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Abstract
Effective habitat management is predicted to have positive effects on populations and species of conservation concern. 
Although studies have shown that ecological processes such as colonization can be promoted after habitat management, 
we still need more information on the survival and reproductive consequences at the individual level in order to reach posi-
tive conservation outcome. Here we assess the effects of reproductive habitat supplementation (host oviposition plant) on 
survival and mating success of an endangered endemic damselfly, Calopteryx exul, using capture-mark-recapture data. We 
first determined that the species prefer to oviposit on floating leaves of Potamogeton spp. Based on Cormack-Jolly-Seber 
modeling, we found that recapture and survival probabilities were positively affected by the number of the host oviposition 
patches of the host plant. Moreover, we showed a strong positive relationship between adult lifespan and lifetime mating 
success. Our results suggest that host-plant provisioning for reproduction not only increases the survival of individuals, but 
also increases the number of matings per lifetime. The procedure of supplying reproductive sites may enhance population 
growth of threatened odonates and other aquatic insects.
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Introduction

Habitat degradation is one of the major causes of species 
extinction in various ecosystems. The increase in human-
related activities has damaged the natural habitat of spe-
cies, leading to biodiversity loss with imminent effects on 
ecosystem functioning and human well-being (Díaz et al. 
2006). It is imperative to understand the ecology of threat-
ened species and find globally-feasible solutions in order to 
maintain existing populations and recover extinct popula-
tions of species of conservation concern (Akçakaya et al. 
2018; Sanderson 2006).

There is evidence that freshwater habitat is under huge 
anthropogenic pressure (Darwall et  al. 2011; Galewski 
et al. 2011). Although freshwater ecosystems cover less 
than 1% of world’s surface, they harbor a highly diverse 
fauna and flora (Dudgeon et al. 2006; Strayer and Dudgeon 
2010). Importantly, freshwater animal diversity is related 
to vegetation availability (Biggs et al. 2005; Goertzen and 
Suhling 2013; Hassall et al. 2011) which suggests that the 
latter might be essential for the maintenance of the diver-
sity of communities. In fact, since many freshwater animals 
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depend on aquatic macrophytes, the latter represent a bio-
logical vacuum which attracts species and increases diversity 
(Lucena-Moya and Duggan 2011; Thomaz and Cunha 2010). 
Such ecological properties have crucial importance in con-
servation and management of biodiversity.

One of the most studied insect groups in freshwater 
ecosystems are odonates (dragonflies and damselflies) 
(Córdoba-Aguilar 2008). The global diversity of odonates 
was estimated to about 7000 species (Kalkman et al. 2008). 
Species are generally either exophytic (lay their eggs in the 
water and on other substrates) or endophytic species (lay 
their eggs inside plant tissue). For the latter, many species 
are plant-specialist (Andersen et al. 2016; Corbet 1999), that 
is, they select a few plant species with specific properties 
(anatomical and mechanical) to lay eggs (Matushkina and 
Gorb 2007; Matushkina et al. 2016). On one hand, plant-
dependence makes the odonate species vulnerable because 
if the plant disappears the species will not lay eggs, and thus 
the population will vanish. On the other hand, the plant-
dependence may make the restoration of populations easier 
because providing the target plant (substrate provision) 
species in the preferred habitats will promote colonization. 
Unfortunately, knowledge on the plant preferences is lack-
ing for many species, particularly of those of conservation 
concern. Moreover, although substrate provision has been 
shown to enhance colonization and increase population size 
(Khelifa and Mellal 2017), there is no data showing any 
effects on the survival of individuals.

In this study, the oviposition site selection was examined 
on a natural population with two field experiments in which 
different plant species are manipulated. We then analyzed 
capture-mark-recapture (CMR) data carried out in Northeast 
Algeria to: (1) estimate survival probability of males and 
females using Cormack-Jolly-Seber models, (2) assess the 
effects of substrate provision on survival probability, and (3) 
examine the link between survival probability and mating 
success by analyzing the relationship between the number 
of matings per lifetime and lifespan. These aspects which 
are crucial for the conservation of the species have not been 
studied before.

