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Abstract: Collecting quantitative data on insect species occurrence and abundance is a major concern
to document population trends. This is especially the case to assess the conservation status of
species listed in the European Habitats Directive and to assess the efficiency of mitigation measures
with a view to achieve the “no net loss of biodiversity” goal for protected species. However, at
present, populations of riverine dragonflies listed in the Habitats Directive and protected under
French national law are poorly quantified and monitored. Exuviae collection could be used for such
monitoring but a standardised protocol is lacking. We here proposed and tested such a protocol
to monitor riverine dragonfly populations through exhaustive exuviae collection along river bank
transects. To define the optimal transect size and number of visits, ninety-eight 100 m-long transects
divided into 10 m-long plots were monitored on three rivers in southern France. Each transect was
visited three times over the emergence period. In the course of each visit, all the exuviae along
transects were collected and identified. From our results, we recommend collecting exuviae along
100 m of river bank in the course of two visits in order to both maximise the species detection and
minimise the monitoring cost.

Keywords: riverine community; survey method; sampling issues; field protocol; conservation;
splendid cruiser; pronged clubtail; orange-spotted emerald

1. Introduction

Among the ongoing challenges in conservation entomology stands the necessity to
acquire quantitative data to document the trends of insect populations [1,2]. Based on long-
term quantitative studies, alerts on massive decline of insect populations have multiplied
in recent years [3–7]. This situation clearly urges the need for quantitative datasets allowing
(i) to detect and monitor local populations, particularly those of threatened or protected
species and (ii) to monitor national or supra-national population trends. However, for
several dragonfly species, protocols suitable for the production of such quantitative data
are simply lacking. This is the case in south-western Europe of the riverine community
composed of the Splendid Cruiser Macromia splendens (Pictet, 1843), the Pronged Clubtail
Gomphus graslinii (Rambur, 1842) and the Orange-spotted Emerald Oxygastra curtisii (Dale,
1834) [8]. These three species have an unfavourable conservation status at the European
community level (Table 1), they are listed in annexes II and IV of the Habitat Directive
of the European community, and are strictly protected in Spain, Portugal and France.
Moreover, they are southwestern Europe endemic species, their area of distribution being
almost limited to France and the Iberian Peninsula [9–12]. This imposes to assess the
conservation status of populations at local scale within the Natura 2000 sites and at the
national scale [13] (art. 17). It also imposes to offset negative impacts in the case of habitat
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alteration or destruction. However, in the context of high anthropogenic pressure on rivers
(i.e., increasing demand for infrastructure allowing flood-control, providing irrigation
water or producing hydro-electricity), quantitative assessment of both national population
trends and local population response to habitat alteration (or restoration) is not possible
due to a lack of standardised data. Those species are thus often neglected in the Natura
2000 sites where they are present [14] and the French action plans in favour of dragonflies
call for the development of effective standardised protocols [12,15]. To date, national and
local environmental authorities, biodiversity consultants in charge of impact assessment
studies and nature conservation organisations mostly rely on presence/absence datasets
obtained through the compilation of opportunistic sightings. Here, we aimed at providing
a standardised protocol to detect those protected species and provide an indicator of their
population size.

Table 1. The Splendid Cruiser Macromia splendens, Pronged Clubtail Gomphus graslinii, and Orange-
spotted Emerald Oxygastra curtisii conservation status and legal status.

Species
Conservation Status

French Region 3
Legal Status

Europe 1 France 2 Europe 4 France 5

M. splendens VU VU
VU (Occitanie)

Annexes II et IV Art. 2EN (Aquitaine)
VU (Rhônes-Alpes)

G. graslinii NT LC
NT (Occitanie)

Annexes II et IV Art. 2LC (Aquitaine)
VU (Rhônes-Alpes)

O. curtisii NT LC
LC (Occitanie)

Annexes II et IV Art. 2LC (Aquitaine)
LC (Rhônes-Alpes)

1 Kalkman et al., 2010 [16]; 2 UICN France et al., 2016 [17]; 3 Charlot et al., 2018; Barneix et al., 2016; Deliry et al.,
2014 [18–20]; 4 European Union Council Directive 92/43/EEC 1992 [13]; 5 Arrêté du 23 April2007 fixant les Listes
des Insectes Protégés sur l’ensemble du Territoire et les Modalités de leur Protection; 2007 [21].

Population size can hardly be assessed through adult observation because these
dragonflies mature away from emergence sites, males exhibit exacerbated territoriality
(especially O. curtisii), and imagoes are highly dependent on meteorological conditions
for their flying activity. Exuviae collection was investigated as a mean to monitor species
of conservation interest, specific richness and odonata community composition since the
2000′s. Foster and Soluk [22] first proved the usefulness of exuviae collection to monitor the
population of the endangered Hine’s emerald dragonfly, Somatochlora hineana Williamson
1931, and Oertli [23] recommended to “prioritize exuviae collection, then larvae and only
lastly the adults” to sample Odonata. Hardersen and collaborators in particular compared
exuviae collection to larvae collection and adult survey in lotic and lentic habitats [24–26].
Raebel et al. [27] and da Silva-Méndez et al. [28], they showed the different sampling meth-
ods are not interchangeable: each has its own advantages and drawbacks. Contrary to adult
survey, exuviae provide an unequivocal proof of autochthony and habitat suitability, their
collection is poorly or not invasive, and they can easily be used in standardised methods to
produce quantitative indicators. Whether or not exuviae collection reduce statistical bias is
still controversial [27–29] but it is gaining popularity. There are first attempts to monitor
populations of M. splendens in Catalunya [11,30,31] through exuviae collection and recently,
da Silva-Méndez et al. [28] investigated exuviae persistence time for several riverine species,
including M. splendens, G. graslinii and O. curtisii. They confirmed including exuvia col-
lection is essential to assess riverine communities in north-western Iberian peninsula. We
thus took advantage of the increased knowledge on exuviae identification—user-friendly
identification keys now available, such as Doucet [32] and Boudot & Grand [33]—and
increased interest for exuviae collection as a detection and monitoring tool [22,27,34–40] to
propose a monitoring protocol based on exuviae collection.
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We tested this protocol on three rivers in south-western France (Tarn, Lot and Dourdou
de Camarès), during which the sampling distance and the number of visits per season were
calibrated. We also provide information about the cost of such a protocol.

