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Abstract: We tested the usefulness of exuviae as an environmentally friendly method for exploring
the variability of the trace element contents of protected insect populations without killing specimens.
It is a notable characteristic of dragonflies that they are good ecological indicators for both aquatic and
terrestrial habitat quality. Thus, we investigated the trace element accumulation in different stages
of dragonflies: larva, exuvia, and adult. Using microwave plasma atomic emission spectrometry
(MP-AES), we analysed the concentrations of Al, Ba, Cr, Cu, Fe, Mn, Pb, Sr and Zn. We found that the
trace element contents of exuviae are a good proxy of the trace element contents of both the larvae
and the adults. We conclude that exuvia is useful for assessing the environmental health of aquatic
ecosystems. It is an environmentally friendly method and it can be used even in the case of protected
dragonfly species.

Keywords: larvae; adults; pollution; exuviae; non-invasive tissue analysis

1. Introduction

Among contaminants, some trace elements in the aquatic environment have attracted attention
globally because of their toxicity and persistence [1]. Trace elements reside in aquatic and terrestrial
systems, and these elements accumulate in plants and animals. They also enter humans through the
food chain [2]. For an environmentally friendly assessment of contamination, tissues such as blood
plasma of fish [3], frog skin by biopsy [4], lizard single gonadectomy [5], bird fece [6] and feather [7]
may be useful. Among invertebrates, the aquatic insects are key biotransporters of contaminants
between aquatic and terrestrial ecosystems [8,9].

A species with a complex life cycle may occupy two ecological niches; thus, the study of energy
and nutrient flow is complex when using these species [10–12]. Dragonflies have three developmental
stages: larva, exuvia and adult [13]. Dragonflies are good ecological indicators for wetland and river
quality, because they reflect the quality of both aquatic and terrestrial systems [14–18]. They spend
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their larvae stage in aquatic habitats and use a wide range of terrestrial habitats as adults, and they are
important predators in aquatic and terrestrial ecosystems [19–22].

Aquatic insects can accumulate elements such as Al, Cd, Cr, Cu, Fe, Mg, Mn and Zn from sediment
and from food [23]. In aquatic insects, the concentrations of Hg, Cd, Ni, Cr, As, Pb, Cu, Ti, Zn and
Mn change with size, life cycle stages and different bioaccumulation patterns [24]. There are only a
few reports dealing with the changes in trace element concentration during different developmental
stages [25]. Among these stages, dragonfly adults increase their bioaccumulation potential because
they feed on other invertebrates [21]. Larvae and exuviae are also useful to detect accumulation and
element bioavailability [24].

Accumulated trace metals can be detoxified and excreted in aquatic invertebrates [26]. Trace
elements become associated with the calcium in the exoskeleton matrix. They may be absorbed on
the surface of the exoskeleton or bind to the inner exoskeleton matrix after uptake [27,28]. During
metamorphosis, the protein and lipid content alter; stored resources and decomposing cellular
structures are metabolized. Metamorphosis influences metal concentration by metal excretion; thus,
the concentration of these metals decreases in the body. Mechanisms of contaminant loss include the
exoskeleton as exuvia; the importance of this pathway also depends on the contaminant [21,29,30].
The decontamination process under conditions of an intensive intake of trace elements to an organism
is the production of excrement [27].

Earlier studies demonstrated that the river clubtail (Gomphus flavipes (Stylurus flavipes)) (Odonata:
Gomphidae; Linnaeus, 1758) is a sensitive indicator of pollution [31,32]. This species is a characteristic
of large lowland rivers in Europe [33,34] and in Hungary [35]; thus, this species was chosen for our
study. The aim of our study was to investigate the trace element accumulation in different stages of
the dragonfly to test whether the exuviae may be used as a tool for contamination level assessment.
We analysed the trace element concentration of larvae, exuviae and adults of Gomphus flavipes. We
hypothesised that the exuvia is useful for the chemical analysis and contamination level assessment of
habitats; it may be used even with protected species, because it represents a non-invasive tissue.

