -0.949 0.119
Cohort[Autumn] -6.310 1.311
Season: Cohort[Autumn] 0.025 0.007
Sex[Male]:Cohort[Autumn] 0.488 0.169

TABLE 1 Summary results of the linear

tvalue p-value model regressing body length against
59.164 <0.0001 season, cohort and sex (R? = 0.67)
-4.322 <0.0001

-7.959 <0.0001
-4.814 <0.0001

3.61 0.0003

2.89 0.004

Note: Female and spring cohort are the base level for contrast comparisons. Based on the AIC,
models including season-by-cohort and the three-way interaction of season-by-sex-by-cohort did

not explain more variance than the current model.

10 km (limited immigration) (Purse, Hopkins, Day, & Thompson,
2003), (b) the reproductive sites were limited to 60 m stretch of the
watercourse (Mahdjoub et al., 2014), and (c) our surveys were con-
ducted on a daily basis to minimize nondetection. On each sampling
occasion, code, sex and the state (single or pairs) were recorded. A
pair was noted when a male and a female are physically attached
either in (e.g. wheel or oviposition). To assess the lifetime mating
success, the number of matings of each individual was assessed by

scanning the study area repeatedly during the entire day.

2.4 | Bodysize

Because body size is known to be correlated with fitness compo-
nents of individual odonates such as survival, foraging and reproduc-
tive success (Sokolovska, Rowe, & Johansson, 2000), we measured
two morphological traits that are often used in damselflies (Cordero,
1991, 1992; Raihani, Serrano-Meneses, & Cérdoba-Aguilar, 2008).
Because the body size of adult odonates does not change with age,
we took a single measure of body size during the first capture. For
each individual captured, we measured body and wing length using a
digital calliper (0.01 mm). The two variables were strongly correlated
(Spearman's correlation: r = 0.64, p < 0.0001 for the spring cohort;
r=0.52, p < 0.0001 for the autumn cohort), and thus, we decided to
work with body length.

2.5 | Statistical analyses

Seasonal pattern of body length was analysed with a multiple linear
model including Julian date (day of the first capture), sex and cohort
(spring or autumn) as independent variables. To assess the effect
of body size on lifespan, we carried out a Poisson model regressing
the estimated lifespan (the number of days between the release and
last recapture date) against body length, sex and cohort. To analyse
the effect of body size on apparent lifetime mating success (LMS:
the total number of mating that resulted into oviposition), a Poisson
model was carried out using the following independent variables:
body length, lifespan, sex, and cohort. Overdispersion of the Poisson
model was assessed using the function dispersiontest of the R-pack-
age AER (Kleiber & Zeileis, 2017), which showed no sign of overd-
ispersion. All statistical analyses were carried out with the R3.5.0

software (R Development Core Team, 2019).

Survival and recapture probabilities were estimated using the
Cormack-Jolly-Seber (CJS) model. Survival (Phi) is the probability
of surviving from occasion i to i + 1, whereas detectability (p) is
the probability of encountering an individual conditional on being
alive and in the sample. An encounter history was made for each
individual as a binary set of “0”s and “1"s representing absence (not
observed) and presence (observed), respectively. For instance, an
encounter history of “1011" means that the individual was marked
and released in day 1, not recaptured on day 2, but observed on
days 3 and 4. The fit of the CJS was assessed with the single-state
chi-square tests that test for trap dependence and transience
(Test2, Test3 and Total) (Choquet, Lebreton, Gimenez, Reboulet,
& Pradel, 2009) using the release.gof function in the R-package
Rmark (Choquet et al., 2009). Table S1 shows that all the assump-
tions for the CJS model are met. The parameter estimates of Phi
and p were calculated using RMark (Laake, 2013). Candidate mod-
els were chosen for Phi and p. First, the effect of Julian date (time)
and sex was tested on both Phi and p starting from the simplest
model where the parameter is constant (Phi(.) p(.)) to the most
complex including two interactions (Phi(sex*time) p(sex*time)).
We calculated the variance inflation factor (c-hat) by dividing the
overall »* (sum of the TEST2 and TEST3 component tests) by the
overall degrees of freedom (Cooch & White, 2006) and found it <1,
and thus, no variance adjustment was performed to the models.
Model selection was then carried out using the corrected Akaike
information criterion (AlICc). To assess the effect of body size on
survival, body length (linear and quadratic effects) was included as
an individual covariate in the survival model. To determine the ef-
fect of body size on survival, a model-averaged approach was uti-
lized with the function covariate.predictions of the RMark model.