2. Materials and Methods
2.1. Monitoring Sites and Transects Location

Forty-nines sites were sampled on three rivers in south-western France, in the Occitanie
region: twenty-one on the river Lot, twenty-six on the river Tarn, and one on the river
Dourdou de Camarès (Figures 1 and 2, Table 1 and Table S1). Presence of reproductive
populations of M. splendens, G. graslinii, and O. curtisii in at least some stretches of those
three rivers was known prior to sampling [9,40,41].
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Figure 1. Location of study sites in south-western France. Blue lines and blue names indicate the
rivers Tarn, Lot and Dourdou de Camarès. Red, green and yellow circles show sampling sites on
Tarn, Lot, and Dourdou de Camarès, respectively. The names in capital letters correspond to the
French county and their limits are shown in black dotted lines.

Monitoring sites were chosen for their easy access to water. Then, on each monitoring
site, two 100 m long river bank stretches (there after named transects) were positioned, one
on the left river bank, one on the right river bank. Transects were chosen in a way to fit,
as far as possible, the description of the favourable habitats for the targeted species: deep
waters, low stream velocity, presence of a dense riparian vegetation with shaded places, or
rocky river bank [41–43]. Additionally, we avoided obstacles preventing access to the river
bank, such as fallen trees, mud, and sand-banks. A global positioning system handheld
(Garmin GPSMAP 65s model) was used to geolocalise the position of each transect and a
20 m long rope with marks every 10 m was used to measure and divide each of them into
ten 10 m long plots. For the time of the study, pink warning tape was used to show the
beginning and the end of each 100 m transect and each 10 m plot.
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Figure 2. Overview of the three rivers sampled: (a) Dourdou de Camarès, (b) Lot, and (c) Tarn.

2.2. Exuviae Collection

Along each transect, all Anisoptera exuviae within reach were collected from each
10 m long plot and stored for later identification. Exuviae were collected from a short and
easily maneuverable kayak (Mojito model by Rotomod, 250 cm long, 76 cm width and 16 kg
weight). The operator visually inspected the riverbank’s substrate, herbaceous vegetation
and trees roots, trunks, and branches. As emerging larvae can walk high to complete
emergence (Arguel, Pelozuelo and Denis, personal observation), trunks, branches and
mineral cliffs and rocks were scouted from their base to approximately 3 m high. Exuviae
found at such height were collected using the 2.2 m long kayak paddle. On each transect,
the total sampling time and at each 10 m portion was recorded.

Each site was sampled three times from June to August 2015 to cover the entire
expected emergence period of the riverine community in south-western France (Table S1).
The first visit to each transect took place between 9 June and 14 July, the second visit
between 9 July and 7 August, and the third one between 27 July and 26 August (Table S1).
The date for the first visit were chosen to be around the peak of emergence, based on
information’s available at that time on Vère and Aveyron rivers (Denis and Pelozuelo,
personal observation) and later confirmed [44]. However, it is noteworthy that local
phenology is not described on those rivers, and emergence can even occur later due to
deep and thus cold waters of the Lot and Tarn rivers, as observed on Tarn river in 2020 and
2021 [45]. The delay between each visit on the same site was on average, 25 days between
the first and the second visit (Min = 15, Max = 42, Median = 23) and 18 days between the
second and the third visits (Min = 11, Max = 23, Median = 20). We could not have shorter
delays between the visits due to rainy weeks.

Given that M. splendens, G. graslinii, and O. curtisii are protected species in France, the
exuviae collection was authorised by prefectural decrees n◦81-2014-05 and n◦82-2014-05.
Collected exuviae were identified in the laboratory, using a binocular microscope (Leica
Zoom 220 model) and the identification key of dragonfly exuviae of France [32]. Numbers
of exuviae per species, per 10 m plot of each transect were then obtained.
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2.3. Practical Considerations: Time and Cost Required for Such a Protocol

The time required to sample each 100 m long transect was measured, from the begin-
ning to the end of each transect. The cost of such a study has also been estimated based
on the prices of the different material items required, as given on several websites. The
costs of the equipment specifically required to this study (navigation equipment, roof bars,
etc.) were estimated separately from the cost of the basic equipment generally present in
an ecology laboratory (binocular microscope, car, identification key, etc.).

2.4. Data Analysis

For each 10 m plot, 100 m transect, or site (left plus right river bank transects), species
richness and abundance were calculated. We then calibrated the sampling effort (i.e.,
number of visits and length of transects) that would be required to maximise abundance,
species richness, and detection of the target species (i.e., M. splendens, O. curtisii, and
G. graslinii). We calculated the number of new species detected and the abundance of
exuviae collected at each visit to assess the efficient number of visits. We compared them
using a Friedman rank sum test, followed by a non-parametric Wilcoxon signed-rank test
with Bonferroni adjustment to find post-hoc statistical differences. We also calculated
the cumulated richness detected by plots. Cumulated species richness was plotted to
calibrate the effective length of transects. We finally tested the correlation between exuviae
abundance by transect and sampling duration using the Spearman correlation test. All
analyses were performed with R 4.0.3 (R Core Team, 2020) and all maps were made with
QGIS Desktop 3.12.3.