2. Materials and Methods

2.1. Sampling Localities

There were 4 sampling localities along the River Tisza in NE-Hungary: Tuzsér (larvae: N = 19,
exuviae: N = 39 and adults: N = 22), Tiszabercel (larvae: N = 24, exuviae: N = 44 and adults:
N = 20), Balsa (larvae: N = 22, exuviae: N = 70 and adults: N = 18) and Tiszafüred (larvae: N = 24,
exuviae: N = 44 and adults: N = 24). Tuzsér (48◦20′40.68′′ N; 022◦6′16.40′′ E) is in the Upper Tisza
section; in this section the river meanders, and it is in a near natural state. Tiszabercel (48◦9′56.78′′ N,
021◦40′1.19′′ E) and Balsa are in the Middle Tisza section and they are located on the damming
reach of the Tiszalök barrage. Balsa (48◦10′40.07′′ N, 21◦32′7.07′′ E) is downstream of the confluence
with the main canal, the Lónyay-főcsatorna, which is contaminated with communal wastewater [36].
Tiszafüred (47◦40′15.93′′N, 20◦48′57.99′′ E) is also in the Middle Tisza section in the area of the reservoir
Kiskörei-tározó (Tisza-tó); the river flows through the reservoir. Dragonfly larvae were collected from
the sandy sediment by using a kick net. Exuviae were hand-picked from the sand surface, stones,
branches and plants. Adults were collected by a hand net. Samples were collected in May 2013 and
May 2014.

2.2. Sample Process and Trace Element Analysis

After collection, the dragonfly samples were washed with water and cleaned with a small brush
in the field. Samples were moved to the laboratory where they were transferred individually into
polyethylene bags and they were placed in a cooler until sample process. Samples were stored at
−18 ◦C until sample processing. Individuals were identified based on [34].
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Dragonfly samples (larvae, exuviae and adults) were flushed with 250 mL of double deionised water,
and after flushing, each sample was put in a container and was washed individually in an ultrasonic bath
with 200 mL of double deionised water. The cleanliness of samples was checked with a stereomicroscope
(Olympus SZX16 stereomicroscope with an SDF objective and a DP 26 digital camera).

The wet body mass of the samples was measured with an analytical balance (Digital Analytical
Balance 1702, SARTORIUS GMBH Göttingen) after flushing. After flushing the water, the surface was
whipped with a paper towel. After measurement of the wet body mass, samples were dried overnight
at 105 ◦C (WTB 7200 drying oven, Binder Ltd.) and reweighed to determine their dry mass. The
material was digested using 2 mL of 65% (m/m) nitric acid (Merck) and 0.5 mL of 30% (m/m) hydrogen
peroxide (Merck) in the same container at 80 ◦C for 4 h. Digested samples were diluted to 20 mL using
1% (m/m) nitric acid [37–39].

Trace element analysis in the dragonfly samples was performed by a microwave plasma atomic
emission spectrometer (MP-AES 4100, Agilent Technologies). We used six-point calibration procedures
with a multi-element calibration solution (Merck ICP multi-element standard solution IV).

2.3. Statistical Analysis

We used the SPSS/PC+ statistical software package for the calculations. Canonical discriminant
analysis (CDA) was used to evaluate the trace element content of the developmental stages.
Homogeneity of variances was tested using the Levene test and the normal distribution was tested
with a Shapiro-Wilk test. The trace element contents in the stages (larvae, exuviae and adults) were
compared with a Kruskal–Wallis test. In the case of significant differences, Dunn’s Multiple Comparison
test was used. Pearson rank correlation was used to study the correlation between the trace element
contents of larvae, exuviae and adults [40].

3. Results

There was clear separation among developmental stages based on the microgramme-scale trace
elements per individual of G. flavipes in all the studied areas according to the CDA (Figure 1). The canonical
variables were significant (p < 0.001) in the different stages (Tables S1–S4, Supplementary Materials).
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There were significantly higher Al, Fe, and Mn contents in exuviae than in the larvae and adult G.
flavipes in all the studied areas (p < 0.001) (Tables 1–4; and Table S5, Supplementary Materials), except
in the case of the Tiszabercel study area. In Tuzsér, a higher Ba content was found in exuviae than in
larvae and adults (Table 1).