3 | RESULTS

A total of 1092 (815 males and 277 females) and 557 (478 males and
79 females) adults were captured and marked during the spring and
autumn cohorts, respectively. The number of measured individuals
was 360 (275 males and 85 females) and 508 (432 males and 76 fe-
males) during the spring and autumn cohorts, respectively. Regarding
the proportion of recapture for each sex, 420 of 815 males (51.5%)
were recaptured and 117 of 277 females (42.2%) were recaptured
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FIGURE 2 Seasonal pattern of body ()34 (b)3171, o
length of Coenagrion mercuriale during the
spring (a) and autumn (b) cohort. Julian
date is the date at first capture of each _ _
individual. The lines are linear regressions, E 32 E
and grey ribbons are standard errors. _E_’ E
Orange is female, and green is male g’ g
= >
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m 30 ]
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TABLE 2 Model selection of the Model npar AlCc AAICc eight Deviance
Cormack-Jolly-Seber for capture-mark- . weilg Vi
recapture data of Coenagrion mercuriale of Spring cohort
the spring and autumn cohort Phi() p(~sex+time) 56 23547  0.000 0.268 1157.0
Phi(~Body) p(~sex+time) 57 2355.2 0.413 0.218 2232.8
Phi(~Body+Time) p(~sex+time) 58 2355.4 0.602 0.198 2230.7
Phi(~sex) p(~sex+time) 57 2356.9 2.119 0.092 1156.8
Phi(~sex+Body) p(~sex+time) 58 2357.5 271 0.069 2232.8
Phi(~Body+Body?) 58 2357.5 2.716 0.068 2232.8
p(~sex+time)
Phi(~BodyxTime) p(~sex+time) 59 2357.7 2911 0.062 2230.7
Phi(~sexxBody) p(~sex+time) 59 2359.8 5.002 0.021 2232.8
Autumn cohort
Phi(.) p(~sex+time) 33 1742.9 0.000 0.268 598.5
Phi(~Body) p(~sex+time) 34 1742.9 0.021 0.265 1671.8
Phi(~sex+Body) p(~sex+time) 35 1744.7 1.864 0.105 1671.4
Phi(~sex) p(~sex+time) 34 1744.9 2.055 0.096 598.4
Phi(~Body+Time) p(~sex+time) 35 1744.9 2.084 0.094 1671.6
Phi(~Body+Body?) 35 1745.1 2.21 0.088 1671.8
p(~sex+time)
Phi(~BodyxTime) p(~sex+time) 36 1746.5 3.61 0.044 1671.0
Phi(~sexxBody) p(~sex+time) 36 1746.8 3.968 0.036 1671.3

Note: Phi is the survival probability, and p is the detection probability.

in the spring cohort, and 142 of 478 males (29.7%) were recaptured

and 14 of 79 females (17.7%) were recaptured in the autumn cohort.

3.1 | Within- and among-cohort variation in
body size

The body size of the two cohorts showed different seasonal pat-
terns (Table 1), revealed by the significant interaction of season-by-
cohort. The spring cohort displayed a pattern of decreasing body
length, whereas the autumn cohort exhibited no significant pattern
(Figure 2). There was a significant sex effect, showing that females
were larger than males in both seasons. Also, body length of the
spring cohort was on average 20% larger than that of the autumn

cohort. The cohort-by-sex interaction indicates that the sexual size

dimorphism (size difference between males and females) declined

from spring to autumn cohort.

3.2 | Detection and survival probabilities

In both spring and autumn cohort, we first made a model selection
on a set of CJS models excluding individual covariates (body length)
and including only time and sex. Table S2 shows the best Cormack-
Jolly-Seber models for survival and detectability for the spring and
autumn cohort. In the spring cohort, the best model for detection
included the additive effect of time and sex. The average detection
probability was 0.21 + 0.007 (+SE) for males and 0.14 + 0.01 for fe-
males, and it declined throughout the season. In the autumn cohort,

the best model for detection included time.
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FIGURE 3 The relationship between body length and survival probability for the spring and autumn cohort of Coenagrion mercuriale.
The regression continuous line was estimated with a model-averaged approach for Cormack-Jolly-Seber models. The dashed lines are 95%