Species that were poorly present in our samples of exuviae (i.e., less than 10 exuviae
across all exuviae collected over the 98 transects) and exuviae that we could not identify
were not included in the analysis. As M. splendens was one of the species of community
interest we focused on, its exuviae number are shown even if they were below the fixed
threshold. For each species, densities of exuviae per 100 m for first plus second visit
were calculated.

3. Results

In total, 5831 exuviae from 11 Anisoptera species (with more than 10 exuviae each)
were collected. Six species are typically riverine according to the description of their habi-
tats [10,33], two are occasionally riverine, and three are rather associated with standing
waters. Besides the species targeted by this study (i.e., M. splendens, G. graslinii and O.
curtisii), the community found in this region included Onychogomphus forcipatus (Linnaeus,
1758), Boyeria irene (Boyer de Fonscolombe, 1838), Gomphus vulgatissimus (Linnaeus, 1758) as
riverine species, plus G. pulchellus (Selys, 1840), and Somatochlora metallica (Vander Linden,
1825) as occasionally riverine and Orthetrum cancellatum (Linnaeus, 1758), Anax imperator
(Leach, 1815), and A. parthenope (Selys, 1839) as rather associated with standing waters.
Aeshna mixta (Latreille, 1805) (6 exuviae), Cordulegaster boltonii (Donovan, 1807) (3 exuviae),
Gomphus similimus (Selys, 1840) (1 exuvia), Libellula fulva (O.F Müller, 1764) (1 exuvia),
Orthetrum albistylum (Selys, 1848) (1 exuvia), Orthetrum brunneum (Boyer de Fonscolombe,
1837) (1 exuvia), Sympetrum sanguineum (OF Müller, 1764) (1 exuvia), Sympetrum striola-
tum/meridionalis (Charpentier, 1840 and Selys, 1841) (10 exuviae), and Trithemis annulata
(Palisot de Beauvois, 1807) (4 exuviae) were also detected but given the low number of
exuviae collected from each of these species, they were discarded from further analysis. The
rivers sampled are relatively wide and deep (around 90 m for the Lot, 100 m for the Tarn
and 30 m for the Dourdou-de-Camarès) and thus the scarcity of C. boltonii is not surprising
as it prefers smaller and shallower tributaries.

Furthermore, there were some exuviae that could not be identified to the species level
and thus were not considered in the analyses: Anax sp. (28 exuviae), Aeshna sp. (1 exuvia),
Gomphus sp. (10 exuviae), and Sympetrum sp. (3 exuviae).

The presence of the three species of community interest in different places of the stud-
ied rivers (Tarn, Lot and Dourdou de Camarès) was confirmed. O. curtisii and G. graslinii
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were found on the Tarn and the Lot, with relatively greater numbers of the downstream part
of these two rivers (Tables 2 and 3 and Figure 3). M. splendens was detected on two sites on
the Tarn and one on the Lot. Density of M. splendens was much lower compared to O. curtisii
and G. graslinii. On the Dourdou de Camarès river banks, only O. curtisii was detected.

Table 2. List of dragonflies species with more than 10 exuviae detected on each river (Lot, Tarn, and
Dourdou de Camarès) with the total number of transects where the species was detected at least once
and the associated percentage of positive transects (between parentheses). Riverine species according
to Dijkstra [10] and Boudot and Grand [33] are indicated by asterisks and this study’s target species
(i.e., protected ones) are indicated in bold.

Odonata Species
Rivers

Lot (n = 44) Tarn (n = 52) Dourdou de Camarès (n = 2)

*O. curtisii 22 (50) 16 (30.8) 1 (50)
*M. splendens 1 (2.3) 2 (3.8) -
*G. graslinii 27 (61.4) 24 (46.2) -

*G. vulgatissimus 23 (52.3) 31 (59.6) 2 (100)
*O. forcipatus 34 (72.3) 45 (86.5) 2 (100)

*B. irene 26 (59.1) 27 (51.9) 1 (50)
S. metallica 12 (27.3) 6 (11.5) -

O. cancellatum 16 (36.4) 1 (1.9) -
G. pulchellus 5 (11.4) 6 (11.5) -
A. imperator 4 (9.1) 2 (3.8) -

A. parthenope 4 (9.1) 2 (3.8) -

Table 3. Average exuviae density per 100 m long transects obtained during the first plus second visits
for each species detected on each river (Lot, Tarn, and Dourdou de Camarès). The corresponding
standard deviations are shown between parentheses. Riverine species according to Dijkstra [10] and
Boudot and Grand [33] are indicated by asterisks and this study’s target species (i.e., protected ones)
are indicated in bold.

Odonata Species
Rivers

Lot (n = 44) Tarn (n = 52) Dourdou de Camarès (n = 2)

*O. curtisii 29.4 (91.5) 11.7 (26.7) 3 (4.2)
*M. splendens 0.02 (0.2) 0.1 (0.3) -
*G. graslinii 8.8 (13.8) 10.7 (24.5) -

*G. vulgatissimus 6.3 (18.1) 5.9 (11) 8.5 (6.4)
*O. forcipatus 10.6 (14.9) 17.6 (17.2) 94.5 (36.1)