Table 1. Trace element contents per individual (expressed as mean ± standard error unit: µg) of
G. flavipes developmental stages in the Tuzsér studied area. Notations: different letters indicate the
significant differences at p<0.05.

Elements
Stages

Larvae Exuviae Adults

Al 13.4 ± 1.3a 87.0 ± 3.9b 1.6 ± 0.2c

Ba 0.7 ± 0.1a 1.9 ± 0.1b 0.6 ± 0.1a

Cr 0.1 ± 0.01a 0.3 ± 0.01b 0.1 ± 0.01a

Cu 2.2 ± 0.2a 1.0 ± 0.03b 3.1 ± 0.2a

Fe 81.2 ± 6.4a 267.1 ± 11.7b 10.5 ± 1.1c

Mn 13.1 ± 1.8a 26.0 ± 2.0b 0.4 ± 0.02c

Pb 0.1 ± 0.02a 0.3 ± 0.02b 0.1 ± 0.01a

Sr 0.5 ± 0.03a 0.7 ± 0.02b 0.5 ± 0.01a

Zn 12.8 ± 0.7a 10.0 ± 0.7b 12.2 ± 0.3a

The Cr content was also higher in exuviae than in larvae and adults in all the studied areas, except
in Tiszabercel where the Cr content was similar between larvae and exuviae, and the Cr content was
below the detection limit in adult individuals (Table 2).

Table 2. Trace element contents per individual (expressed as mean ± standard error, unit: µg) of G.
flavipes developmental stages in the Tiszabercel studied area. Notation: n.d. = not detected, and
different letters indicate the significant differences at p<0.05.

Elements
Stages

Larvae Exuviae Adults

Al 29.7 ± 2.4a 47.2 ± 2.3b 0.7 ± 0.1c

Ba 0.8 ± 0.1a 1.1 ± 0.1a 0.1 ± 0.01b

Cr 0.04 ± 0.01a 0.01 ± 0,01a n.d.
Cu 4.0 ± 0.2a 0.8 ± 0.03b 3.3 ± 0.2a

Fe 95.3 ± 6.1a 128.2 ± 6.4b 8.0 ± 0.5c

Mn 9.1 ± 1.6a 10.4 ± 1.3a 0.3 ± 0.01c

Pb 0.3 ± 0.03a 0.2 ± 0.01a 0.1 ± 0.01b

Sr 0.5 ± 0.02a 0.5 ± 0.01a 0.5 ± 0.01a

Zn 17.0 ± 0.7a 9.4 ± 0.6b 12.7 ± 0.2c

The Cu content was significantly lower in exuviae than in larvae and adults in all the studied
areas. The Pb and Sr contents showed high variability among the studied areas. The lowest Pb content
was found in the exuviae in Balsa, while in case of the other studied areas the Pb content was similar in
the different developmental stages. The Sr content was significantly higher in larvae than in exuviae
and adults in Balsa (Table 3).
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Table 3. Trace element contents per individual (expressed as mean ± SE, unit: µg) of G. flavipes
developmental stages in the Balsa studied area. Notations: different letters indicate the significant
differences at p<0.05.

Elements
Stages

Larvae Exuviae Adults

Al 41.3 ± 2.1a 113.7 ± 3.7b 3.6 ± 0.1c

Ba 2.3 ± 0.2a 1.9 ± 0.1a 0.1 ± 0.01b

Cr 0.1 ± 0.01a 0.3 ± 0.01b 0.01 ± 0.01a

Cu 17.8 ± 1.5a 0.6 ± 0.02b 121.9 ± 19.4a

Fe 61.2 ± 3.1a 163.0 ± 5.5b 7.7 ± 0.7c

Mn 5.3 ± 0.4a 13.2 ± 0.8b 0.4 ± 0.03c

Pb 1.6 ± 0.03a 0.7 ± 0.02b 1.0 ± 0.1c

Sr 1.1 ± 0.1a 0.2 ± 0.01b 0.6 ± 0.1c

Zn 9.5 ± 0.4a 7.5 ± 0.4b 6.7 ± 0.6b

In Tuzsér (Table 1) and in Tiszafüred (Table 4), the Sr content was the highest in exuviae, while
significant differences were not found among the developmental stages in Tiszabercel (Table 2). In all
studied areas we found a positive correlation between the trace element content of larvae and the sum
of the trace element content of exuviae and adult (Figure 2).