confidence intervals

When we do not consider covariates (body size), survival prob-
ability of the spring cohort which had an average of 0.85 [95% ClI:
0.84-0.86] was best explained by time and showed a seasonal de-
cline. Survival probability of the autumn cohort was best explained
by a constant model predicting an average of 0.73 [0.70-0.76]. When
we include body length as a covariate in survival models and make
a model selection, those including body length were among the top
model in both spring and autumn cohort (Table 2). Interestingly, the
effect of body length showed the same pattern in both cohorts. Two
of the three top models that had a AAICc<2 included a positive ef-
fect of body length. We estimated the effect of body length using
model average approach and found that the probability of survival
increased by 0.013 mm™ with an intercept of 0.86 [95% Cl: 0.76-
0.92] in the spring cohort and by 0.007 mm™* with an intercept of
0.67 [95% Cl: 0.52-0.80] in the autumn cohort (Figure 3).

3.3 | Within- and among-cohort variation in
apparent lifespan

The average + SD of the lifespan of males and females was
3.72 + 5.56 days and 2.62 + 4.47 days for the spring cohort and
1.26 +2.21 days and 0.85 + 2.11 days for the autumn cohort, respec-
tively. The Poisson regression showed that body length positively af-
fected the lifespan of individuals in both sexes and cohorts. Females
survived longer than males, and the individuals of the spring cohort
survived longer those of the autumn cohort. The nonsignificant ef-
fects of the bivariate interactions showed that the pattern of the
effect of body length on lifespan for both sexes and the two cohorts

was similar (Table 3).

3.4 | Within- and among-cohort variation in
apparent lifetime mating success

The average + SD ALRS of the spring cohort was 1.19 + 0.870
and 0.84 + 0.91 (oviposition events) in females and males, respec-

tively, whereas that of the second generation was 0.73 + 0.63 and

TABLE 3 Summary results of the Poisson model regressing
lifespan across body length, sex and cohort

Estimate Std. Error z value p-value
Intercept -2.670 0.848 -3.146 0.001
Body 0.137 0.024 5.595 <0.0001
Sex[Male] 0.474 0.067 7.009 <0.0001
Cohort[autumn] -0.725 0.081 -8.902 <0.0001

Note: Female and spring cohort are the base level for contrast
comparisons.

0.16 + 0.38 in females and males, respectively. We tested the effect
of body length, sex and cohort on the ALRS (Table 4). First, the sig-
nificant positive effect of body length and the nonsignificant body-
by-cohort interaction reveals that body length had a positive effect
on LRS in both cohorts (Figure 4). The significant sex effect shows
that female LRS was greater than that of males. Cohort did not show
a significant effect, but its interaction with sex was positive, indicat-
ing that the difference in LRS was greater in the autumn cohort than

the spring cohort.

4 | DISCUSSION

Although experimental studies have shown that POLS occurs in many
animal taxa and affects fundamental biological processes involv-
ing growth, development and immune system at the juvenile stage
(Angilletta et al., 2004; Gotthard, 2001), there have been a few stud-
ies that investigated the POLS consequences on survival and mating
success at the adult stage, particularly in natural populations. Our
study reveals differences in body size and fitness components be-
tween and within two cohorts with different life-history paces. We
demonstrated that body size was larger in the long- compared to the
short-developing cohort and that there was a seasonal decline in size
in the slow-developing cohort, but no significant pattern in the fast-

developing cohort. The among-cohort analysis showed that survival
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TABLE 4 Summary results of the
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. . Estimate Std. Error z value p-value
Poisson model regressing apparent
lifetime mating success against lifespan, Intercept -3.875 1.529 -2.535 0.011
body length, sex and cohort Lifespan 0.052 0.007 7.798 <0.0001
Body 0.127 0.048 2.650 0.008
Sex[Male] —0:375 0.121 -3.089 0.002
Cohort[spring] -0.097 0.218 -0.447 0.655
Sex[Male]:Cohort[spring] -1.078 0.209 -5.153 <0.0001
Note: Female and spring cohort are the base level for contrast comparisons.
FIGURE 4 The relationship between Spring Autumn
body length and apparent lifetime mating 5 o
success for the spring and autumn cohort (?’7
for females and males of Coenagrion y“
mercuriale. The regression lines are 4 4 &,‘ o
derived from a Poisson model. The dashed /
lines are 95% confidence intervals
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and ALRS were higher in the long- compared to the slow-developing
cohort. The within-cohort analysis revealed a positive relationship
between body size, survival probability and ALRS in both cohorts.
The relationship between age at maturity (development
time) and body size have been well investigated in a wide range
of organisms, revealing a positive trend (Kingsolver et al. 2004;
Stearns, 1992). Consistent to our study, body size was larger in
the spring cohort than in the autumn cohort most likely because
the former develops for 6-11 months whereas the latter takes
3-4 months to develop (Mahdjoub et al., 2015). It can be inferred
that the development rate was seasonally plastic and depended

positively on water temperature (Suhling, Suhling, & Richter,

Body length (mm)