Materials and methods

Study area

The oviposition site selection study was conducted in a 
stream (El Fedjoudj P) situated upstream of the Seybouse 
watershed, Northeast Algeria (36.4726°N, 7.3763°E). The 
watercourse of relatively fast water flow was on average 2 m 
width and 0.7 m depth.

The CMR study was carried out on a site (El Fedjoudj S) 
located in the Seybouse watershed, Northeast Algeria. The 

site is 5 km away from El Fedjoudj P (36.4776°N, 7.3990°E) 
and is characterized with an average width of 12 m and an 
average depth of 1.2 m. In both sites, vegetation in the bank 
mostly consisted of Typha angustifolia, Paspalum distichum, 
and a few patches of floating leaves of Potamogeton nodosus 
or P. pectinatus. Apart from C. exul there are other coexist-
ing damselflies such as Platycnemis subdilatata, Coenagrion 
caerulescens, and Ischnura graellsii, and Dragonflies such 
as Gomphus lucasii.

Study species

Calopteryx exul (Zygoptera, Calopterygidae) is an endemic 
endangered damselfly that exists only in Tunisia, Algeria, 
and Morocco. Large populations were found in Northeast 
Algeria (Khelifa et al. 2016), but a recent study reported the 
extinction of important subpopulations and thus suggests 
that the species should be listed as critically endangered 
(Khelifa and Mellal 2017). The damselfly lives in rivers 
and streams with relatively fast-flowing water. The males 
are territorial and guard patches of floating plants where 
females lay eggs. A very little is known about the ecology 
and demography of the species, particularly the oviposition 
site selection.

Oviposition site selection

To determine oviposition site selection, we carried out two 
field experiments that consisted of providing three plant spe-
cies on which C. exul females have been observed to lay 
eggs. These plants are Potamogeton nodosus, Typha angus-
tifolia, and Paspalum distichum. These species are the most 
dominant species in the banks of the Seybouse River, and 
most populations of C. exul. We set one territory with three 
patches of each plant species of equal surfaces (40 × 40 cm) 
in a part of the watercourse where the water flow was rela-
tively fast (preferred habitat for the species). In experiment 
1, from 11 to 16 June 2010, we recorded the species at which 
the female first lands. In fact, damselflies can recognize the 
preferred plant species for oviposition by vision and first 
land on it (Lambret et al. 2015; Martens 2001). We removed 
the female after she landed to avoid the effect of conspecific 
cues on substrate choice (Byers and Eason 2009; Martens 
1993). In experiment 2, from 24 to 30 June 2010, to under-
stand where eggs are mostly laid, we recorded the time spent 
ovipositing on each plant species. Oviposition duration is 
often correlated with the number of eggs laid (Corbet 1999).

Capture‑mark‑recapture

The study area was limited to 400 m based on the occur-
rence of the species. In fact, the closest viable population 
is at least 2 km away. The site was divided into 8 sections 
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within which sampling was possible (Fig. 1). Within a 
400 m transect, adults of Calopteryx exul were daily cap-
tured with a hand net, marked with a permanent marker, 
and released for subsequent recovery between 21 May 
and 2 July 2016. For each occasion, we noted the sex and 
reproductive state of each individual. The reproductive 
state of males was recorded as reproductive (when we 
observed copulation, oviposition, or guarding ovipositing 
females) or not (when none of the latter was recorded). 
Thus since the male can mate with several females during 
a day, this measure reflects only whether the male mated 
or not during a particular day.