*B. irene 5.2 (13.3) 2.2 (3.2) 2.5 (0.7)
S. metallica 0.7 (1.4) 0.2 (0.6) -

O. cancellatum 1.8 (5.4) 0.02 (0.1) -
G. pulchellus 0.3 (1.1) 0.2 (0.6) -
A. imperator 0.05 (0.2) 0.04 (0.2) -

A. parthenope 0.02 (0.2) 0.1 (0.3) -

3.1. Number of Visits

On the three visits carried out, it appears very clearly that the first visit was the most
informative in terms of both specie richness and abundance (Figures 4 and 5. Indeed, the
number of new species detected on a site was significantly much lower during the second
(Friedman test, p < 0.001; Wilcoxon signed-rank test, P1–2 < 0.001) and the third visits
(Friedman test, p < 0.001; Wilcoxon signed-rank test, P1–3 < 0.001, P2–3 = 0.01; Figure 4).
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The species richness detected during the first visit represented on average 82.8% of the
total detected richness on a site. This percentage fell respectively to 12.8% and 4.4% during
the second and the third visits. Moreover, the total abundance of exuviae was significantly
higher during the first visit than during the other two (Friedman test, p < 0.001; Wilcoxon
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The three species of community interest were mostly detected during the first and
second visits. For O. curtisii, detection occurred during the first visit on 94.9% of the
transects where the species was detected at least once during the entire sampling period
(n = 39), for G. graslinii on 86.3% of transects (n = 51) and for M. splendens on 66.7% of
transects (n = 3) (Figure 6). The second visit allowed detecting G. graslinii for the first time
in 11.8% of cases, M. splendens in 33.3% of cases, and O. curtisii in 5.1% of cases. In the
third visit, only G. graslinii was detected on a single transect (on the Lot river) among the
51 sampled (Figure 6).
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The first visit enabled us to collect 69.4% of the total exuviae collected, while the
second and the third ones represented respectively 25.5% and 5.1% of the total. With the
two first visits, we thus detected about 95.6% of the total species richness and collected
94.9% of the total abundance.

Regarding the three species of community interest, the abundance of exuviae was
significantly higher during the first passage and it significantly decreased at the second and
third visit (for G. graslinii: Friedman test, p < 0.001; Wilcoxon signed-rank test, P1–2 < 0.01,
P1–3 < 0.001, P2–3 < 0.001; for O. curtisii: Friedman test, p < 0.001; Wilcoxon signed-rank
test, P1–2 < 0.001, P1–3 < 0.001, P2–3 < 0.001) (Figure 7). The number of M. splendens exuviae
was too small (four exuviae) to carry any analysis.
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Figure 7. Abundance of exuviae of Gomphus graslinii and Oxygastra curtisii collected along 100 m-long
transects (n = 98 transects) during the first, second, and third visits. Abundances are log-transformed.
Box plots indicate median, range, and first and third quartiles. Points indicate outliers. Significant
differences are indicated by different letters.

3.2. Transect Length

Along the 100 m transects, the number of new species detected mostly increased
within the first 70 m then tended to stabilise. The first four plots allowed, on average,
detection of over 70% of the species. The arbitrary threshold of 90% of detected species
richness was reached at, on average, between 60 and 70 m (Figure 8).
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Regarding the three species of community interest, detection generally took place
within the first 10 m plots. G. graslinii and O. curtisii, are detected in the first 10 m plot in
47.1% and 59% of positive transects respectively (Figure 9). Beyond 60 m, the first detection
of G. graslinii and O. curtisii was very low (<8%). The number of M. splendens was too low
to make any conclusion.
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3.3. Practical Considerations: How Long Did It Take and How Much Did It Cost?

On average (n = 98), exuviae collection along one 100 m long transect required
1 h 14 min (Max = 2 h 11 min and Min = 29 min) during the first visit, and, respectively,
52 min (Max = 1 h 37 min and Min = 28 min) and 39 min (Max = 1 h 7 min and Min = 14 min)
during the second and the third visits (Table S2). The duration of exuviae collection is
significantly and positively correlated with exuviae abundance (Spearman’s rank correla-
tion rho = 0.78, p < 0.001). This is the raw time necessary to collect exuviae but the time to
handle, load, and unload the kayak on the car roof must be added (approximately 20 min)
as well as the time necessary to drive from the lab to the different sites. Within normal
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conditions, two persons on two separate kayaks can sample three sites per day (i.e., six
transects per day).

Equipment cost for exuviae collection (one kayak and its accessories such as a paddle,
a lifejacket, a 5 L waterproof container, containers for exuviae collection, one handheld GPS,
and a 20 m-long rope) is around €1000 per person and two persons are required for security
reasons. The material cost for exuviae identification (binocular microscope, identification
key, etc.) is around €850.

4. Discussion

This study aimed to propose a standardised protocol for monitoring riverine dragonfly
communities. We investigated the optimal number of visits to pay to each transect and the
optimal length of transect to accurately describe the species composition and abundance
of the local Anisoptera community, with a special focus on species of community interest,
O. curtisii, M. splendens, and G. graslinii. Regarding the number of visits per transect, our
results showed that two visits are required to detect the majority of species and specifically
our three species of community interest. Even if most species were detected during the first
visit, a second visit brought valuable additional information as O. curtisii and G. graslinii
would have been not detected in 5.1% and 11.8% of our positive transects without a second
visit. On the contrary, there is no need for a third visit as the number of new species detected
during this visit was nearly zero and, if not, new species detected were species with no
conservation issue, e.g., A. parthenope, T. annulata, or L. fulva. Our conclusion is similar for
abundance: two visits allowed us to collect around 94.9% of the total number of exuviae.
On the contrary, the proportion of exuviae collected during the third visit was low (5.1%).
This pattern might be the result of our visit schedule: the first visit probably occurred
around the emergence peak, the second visit at the end of the emergence period—allowing
collection of the exuviae of the individuals emerging lately—and the third visit may have
occurred when the emergence period was already finished, and thus only exuviae unseen
during the first and second visit were remaining.

Therefore, we conclude that it is not useful to carry out a third visit, especially since it
would occur lately in the season and would probably not allow the detection of species of
community interest which are all early species [41,46]. As sampling effort is always a trade-
off between the search for exhaustiveness and time and money allocated, we recommend
two visits rather than three.