2015) which was considerably higher in summer, leading to faster
development and emergence in the autumn. Many studies have
investigated the plastic response of organisms to temperature in
a wide range of taxa (Angilletta, 2009) and its consequences on
body size (Blanckenhorn, 2000). It is likely that cohort splitting has
a genetic basis (Schultheis, Hendricks, & Weigt, 2002) as an adap-
tive response to environmental variability. In fact, recent studies
have shown that North African populations of C. mercuriale where
bivoltine cohort-split occurs are genetically differentiated from
European populations (Ferreira et al., 2016). The plastic and adap-
tive mechanisms underlying the cohort splitting are still not well

understood and require further experimental studies to unravel.
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Despite daily sampling of damselflies, the recapture rate of the
species was quite low. Such low recapture rates were also recorded
in other damselflies (Anholt, Vorburger, & Knaus, 2001; Conrad,
Willson, Harvey, Thomas, & Sherratt, 1999; Cordero-Rivera & Stoks,
2008). This might be due to the fact that the population has a wide
spatial distribution where adults frequent terrestrial habitat as well
as aquatic habitat, which is the case for some damselflies (Khelifa,
Mahdjoub, Aouaouche, & Houhamdi, 2016). Sex effect consistently
showed in the top models for recapture probability, revealing a
slightly higher recapture probability for males. This is consistent
with studies on damselflies and dragonflies (Cordero-Rivera & Stoks,
2008). The cryptic behaviour of females is a likely hypothesis to ex-
plain this pattern where females spend more time outside reproduc-
tive area (far from the water) (Conrad et al., 1999; Stoks, 2001).

Moreover, seasonal variation in body size showed different
trends during the spring and the autumn flight season. The spring
(slower-developing) cohort showed a decreasing pattern, that is, in-
dividuals that reproduce early in the season were larger than those
that reproduce later in the season. This is a typical pattern in C. mer-
curiale in particular (Mahdjoub et al., 2015; Purse & Thompson,
2003), other odonates (Banks & Thompson, 1985; Corbet, 1999;
Michiels & Dhondt, 1989) and insects in general (Comiskey, Lowrie,
& Wesson, 1999; Peckarsky, Cowan, Penton, & Anderson, 1993). On
the other hand, the autumn (faster-developing) cohort showed no
significant seasonal pattern of body size, which might be explained
by the short development period and the low intracohort variation
in age at emergence (maturity) in the autumn cohort compared to
the spring cohort. The comparative analysis of the two adult cohorts
with different paces of life shed some light on the proximate factors
that generate the seasonal decline in body size observed in many
aquatic insects. Temperature encountered during the larval stage
likely plays an important role, in other words, larger individuals that
emerge early in the spring season are those that hatched in spring
where temperatures are lower and thus development is slower which
allow them to accumulate mass and grow bigger whereas the smaller
individuals that emerge later in the spring season are those that
hatch in summer where temperature is higher and thus development
is faster, which results in shorter time spent as larvae and smaller
size at emergence (Davidowitz, D'Amico, & Nijhout, 2003). However,
other factors such seasonal pattern of food availability (Chapman
& Chapman, 1998; Davidowitz et al., 2003), predation (Abrams &
Rowe, 1996) and intra- and interspecific competition (Wissinger,
1989) are also to be considered because they could shape mass ac-
cumulation, growth and ultimately body size at emergence.