Substrate provisioning

The study site naturally contained only three patches of 
Potamogeton spp. We increased the number of patches 
gradually to 10 by adding artificial patches collected 
from a different site. Because some oviposition patches 
were lost over time, we recorded the number of patches 
every visit and replaced the lost patches in the follow-
ing sampling occasion. Figure S1 shows the number of 
patches for each sampling occasion. The artificial ovi-
position patches were placed specifically in areas where 
the water flow and bank vegetation were suitable for the 
damselfly (successful reproduction) (Khelifa 2013). Each 
patch was about 0.7–0.8 m2, that is the surface covered by 
the leaves and stems of the floating plant. The artificial 
patch containing leaves and stems of the aquatic plant 
were attached with a wire and the stems were planted 
in the bank’s soil. The artificial reproductive sites were 
shown to be effective in attracting individuals and pro-
mote reproduction (Fig. 2) (Khelifa and Mellal 2017).

Statistical analyses

Statistical analyses were carried out with the R3.4.0 soft-
ware. To assess the oviposition site selection during land-
ing, we used a logistic regression with landing (coded 
as 1 or 0) as a response variable and plant species as an 
explanatory variable. To reveal which species is the most 
used as oviposition site, we carried out a one-way ANOVA 
in which oviposition duration was used as the response 

Fig. 1  Location map of the 
study site in the Seybouse 
watershed, Northeast Algeria. 
Oviposition patch E was con-
stantly removed by fishermen, 
and thus the maximal number 
of patches was 10. (Color figure 
online)

Fig. 2  Artificial oviposition site. a Field setting for artificial oviposi-
tion site. b The artificial site was built by leaves and stems of Pota-
mogeton nodosus for Calopteryx exul oviposition. The oviposition 
patch is occupied by a male and two ovipositing females
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variable and plant species as an explanatory variable. 
Tukey post hoc tests were used for pairwise comparison 
between treatments. Before using CJS modeling, we tested 
the goodness of fit of the model using the release.gof func-
tion from RMark (Amstrup et al. 2010). All three tests 
(Test2, Test3, and Total) assessing trap-release and transi-
ence showed non-significance (P > 0.50), which imply that 
the data are suitable for Cormack-Jolly-Seber (CJS) mod-
eling. Detection and survival probabilities were estimated 
with CJS model using RMark package (Laake 2013). We 
used a step-by-step procedure to select the best model. 
First, we fixed the survival parameter (Phi) and increased 
the complexity of the model for detection parameter (p) 
by sequentially adding sex, time, air temperature and the 
number of oviposition site, including interactions. After 
ranking the models based on the AICc (corrected Akaike 
information criterion), we selected the most parsimonious 
one with lowest AICc. For survival probability, we fixed 
the detection parameter to the best model for p, then we 
increased the complexity of the model for Phi by adding 
the same covariates for p. We used AICc and parsimony 
to select the best model for survival. The parameters were 
estimated with the get.real function from the RMark pack-
age and to predict both parameters across time-varying 
covariate.

To evaluate the link between lifespan, territory supple-
mentation and mating success, we used three surrogate vari-
ables. First, we used lifetime mating success (LMS)—the 
number of times that an individual was observed mating 
(copulation or oviposition) during its lifespan. Second, 
we estimated the apparent lifespan as the number of days 
between first capture and last observation. Third, we counted 
for each individual the sum of territories that were avail-
able during their lifespan. For instance, if an individual was 
observed in the site during 3 days in which the number of 
territories was 10, the total number was counted as 30. We 
used a Poisson model to regress the LMS against the esti-
mated lifespan, total number of territories and sex.

Results

Capture‑mark‑recapture data

A total of 238 individuals (140 females and 98 males) were 
captured and marked. The sex ratio of our sample was sig-
nificantly female biased (χ2 = 7.41, df = 1, P = 0.006). Of the 
total number of individuals, 144 (60.5%) were subsequently 
recorded after release. The number of captured individuals 
was not homogenous across the eight sections (χ2 = 7.41, 
df = 7, P < 0.0001), varying from 5 in section D to 76 in 
section A (Table 1).

Oviposition site preference

The field experiment assessing the probability of landing on 
a specific plant was based on 26 females.