We did not investigate the delay between each visit. Even if we recognise that this
would deserve more attention, the 18- up to 25-day-long interval between first and second
visit seems appropriate. Such a delay allows to stop sampling and to wait for new emer-
gence in case of unpredictable meteorological event such as a storm or a flood washing
away the exuviae. During this study, we had to face periods of heavy rains which obliged
us to stop exuviae sampling and increased the delay between the first and second visit.
This probably had a negative impact on the exuviae densities [27]; however, this was not
quantified in our case and, hence, we cannot provide a solution to manage the impact of
such events.

We also investigated the effect of transect length on our ability to detect species. Our
results showed that a 70 m-long transect would be enough to detect, on average, 90% of
the species locally present on each transect. This particularly applies for O. curtisii and
G. graslinii which were detected within the first 10 m plots in a vast majority of positive
transects, 87% and 69% respectively within the first 30 m. Concerning M. splendens, we
cannot draw any conclusion because this species was too scarce on our transects (only
three positive transects, with a total of four exuviae), even though the species had been
previously observed in various location of the Tarn and Lot rivers [41,47–49]. We would
recommend to sample 100 m-long transects rather than 70 m-long ones. First, sampling
100 m-long transects would only last 15 min more on average. Second, a 100 m-long
distance is easy to remember and handle in our decimal metric system. Third, we can
expect a 100 m-long transect to increase our chances to detect M. splendens.
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Compared with the results of da Silva-Méndez in the NW Iberian Peninsula [28]
and those of samplings we have carried out in other French rivers (Aveyron, Vère, Viaur,
unpublished data), exuviae densities were surprisingly low on some sites, particularly
for M. splendens, whose exuviae were occasionally collected by hundreds on Tarn river in
the 1980′s [41]. Such a situation has poor chance to be due to late collection date as our
first visit took place around the date 50% of emergence occurred on close by rivers [44].
Furthermore, in a recent survey [45], around fifty M. splendens exuviae could be found on
Tarn river between mid-July and early August. As adults damselflies were also few (Denis,
Pelozuelo and Danflous, personal observation), we rather think it is due to a low level of
Odonata populations at that time. Dam emptying operation at the Pinet dam in 2003 and
2009, with the water level moving down by 9 m and 15 m respectively [50], could have
heavily impacted Odonata populations on the upper Tarn river for several years. Heavy
rains that occurred at the end of June could also washed away an important part of the
exuviae. Anyway, locally low densities of exuviae do not undermine our results and both
the transect length and the two visit we recommend would be enough for an accurate
description of dragonflies community in rivers with higher densities.

Differences in detection between adults and exuviae of Odonata have been shown
in recent studies and the exuviae collection is today one of the most reliable methods
for monitoring species [25,29]. Moreover, exuviae detection offers numerous benefits: on
one hand, exuviae are “the most important indicators of resident populations” [51], i.e.,
the best cue of on-site reproduction and development [27,41,52] and on the other hand,
the number of exuviae provides the most reliable estimate of population density [23]. In
addition, exuviae collection is a non-invasive method, an essential quality when dealing
with protected or red-listed species [22]. Indeed, exuviae collection has become in recent
years a popular sampling method to inventory Odonata in lentic [22,26] and lotic habi-
tats [26,40,53,54]. However, few standardised protocols based on the exuviae collection
have been investigated. There are examples of exhaustive exuviae collection during a
defined duration [40], of exhaustive exuviae collection over transects randomly drawn each
year [53,55,56] or over chosen “sentinel” sites to be monitored every year ([8], this study).
Number of visits and transect length differ from one protocol to another; however, such
differences are adaptations to local conditions. In our case, riverbanks are not drastically
modified from one year to another in the rivers monitored and our protocol can easily
be applied. With a good knowledge of the target species’ emergence periods, two visits
on identical 100 m-long transects every year are enough to monitor riverine dragonfly
communities in a way that allows to obtain trends after several years of monitoring. Thanks
to the use of “sentinel” sites, sampled each year, spatial and temporal variations in exuviae
densities can be highlighted. As important interannual variation might be expected, several
years of monitoring would be recommended to establish a local reference.

However, for this type of protocol, additional recommendations can be made. First, as
a feedback from our own field-work experience with kayak for exuviae collection, the use
of short individual kayaks would be recommended, even on small rivers, since it allows
good access to the river banks regardless of water levels, without trampling the aquatic
habitat and larvae. It should however be noted that in some rare cases kayaks may become
impractical in small Mediterranean rivers, restricted to pools during part of the summer.
Additionally, cleaning the kayak and accessories between sites/sampling dates may be
required to prevent the spread of invasive aquatic species if such a risk is identified.

For safety purposes, surveys should always be carried out in pairs. Kayaks also enable
sampling to be carried out in a comfortable position (sampling sessions can sometimes last
all day) and to access areas that are difficult to access on foot (e.g., steep banks, sections of
isolated rivers). Then, it is important to plan sampling according to meteorological and
hydrological conditions. Exuviae can be washed by storms (rainfall and gusts of wind)
or when water levels rise (because of dam water release or precipitations) [57]. Thus,
we recommend leaving a few days after those occasional disturbances, to allow larvae
to emerge.
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Standardised protocols based on exuviae collection are currently the most reliable
and relevant methods for detecting and monitoring riverine dragonflies. They should
be implemented to improve knowledge of targeted species population trends and en-
sure their conservation, as recommended by the latest French National Action Plan for
dragonflies [12]. In the future, they should be used to test and develop other methods
such as quantitative environmental DNA approaches. Efforts to produce genetic barcodes
for species identification [58,59] and to understand the persistence and accumulation of
dragonflies DNA in their ecosystems [60] would probably soon make quantitative envi-
ronmental DNA approaches available. Using standardised exuviae collection with such
genetic methods will thus be useful to calibrate and validate the use of genetic methods to
monitor odonate populations in nature.