Table 4. Trace element contents per individual (expressed as mean ± standard error, unit: µg) of G.
flavipes developmental stages in the Tiszafüred studied area. Notations: different letters indicate the
significant differences at p<0.05.

Elements
Stages

Larvae Exuviae Adults

Al 23.2 ± 1.6a 87.7 ± 3.5b 1.0 ± 0.1c

Ba 1.1 ± 0.1a 2.1 ± 0.1b 0.1 ± 0.04c

Cr 0.04 ±0.01a 0.2 ± 0.01b 0.01 ± 0.01c

Cu 3.0 ± 0.2a 0.9 ± 0.03b 3.7 ± 0.2a

Fe 99.5 ± 7.8a 227.5 ± 11.2b 8.5 ± 0.3c

Mn 6.7 ± 0.5a 11.2 ± 0.7b 0.3 ± 0.01c

Pb 0.2 ± 0.02a 0.3 ± 0.02b 0.02 ± 0.01c

Sr 0.7 ± 0.02a 0.9 ± 0.02b 0.4 ± 0.01c

Zn 15.5 ± 0.7a 7.6 ± 0.5b 11.1 ± 0.2c
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4. Discussion

In our study, the trace element concentrations of larvae, exuviae and adults were analysed in
a dragonfly species G. flavipes. Our study demonstrated that all stages—arvae, exuviae and adults
were useful to detect metal bioavailability. The decontamination process under conditions of the
intensive intake of trace elements is the production of excrement. Moulting and thus the exoskeletonis
a detoxification method for eliminating the soft tissue burdens of metals; similar findings were reported
by Gupta [25] and Meyer et al. [29].

Trace elements can be adsorbed and/or associated on the surface of the exoskeleton and the last
moulting may be a way for arthropods to depurate metals. Among the trace elements studied, Zn,
Mn and Fe are essential for insects because the different parts of the cuticle also may contain high
concentrations of Zn, Fe and Mn [41]. In the case of insects, Ba and Sr occur most frequently in the
malpighian tubules, less often in the midgut and reproductive organs, and very occasionally in the
hindgut and fat body. Both elements may be absorbed in the midgut of most insects [42]. Cr is also an
essential micronutrient for the normal energy metabolism of humans and animals, and Cr can control
the metabolism of glucose and lipids [43]. Sub-lethal effects of copper may occur in the developmental
and reproductive biology of insects [44]. However, Cu is essential for the growth and development of
aquatic species [43]. The toxicity of Al is remarkable to aquatic animals in acidic waters, especially in
lakes and rivers. High concentrations of Al may cause increasing or decreasing levels of locomotor
activity in insects [45].