The positive correlation between body size, lifespan and sur-
vival probability is consistent with theoretical and empirical studies
(Davidowitz et al., 2003; Roff, 2002; Stearns, 1992). Similar results
were reported for Chalcolestes viridis where variation in survival
to maturity was explained by larval time constraint (De Block &
Stoks, 2005). Also, an experimental study on the stonefly Megarcys
signata showed that body mass at emergence was positively cor-
related with lifespan in both males and females (Taylor, Anderson, &
Peckarsky, 1998). There are probably carry-over costs of rapid larval

development that result in lower survival probability at the adult
stage (Inness & Metcalfe, 2008; Ricklefs, 2006). We assume that
larger individuals that came from slow-developing larvae allocated
more resources into biological functions (immunity, flight ability or
foraging) that increase lifespan, whereas fast-developing individu-
als allocated more resources into fast development (Blanckenhorn,
1998). Rolff, Van de Meutter, and Stoks (2004) showed in Chalcolestes
viridis that time-constrained development can cause suppression of
key components of the immune system, which leads to lower longev-
ity. Larger body size may also translate into higher flight ability which
confers greater foraging success (Greenleaf, Williams, Winfree, &
Kremen, 2007; Van Nieuwstadt & Iraheta, 1996) and higher energy
reserve (Arrese & Soulages, 2010; Partridge & Harvey, 1988). The
similarity of the positive effect of body size on the lifespan in both
cohorts where individuals encounter different abiotic and biotic
conditions shows that body size at the cohort and individual level is
a good predictor of important fitness components. Our results also
suggest that larger individuals did not suffer from higher predation
at the adult stage, which is typical for insects and other taxa (Sih,
1982; Wahle, 1992).

Besides survival, mating success was also different among co-
horts and body size also showed a positive correlation in both spring
and autumn cohorts. The mating system of the species explains the
sexual differences in mating success (Fincke, 1982). The reproduc-
tive frequency of females depends mainly on their ability to sur-
vival longer to produce more eggs (Thompson, 1990), whereas that
of males is further limited by their ability to find and copulate with
mates (Bangham, Chapman, & Partridge, 2002; Mellal, Bensouilah,
Houhamd, & Khelifa, 2018). In species with scramble competition
(stay attached to the female during oviposition), the daily mating fre-
quency is mostly binary (either one or zero) (Corbet, 1999). Because
there is high (scramble) competition for females in reproductive sites,
almost all females with mature eggs find a mate, whereas not all males
in the reproductive sites will copulate with a female (Fincke, 1982).
This explains the difference in mating frequency between males and
females observed in C. mercuriale. However, the differences in mat-
ing success between spring and autumn cohort might be explained
by the pace of life (De Block & Stoks, 2005). This is supported by the
positive relationship between body size and mating success at the
individual level in both cohorts, which was observed in many odo-
nates (Koenig, 2008; Sokolovska et al., 2000; Thompson & Fincke,
2002) and other insects (Bangham et al., 2002; Blanckenhorn,
2000). In fact, larger individuals may spend more time searching due
to their higher energy reserves and thus might be better at finding
mates (Otronen, 1995; Yuval, Kaspi, Shloush, & Warburg, 1998). In
addition, since larger males had larger survival probability and lifes-
pan, they also had more opportunity to find mates and increase their
mating success (Watt, Carter, & Donohue, 1986). Thus, these results
corroborate with the survival analysis and the theoretical and empir-
ical studies in animals and plants (Koztowski, 1992; Stearns, 1992).

So why would individuals emerge in late summer/autumn and
pay huge fitness costs? Similar cohort splitting has been observed
in other species in North Africa (Khelifa, 2017), which suggests that
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this strategy might be an adaptation to the local environment (Lytle
& Poff, 2004). Several species of macroinvertebrates have the trail-
ing edge of their distribution in North Africa where drought is usually
a common feature of wetlands (Britton & Crivelli, 1993). Although
larger individuals might benefit from higher fitness due to their slow
development in years where there is no drought, they will suffer high
consequences in dry years where fast development is most likely
advantageous (Williams, 1996). Thus, in an unpredictable dry envi-
ronment such as in the North Africa (Cook, Anchukaitis, Touchan,
Meko, & Cook, 2016), it is likely that the difference in fitness be-
tween cohorts decreases or evens out over the long term due to the
slow-development costs of mortality in dry years (Benrey & Denno,
1997). Furthermore, having a flexible life history in an unpredictable
environment is particularly beneficial for species persistence, espe-
cially in an era of extreme climate change (Conti, Schmidt-Kloiber,
Grenouillet, & Graf, 2014). Therefore, we can hypothesize that big-
ger is evolutionary not always better in fluctuating environments
(Blanckenhorn, 2000).
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