Finally, we should emphasise that this protocol has been used every year since 2018.
Except for the impossibility to quantify how much storms may impact exuviae densities, no
particular drawback has been identified since, and the dataset obtained is being analysed
in order to describe temporal and spatial variability for these three targeted species and
identify rivers and rivers portion of highest conservation value.

5. Conclusions

The extensive sampling effort set up during this study has allowed us to propose
and calibrate a relevant protocol for surveying riverine dragonfly communities. Even
though sample sites were only located on three rivers in south-western France, this method
may be suited to abroad range of temperate rivers. Thus, we propose riverine dragonfly
surveys to be conducted by two observers in kayaks (i.e., one along each bank) in the
course of two visits during the emergence period to collect exuviae of all species along a
100 m transect of river bank. According to our results, this method maximises detected
richness while minimising the duration of sampling. These results are a major issue since
exuviae collection is rarely undertaken when surveying riverine dragonflies, especially
as no standardised monitoring program currently exists for the three protected species
in France (i.e., O. curtisii, M. splendens, and G. graslinii) and only recently effort were also
dedicated to develop a protocol for the monitoring of Ophiogomphus cecilia (Geoffroy in
Fourcroy, 1785) and Stylurus flavipes (Charpentier, 1825) [12,53]. This is also particularly
true regarding environmental impact assessments, which aim to avoid, mitigate, and
offset adverse impacts on biodiversity, and particularly on protected species. Methods for
detecting riverine dragonflies and quantifying their populations should be relevant and
robust to ensure that decision-makers’ judgments are well-founded. Thus, we expect our
protocol proposal to raise awareness among the experts involved in impact assessment and
the administration to review their studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d14090728/s1, Table S1: Location and sampling dates of the ninety-
eight transects. GPS points are provided in WGS84 geographic format; Table S2: Details of survey dura-
tions on the different rivers (average, standard deviation, maximum duration and minimum duration).
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European Red List of Dragonflies; Publications Office: Luxembourg, 2010; p. 28.

17. UICN France, MNHN, OPIE & SFO. La Liste Rouge Des Espèces Menacées En France; Chapitre Libellules de France Métropolitaine;
UICN France, MNHN, OPIE & SFO: Paris, France, 2016; p. 5.

18. Charlot, B.; Danflous, S.; Louboutin, B.; Jaulin, S. Liste Rouge Des Odonates d’Occitanie-Rapport d’évaluation; CEN Midi-Pyrénées &
OPIE: Toulouse, France, 2018; p. 102.

19. Barneix, M.; Bailleux, G.; Soulet, D. Liste Rouge régionale des Odonates d’Aquitaine; Observatoire Aquitain de la Faune Sauvage
(Coordination): Pessac, France, 2016; p. 40.

20. Deliry, C. Le Groupe Sympetrum Liste Rouge des Odonates de la région Rhône-Alpes. In Histoires Naturelles; Flammarion: Paris,
France, 2014; p. 35.

21. Ministre de l’Ecologie et du Développement Durable Arrêté Du 23/04/07 Fixant Les Listes Des Insectes Protégés Sur l’ensemble
Du Territoire et Les Modalités de Leur Protection. 2007. Available online: https://www.legifrance.gouv.fr/loda/id/JORFTEXT0
00000465500/ (accessed on 25 June 2022).

22. Foster, S.E.; Soluk, D.A. Evaluating Exuvia Collection as a Management Tool for the Federally Endangered Hine’s Emerald
Dragonfly, Somatochlora Hineana Williamson (Odonata: Cordulidae). Biol. Conserv. 2004, 118, 15–20. [CrossRef]

http://doi.org/10.1111/icad.12409
http://doi.org/10.1111/icad.12408
http://doi.org/10.1371/journal.pone.0185809
http://www.ncbi.nlm.nih.gov/pubmed/29045418
http://doi.org/10.1126/science.356.6338.576
http://www.ncbi.nlm.nih.gov/pubmed/28495712
http://doi.org/10.1016/j.biocon.2019.01.020
http://doi.org/10.1126/science.aax9931
http://doi.org/10.1146/annurev-ento-011019-025151
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000000465500/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000000465500/
http://doi.org/10.1016/j.biocon.2003.06.002


Diversity 2022, 14, 728 16 of 17

23. Oertli, B. The Use of Dragonflies in the Assessment and Monitoring of Aquatic Habitats. In Dragonflies and Damselflies: Model
Organisms for Ecological and Evolutionary Research; Oxford Biology: New York, NY, USA, 2008; pp. 79–95. ISBN 978-0-19-923069-3.

24. Hardersen, S. Dragonfly (Odonata) Communities at Three Lotic Sites with Different Hydrological Characteristics. Ital. J. Zool.
2008, 75, 271–283. [CrossRef]

25. Giugliano, L.; Hardersen, S.; Santini, G. Odonata Communities in Retrodunal Ponds: A Comparison of Sampling Methods. Int. J.
Odonatol. 2012, 15, 13–23. [CrossRef]

26. Hardersen, S.; Corezzola, S.; Gheza, G.; Dell’Otto, A.; La Porta, G. Sampling and Comparing Odonate Assemblages by Means of
Exuviae: Statistical and Methodological Aspects. J. Insect Conserv. 2017, 21, 207–218. [CrossRef]

27. Raebel, E.M.; Merckx, T.; Riordan, P.; Macdonald, D.W.; Thompson, D.J. The Dragonfly Delusion: Why It Is Essential to Sample
Exuviae to Avoid Biased Surveys. J. Insect Conserv. 2010, 14, 523–533. [CrossRef]

28. Da Silva-Méndez, G.; Riso, S.; Lorenzo-Carballa, M.O.; Cordero-Rivera, A. Sampling Larvae, Exuviae or Adults of Odonata for
Ecological Studies: A Test of Methods in Permanent Rivers in the Iberian Peninsula. Odonatologica 2022, 51, 63–81.