We found that there was a clear preference for Potamoge-
ton nodosus (Table 2). The respective landing frequencies 
for P. nodosus, T. angustifolia and P. distichum were 0.74, 
0.21 and 0.05, respectively (Fig. 3a). Another field experi-
ment carried out on 15 females surveying the time spent 
ovipositing on each substrate type showed a similar pattern 
(ANOVA:  F2,42 = 169, P < 0.0001). The average oviposition 
duration was 47.5 ± 8.87 min. Tukey post hoc tests showed 
that P. nodosus was highly significantly used for oviposition 
with respect to T. angustifolia (P < 0.0001) and P. distichum 
(P < 0.0001), but no significant difference between the latter 
two species (P = 0.48). The species spent 91.5%, 7.4% and 
1.1% of the oviposition time on P. nodosus, T. angustifo-
lia, and P. distichum, respectively (Fig. 3b). Thus, the two 
experiments showed a preference for P. nodosus as oviposi-
tion substrate in C. exul.

Survival probability

Based on a constant CJS model for recapture and survival 
[Phi(.) p(.)], we estimated an average recapture rate of 0.41 
[95% CI 0.38–0.45] and an average survival rate of 0.84 

Table 1  Number of males and females capture in each section of the 
study site

Section Total no. indi-
viduals

No. females No. males

A 76 48 28
B 60 31 29
C 8 5 3
D 5 1 4
E 19 11 8
F 30 22 8
G 23 10 13
H 17 12 5
Total 238 140 98

Table 2  Summary statistics of the logistic regression assessing the 
landing probability of C. exul females on three potential oviposition 
plant substrates

The base level is Paspalum distichum, used as intercept for contrast 
calculations

Estimate Std. Error z value P

Intercept − 2.890 1.027 − 2.813 0.0049
Substrate [Potamogeton] 3.920 1.152 3.403 0.0006
Substrate [Typha] 1.569 1.171 1.339 0.1805
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[0.82–0.86]. To estimate the recapture and survival rate for 
each sex, we used the model Phi(sex) p(sex). The recapture 
rate of males was 0.56 [0.51–0.61] whereas that of females 
was 0.29 [0.25–0.33]. There was no difference between the 
survival rate of males (0.84 [0.80–0.86]) and that of females 
(0.84 [0.82–0.87]).

We tested the effects of a set of covariates on both the 
recapture and survival and ranked the models based on 
the AICc (Tables 3, 4). The best model for recapture rate 
includes sex and the number of oviposition patches, and it 
predicts that the higher the number of oviposition substrate 
the higher the recapture rate (Fig. 4). The most parsimonious 
model for survival rate includes only the number of ovipo-
sition patches and predicts an increase of survival with the 
increase of the number of oviposition patches (Fig. 5).

Fig. 3  Oviposition site selection 
of Calopteryx exul. a Fre-
quency of landing of females 
on three types of substrates. b 
Average time of oviposition in 
three types of substrates. Error 
bars indicate 95% confidence 
intervals

Table 3  Model selection results for detection probability of the Cor-
mack-Jolly-Seber for capture-mark-recapture data of Calopteryx exul 

Only the top 10 models are shown and the selected model is in bold. 
The dot (.) refers to a constant model
N.patches refers to the number of patches (territories)

Model npar AICc ΔAICc Weight Deviance

Phi(.)p(Sex + N.
patches)

4 2139.95 0.00 0.7324 1653.29

Phi(.)p(Sex * 
N.patches)

5 2141.96 2.01 0.2675 1653.27

Phi(.)p(Sex + time) 45 2160.78 20.83 0.0000 1586.04
Phi(.)p(Sex + Time) 4 2166.01 26.06 0.0000 1679.35
Phi(.)p(Sex * Time) 5 2166.76 26.81 0.0000 1678.07
Phi(.)p(Sex) 3 2170.18 30.23 0.0000 1685.54
Phi(.)p(N.patches) 3 2213.38 73.43 0.0000 1728.74
Phi(.)p(Time) 3 2233.05 93.10 0.0000 1748.41
Phi(.)p(.) 2 2233.19 93.24 0.0000 1750.57
Phi(.)p(time) 44 2234.86 94.91 0.0000 1662.40