The terminal moult can reduce the burdens of trace elements on the body [46,47]. The mechanism
of contaminant losses includes the exuviae, which is shed by final larval or newly emerged adults. We
demonstrated that moulting has a detoxification role because we found significantly higher Al, Fe
and Mn contents in exuviae than in larvae and adults. Kraus et al. [30] demonstrated that some trace
elements were lost during metamorphosis, leading to 2- to 125-fold higher larval concentrations and
a higher exposure risk for predators of larvae compared to for predators of adults. Kraus et al. [30]
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also reported that Zn, Cd and Cu are lost during the metamorphosis. In contrast, the Cu and
Zn concentrations were similar in larvae and adults in our study, except for the studied locality
of Balsa, where the highest Cu concentration was found in adults. In Balsa, the high Cu and Zn
concentrations were caused by the main canal, the Lónyai-főcsatorna, which is contaminated by
communal wastewater [36]. Lavilla et al. [48] demonstrated that Cu and Zn were associated with the
inner parts of dragonfly larvae, while an efficient excretory mechanism was found for Cu between
larval and subimaginal stages in mayflies. Keteles and Fleeger [27] also reported that Cu can be
reabsorbed before moulting. Thus, metals also can be absorbed and accumulated in the gut [49].
Hare et al. [50] reported that trace elements were not uniformly distributed along the gut and the trace
element distribution mainly depended on trace element and insect species. Mogren et al. [51] reported
that Chironomus riparius can eliminate 72% of the As burden in the body before reaching the adult
stage. Similar findings were reported by Timmermans and Walkers [52] when Stictochironomus histrio
was studied, and they found that the level of trace metals increased in the pupal skin. Muscatello and
Liber [53] also demonstrated that the exuviae play an important role in detoxification; they found that
U losses of the pupal skin during metamorphosis accounted for 22% to 58% of the U accumulated in
Chironomus tentans.

Earlier studies demonstrated that metals were adsorbed in the exoskeleton and the concentration
of the trace elements decreases during metamorphosis at high larvae exposure levels [30,54].
Mogren et al. [51] reported that concentrations of trace elements were not detected in exuviae because
the sample mass was very small. During metamorphosis, insects lose their mass, while the decline
in concentrations of trace elements can lead to a loss in burden, as excretion of contaminant mass
occurs [54]. Many scientists have identified the tendency of insect immature stages to eliminate a
negatively acting trace element through their gut, and the greater part is excluded in the frass material.
Production of excrement is better at this elimination because it is a continual process, and the change
of instar or more precisely the creation of exuviae is strictly segmental [27,30]. Moreover, the process of
trace element elimination is absolutely independent of ecdysis in the case of adult specimens [27]. We
found a strong correlation between the trace element content of larvae and the aggregate trace element
content of exuviae. At the same time, the higher concentrations of some elements in the cuticle of insects
are related to the natural hardening of body structure after the process of ecdysis. Our findings indicate
that remarkable weight changes cause the differences among developmental stages. Similar to earlier
studies, we found that the developmental stages of Odonata are useful indicators of environmental
health [55–57]. The exuviae are a significant stage of metals removal; exuviae are also useful to assess
the environmental health of an aquatic ecosystem based on the exuviae of protected dragonfly species.
Hardersen et al [58] and Gladysz et al. [54] also reported that the exuviae stage of dragonfly may be a
useful stage during which water quality is assessed. Luoma and Carter [59] demonstrated that varying
sensitivity to environmental factors among individuals is a common genetically driven characteristic
of an aquatic invertebrate population. Our results also demonstrated that the analysis of exuviae of G.
flavipes represents a new opportunity for studying the variability of elemental contents or their effects
on insects in environmental studies.

5. Conclusions

We emphasise that dragonflies are useful indicators for assessing the quality of both terrestrial
and aquatic ecosystems. Our findings suggest that exuviae are especially useful in environmental
assessment because it is easy to collect them, and sample collection is cost-effective. Moreover, this
method may be used with protected species, because there is no need to avoid euthanising specimens
of these species. Thus, the analysis of exuviae of G. flavipes is a new opportunity for studying the
variability of trace element contents of dragonfly and damselfly populations. The study of exuviae
facilitates more detailed environmental investigations and even the historical analysis of aquatic
ecosystems based on existing collections of exuviae [28].
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Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/11/2200/s1,
Table S1: Canonical discriminant analysis of element content per individual of different stages of G. flavipes in the
Balsa studied area, Table S2: Canonical discriminant analysis of element content per individual of different stages
of G. flavipes in the Tiszabercel studied area, Table S3: Canonical discriminant analysis of element content per
individual of different stages of G. flavipes in the Tiszafüred studied area, Table S4: Canonical discriminant analysis
of element content per individual of different stages of G. flavipes in the Tuzsér studied area, Table S5: Results of
non-parametric Kruskal–Wallis H test based on the element content per individual of different stages of G. flavipes.
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