29. Bried, J.T.; D’Amico, F.; Samways, M.J. A Critique of the Dragonfly Delusion Hypothesis: Why Sampling Exuviae Does Not
Avoid Bias: Critiquing the Dragonfly Delusion. Insect Conserv. Divers. 2012, 5, 398–402. [CrossRef]

30. Luque, P. Macromia Splendens i Gomphus Graslinii, Dues Noves Espècies d’odonats per a Catalunya. Butlletí Inst. Catalana
Història Nat. 2006, 74, 113–116.

31. Martínez-Martínez, D.; Olmo-Vidal, J.M.; Luque Pino, P.; Querol, J.M.; del Mai, M.J.M.; Casanova, C.B.; Pujol, A.G. Seguimiento
de La Población de Macromia Splendens Mediante El Muestreo de Exuvias En La Terra Alta, Cataluña. In Proceedings of the
Simposio Ibérico de Odonatología SIO-2015, Córdoba, Spain, 1–3 May 2015; Asociación de Educación Ambiental El Bosque
Animado/Red de Observadores de Libélulas en Andalucía: Málaga, Spain, 2015.

32. Doucet, G. Clé de Détermination Des Exuvies Des Odonates de France, 3rd ed.; Société Française d’Odonatologie; Fondation Nature &
Découvertes: Bois d’Arcy, France, 2016; ISBN 979-10-94955-00-0.

33. Boudot, J.-P.; Grand, D.; Wildermuth, H.; Monnerat, C. Les Libellules de France, Belgique et Luxembourg, 2nd ed.; Parthenope;
Biotope: Mèze, France, 2017; ISBN 978-2-36662-176-1.

34. Ferreras-Romero, M.; Corbet, P.S. Seasonal Patterns of Emergence in Odonata of a Permanent Stream in Southwestern Europe.
Aquat. Insects 1995, 17, 123–127. [CrossRef]

35. Suhling, F. Temporal Patterns of Emergence of the Riverine Dragonfly Onychogomphus Uncatus (Odonata: Gomphidae).
Hydrobiologia 1995, 302, 113–118. [CrossRef]

36. Farkas, A.; Jakab, T.; Tóth, A.; Kalmár, A.F.; Dévai, G. Emergence Patterns of Riverine Dragonflies (Odonata: Gomphidae) in
Hungary: Variations between Habitats and Years. Aquat. Insects 2012, 34, 77–89. [CrossRef]

37. Zebsa, R.; Khelifa, R.; Kahalerras, A. Emergence Pattern, Microhabitat Choice, and Population Structure of the Maghribian
Endemic Gomphus Lucasii Selys, 1849 (Odonata: Gomphidae) in Northeastern Algeria. Aquat. Insects 2014, 36, 245–255.
[CrossRef]

38. Maingeot, M.; Motte, G.; Goffart, P. Première Étude de l’émergence de La Cordulie à Corps Fin (Oxygastra Curtisii) Le Long de
l’Ourthe. Nat. Belg. 2015, 96, 57–83.

39. Golfieri, B.; Hardersen, S.; Maiolini, B.; Surian, N. Odonates as Indicators of the Ecological Integrity of the River Corridor:
Development and Application of the Odonate River Index (ORI) in Northern Italy. Ecol. Indic. 2016, 61, 234–247. [CrossRef]

40. Hardersen, S.; Toni, I. Proposal for a Time-Based Standard Sampling Method for the Monitoring of Gomphus Flavipes (Charpentier,
1825) and Ophiogomphus Cecilia (Fourcroy, 1785) (Odonata: Gomphidae). Fragm. Entomol. 2019, 51, 55–62. [CrossRef]

41. Dommanget, J.-L. Etude de Macromia splendens (Pictet, 1843) dans la vallée du Tarn (Tarn, Aveyron) et statut national de l’espèce (Odonata,
Anisoptera, Macromiidae); Société Française d’Odonatologie-Ministère de l’Aménagement du Territoire et de l’Environnement
Direction de la Nature et des Paysages: Paris, France, 2001; p. 134.

42. Cordero-Rivera, A. Distribution, Habitat Requirements and Conservation of Macromia Splendens Pictet (Odonata: Corduliidae)
in Galicia (Nw Spain). Int. J. Odonatol. 2000, 3, 73–83. [CrossRef]

43. Lohr, M. Sur l’habitat et la répartition de Macromia splendens (Pictet, 1843) et Gomphus graslinii (Dale, 1834) dans la rivière de l’Hérault
(département de l’Hérault); Société Française d’Odonatologie: Vallet, Loire-Atlantique, France, June 2005; pp. 115–124.

44. Denis, A.S.; Payet, O.; Danflous, S.; Gouix, N.; Santoul, F.; Buisson, L.; Pelozuelo, L. Intraspecific Variability of the Phenology
and Morphology of Three Protected Dragonflies between Natural and Artificial Habitats. J. Insect Conserv. 2018, 22, 419–431.
[CrossRef]

45. Danflous, S.; Norel, H.; Charlot, B.; Lim, M. Inventaire & Suivi Des Odonates d’intérêt Communautaire Sur Le Barrage Du Pinet–
Résultats 2021; CEN Occitanie: Montpellier, France, 2021; p. 57.

46. Cordero-Rivera, A.; Utzeri, C.; Santolamazza Carbone, S. Emergence and Adult Behaviour of Macromia Splendens (Pictet) in
Galicia, Northwestern Spain (Anisoptera: Cordullidae). Odonatologica 1999, 28, 333–342.

47. Lieftinck, M.A. Macromia Splendens (Pictet, 1843) in Europe with Notes on Its Habits, Larva, and Distibution (Odonata). Tijdschr.
Voor Entomol. 1965, 108, 41–59.