Table 4  Model selection results 
for survival probability of 
the Cormack-Jolly-Seber for 
capture-mark-recapture data of 
Calopteryx exul 

Only the top 10 models are shown and the selected model is in bold. The dot (.) refers to a constant model
N.patches refers to the number of patches (territories)

Model npar AICc ΔAICc Weight Deviance

Phi(Sex + N.patches + Time)p(Sex + N.patches) 7 2125.79 0.00 0.6514 1633.03
Phi(N.patches)p(Sex + N.patches) 5 2128.69 2.90 0.1528 1640.00
Phi(Sex * N.patches)p(Sex + N.patches) 7 2128.91 3.12 0.1370 1636.15
Phi(Sex + N.patches)p(Sex + N.patches) 6 2130.69 4.90 0.0562 1639.97
Phi(.)p(Sex + N.patches) 4 2139.95 14.16 0.0005 1653.29
Phi(.)p(Sex + N.patches) 4 2139.95 14.16 0.0005 1653.29
Phi(Sex + Time)p(Sex + N.patches) 6 2140.20 14.40 0.0005 1649.47
Phi(Sex * Time)p(Sex + N.patches) 7 2141.36 15.57 0.0003 1648.60
Phi(Sex)p(Sex + N.patches) 5 2141.71 15.92 0.0002 1653.02
Phi(Body)p(Sex + N.patches) 5 2141.84 16.05 0.0002 2131.75
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Relationship between lifespan and mating success

The average estimated lifespan was 8.02 [95% CI 6.60–9.45] 
days for females and 7.66 [6.19–9.12] days for males. The 
maximum estimated lifespan was 33 days and 34 days for 
females and males, respectively. Lifetime mating success 
(LMS) had an average of 2.26 [1.84–2.67] for females with 
a maximum of 11, and 1.75 [1.36–2.13] for males with 

a maximum of 9. Table 5 shows a summary statistics for 
the Poisson model regressing LMS by estimated lifespan, 
number of territories available during lifespan, and sex. 
The model predicts that the estimated lifespan affects posi-
tively LMS and that females show slightly higher LMS than 
males (Fig. 6). Interestingly, there was a positive effect of the 
sum of the territories that were available on LMS.

Discussion

We used a natural population of the endemic endangered 
damselfly, Calopteryx exul, to examine the oviposition site 
selection and the potential effects of increasing the carrying 
capacity of oviposition sites on individual survival using 
CMR data. We also investigated the relationship between 
lifespan and lifetime mating success to evaluate the link 

Fig. 4  Predicted detection probability of Calopteryx exul across  a 
number of oviposition patches of Potamogeton nodosus. Dashed lines 
are 95% confidence intervals. Red refers to female and blue refers to 
male. (Color figure online)

Fig. 5  Predicted survival probability (with 95% confidence intervals) 
of Calopteryx exul across  a number of oviposition patches of Pota-
mogeton nodosus. Dashed lines are 95% confidence intervals

Fig. 6  Predicted lifetime mating success (with 95% confidence inter-
vals) across the lifespan of Calopteryx exul. Dashed lines are 95% 
confidence intervals. Red refers to female and blue refers to male. 
(Color figure online)

Table 5  Summary results of the Poisson model regressing lifetime 
mating success across lifespan, sex, and territory availability of 
Calopteryx exul 

Female is used as an intercept for contrast calculations
N.patches refers to the number of patches (territories)

Estimate Std. Error z value P

Intercept 0.1468 0.0786 1.868 0.0618
Lifespan 0.0254 0.0106 2.403 0.0163
Sex[Male] − 0.3792 0.1134 − 3.344 0.0008
N.patches 0.0098 0.0018 5.414 < 0.00001
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between longevity and fitness. The study showed that (1) 
providing more oviposition sites increases survival probabil-
ity of both sexes and detection rate, and (2) individuals with 
longer lifespan reproduce more frequently than those with 
a shorter lifespan. Although theory predicts that increas-
ing carrying capacity should increase individual survival 
(Birch 1948; Sibly et al. 2005), our study is the first to report 
this relationship for Calopteryx exul, a species that needs an 
urgent conservation plan.