48. Bilek, A. Ergänzende Beobachtungen Zur Lebensweise von Macromia Splendens (Pictet 1843) Und Einingen Anderen in Der
Guyenne Vorkommenden Odonata-Arten. Entomol. Z. 1969, 79, 117–124.

49. Pelozuelo, L.; Costes, A.; Delpon, G.; Calvignac, R.; Alquier, D.; Haber, E.; Polisset, P. Macromia Splendens en Midi Pyrénées: Enfin
des Nouvelles en 2012! OPIE Midi-Pyrénées & LPO Tarn: Labruguière, France, 2012; pp. 1–15.

http://doi.org/10.1080/11250000801925227
http://doi.org/10.1080/13887890.2012.660403
http://doi.org/10.1007/s10841-017-9969-z
http://doi.org/10.1007/s10841-010-9281-7
http://doi.org/10.1111/j.1752-4598.2011.00171.x
http://doi.org/10.1080/01650429509361580
http://doi.org/10.1007/BF00027036
http://doi.org/10.1080/01650424.2012.643030
http://doi.org/10.1080/01650424.2015.1083587
http://doi.org/10.1016/j.ecolind.2015.09.022
http://doi.org/10.4081/fe.2019.335
http://doi.org/10.1080/13887890.2000.9748136
http://doi.org/10.1007/s10841-018-0070-z


Diversity 2022, 14, 728 17 of 17

50. Danflous, S.; Norel, H.; Charlot, B.; Lim, M. Inventaire & Suivi Des Odonates d’intérêt Communautaire Sur le Barrage Du Pinet; CEN
Occitanie: Montpellier, France, 2020; p. 53.

51. Chovanec, A.; Waringer, J. Ecological Integrity of River-Floodplain Systems-Assessment by Dragonfly Surveys (Insecta: Odonata).
Regul. Rivers Res. Manag. 2001, 17, 493–507. [CrossRef]

52. Corbet, P.S. Are Odonata Useful as Bioindicators? Libellula 1993, 12, 91–102.
53. Baeta, R.; Bard, D.; Chantereau, M.; Fritsch, B.; Herbrecht, F.; Hudin, S.; Itrac-Bruneau, R.; Multeau, D.; Paillat, R.; Rambourdin,

M.; et al. Protocole de Suivi Diachronique Des Populations Ligériennes de Gomphus Flavipes et d’Ophiogomphus Cecilia. 2015.
6p + annexes. Available online: http://odonates.pnaopie.fr/wp-content/uploads/2015/02/GomphesdeLoire_Protocole_avril2
015.pdf (accessed on 25 June 2022).

54. DuBois, R.B. Detection Probabilities and Sampling Rates for Anisoptera Exuviae along River Banks: Influences of Bank Vegetation
Type, Prior Precipitation, and Exuviae Size. Int. J. Odonatol. 2015, 18, 205–215. [CrossRef]

55. Baeta, R. Suivi Diachronique Des Populations Ligériennes de Gomphus Flavipes et d’Ophiogomphus Cecilia En Région Centre
Val-de-Loire (Saison 2016-Deuxième Année de Suivi à l’échelle Régionale). 2017, p. 13. Available online: http://www.anepe-
caudalis.fr/wa_files/GomphesLoire_IndreetLoire_Saison2016_VF.pdf (accessed on 25 June 2022).

56. Baeta, R.; Herbrecht, F.; Fierimonte, B. Stylurus flavipes et Ophiogomphus cecilia deux mystérieuses libellules. Loire Terroirs 2020,
105, 10–17.

57. Aliberti Lubertazzi, M.A.; Ginsberg, H.S. Persistence of Dragonfly Exuviae on Vegetation and Rock Substrates. Northeast. Nat.
2009, 16, 141–147. [CrossRef]

58. Rach, J.; DeSalle, R.; Sarkar, I.N.; Schierwater, B.; Hadrys, H. Character-Based DNA Barcoding Allows Discrimination of Genera,
Species and Populations in Odonata. Proc. R. Soc. B Biol. Sci. 2008, 275, 237–247. [CrossRef]

59. Damm, S.; Schierwater, B.; Hadrys, H. An Integrative Approach to Species Discovery in Odonates: From Character-Based DNA
Barcoding to Ecology. Mol. Ecol. 2010, 19, 3881–3893. [CrossRef]

60. Schmidt, K.J.; Soluk, D.A.; Maestas, S.E.M.; Britten, H.B. Persistence and Accumulation of Environmental DNA from an
Endangered Dragonfly. Sci. Rep. 2021, 11, 18987. [CrossRef]

http://doi.org/10.1002/rrr.664
http://odonates.pnaopie.fr/wp-content/uploads/2015/02/GomphesdeLoire_Protocole_avril2015.pdf
http://odonates.pnaopie.fr/wp-content/uploads/2015/02/GomphesdeLoire_Protocole_avril2015.pdf
http://doi.org/10.1080/13887890.2015.1045560
http://www.anepe-caudalis.fr/wa_files/GomphesLoire_IndreetLoire_Saison2016_VF.pdf
http://www.anepe-caudalis.fr/wa_files/GomphesLoire_IndreetLoire_Saison2016_VF.pdf
http://doi.org/10.1656/045.016.0112
http://doi.org/10.1098/rspb.2007.1290
http://doi.org/10.1111/j.1365-294X.2010.04720.x
http://doi.org/10.1038/s41598-021-98099-1

	Introduction 
	Materials and Methods 
	Monitoring Sites and Transects Location 
	Exuviae Collection 
	Practical Considerations: Time and Cost Required for Such a Protocol 
	Data Analysis 

	Results 
	Number of Visits 
	Transect Length 
	Practical Considerations: How Long Did It Take and How Much Did It Cost? 

	Discussion 
	Conclusions 
	References