Non-detection of individual means either the individual 
is really outside the study site (true negative) or within the 
study site, but not observed (false negative) (Cordero-Rivera 
and Stoks 2008). CMR models deal with false negatives and 
estimate the probability of detection. In our study, providing 
more oviposition substrates increased the detection probabil-
ity of both males and females. This could be explained by the 
mating system of the species. Males of C. exul are territorial, 
that is a single male usually guard one patch of oviposition 
substrate where multiple females lay eggs. More patches 
mean more territories, which relaxes the intraspecific inter-
ference between males, often leading to exclusion of some 
males either outside the study area or in terrestrial habitats 
(Bowler and Benton 2005; Plaistow and Siva-Jothy 1996). 
For the choosy females who typically require courtship for 
mating, the availability of multiple oviposition patches in 
one area might promote copulation and philopatry for ovi-
position site because a conspecific is often used as a cue 
for habitat quality assessment (Martens 1994; Martens and 
Rehfeldt 1989). This reduces the probability of migration 
outside the study area to seek for oviposition sites (Stettmer 
1996). These results suggest that supplementing oviposition 
sites might enhance the reproductive activity of individuals 
in a given site, which might ultimately be a potential method 
for establishing new populations of threatened species.

Interestingly, provisioning oviposition sites significantly 
increased the survival probability of both males and females. 
The explanation for this pattern might also be related to the 
species mating system. Adding more oviposition patches 
reduces male dispersal due to male–male interference or 
female searching for oviposition site and increases female 
agglomeration in reproductive sites. Mortality costs of 
dispersal have been well documented (Bonte et al. 2012), 
and predation is one of the main costs. For instance, in the 
closely related damselfly, C. splendens, mean adult survival 
is 8% lower in individuals that disperse, compared to those 
that do not (Chaput-Bardy et al. 2010). In order to prove that 
improving reproductive habitats by providing oviposition 
sites is a potential management plan that could benefit C. 
exul, it is essential to link the procedure to individual fitness.

Individuals surviving longer have more opportunities to 
reproduce, and thereby to contribute to the next generation 
(Rodríguez-Muñoz et al. 2010). To test that, we assessed the 
relationship between lifespan and lifetime mating success. 

We found a positive relationship between the two variables, 
showing that individuals with longer longevity have higher 
LMS. Similar findings were reported for the damselfly Coe-
nagrion puella (Banks and Thompson 1987; Thompson 
1990). Importantly, there was a positive relationship between 
the number of territories available during individual’s lifes-
pan and LMS, revealing that supplying territories increased 
the likelihood of mating. Therefore, oviposition site supple-
mentation for C. exul does not only increase the survival of 
individuals, but also their reproductive success. Such infor-
mation is essential components of demographic models that 
allow predictions of the population dynamics in damselfly 
wild population (Crowley et al. 1987). However, further 
studies are needed to assess the survival of eggs to the adult 
stage and the contribution of reproductive habitat supple-
mentation to the population size in the next generation.

In conclusion, we assessed the consequences of oviposi-
tion site provisioning on the survival and reproduction of 
the endangered C. exul. We found that adding oviposition 
sites increased the observation frequency and the survival 
probability of individuals. We also showed that increased 
survival is associated with the increase in the number of 
matings. Thus, oviposition site provisioning might not only 
contribute to population increase in the next generations, but 
also to higher resilience against disturbance (Ayllón et al. 
2012). We suggest that improving reproductive sites by sup-
plementing target host plant species will potentially be an 
effective way to improve the conservation status of many 
endophytic odonates. In fact, 10 out of 18 species (55.5%) 
listed as endangered and critically endangered in the IUCN 
red list for Mediterranean odonates are endophytic. Further 
studies should investigate whether improving reproductive 
sites helps to reverse the trend of declining populations not 
only in odonates but also in other endophytic insects.
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