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Abstract

:

Assemblages of adult Odonata were studied in four intermittent karst rivers encompassing macrophyte-rich (MRH) and macrophyte-poor habitats (MPH) in southern Europe, where temporary lotic habitats are the predominant freshwater type but are still understudied. With a total of 25 recorded species, the studied habitats support species-rich Odonata assemblages, as already shown for intermittent rivers in the Mediterranean. Aquatic macrophyte abundance, conductivity, and water velocity are the most significant determinants of Odonata assemblages in the studied IRES. MRH promote higher Odonata abundance and the taxonomic and functional diversity of their assemblages compared to the MPH. Odonata assemblages in MRH are characterized by higher values of body size and a higher share of species preferring lentic and temporary hydrological conditions. Moreover, their assemblages are characterized by various patterns of nymphal development and drought resilience strategies. In contrast, MPH are preferred by lotic species, with nymphal development all year round and with no specific drought-resisting strategies. Our results contribute to the knowledge of diversity and ecological requirements of dragonflies and damselflies in IRES habitats, which could provide scientific background for future conservation activities and bioassessment protocols of such habitats and their biota.
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1. Introduction


Approximately half of the running waters worldwide do not have continuous flow of surface water throughout the year and thus are categorized as temporary or non-perennial [1,2]. In the Mediterranean region of Europe, such rivers and streams are the predominant type of freshwater lotic habitats, due to dry climatic conditions, climate change, and land-use development. Non-perennial habitats are characterized by a wide range of hydrological regimes and can be categorized as intermittent (cease to flow seasonally or occasionally), ephemeral (flow only due to precipitation or snowmelt events), or episodic (flow primarily after heavy rainfall events) [3,4]. Here, we focus on intermittent rivers and streams (IRES), hydrologically highly dynamic and complex freshwater ecosystems that periodically cease to flow and run dry. Within such systems, three different flow categories can be distinguished: lotic (flowing), lentic phase (isolated pools), and dry riverbed, with the latter two being present during the dry periods [5,6].



Due to increasing anthropogenic pressures (e.g., river regulation, water abstraction, and pollution) and the global climate change, the Mediterranean basin is one of the most vulnerable regions in the world [7].The flow regimes of the IRES are rapidly changing, and the extent and intensity of dry periods in the IRES are expected to increase in the forthcoming future [6,8], which will also lead to serious water availability problems in the Mediterranean area [7]. Additionally, large parts of this area are densely populated, increasing the demand for irrigation and drinking water. The negative consequences of water abstraction and regulation are reflected in river hydrology modifications, with intensified drought effects [9]. Over the past few decades, water abstraction and impoundment have even caused many previously perennial rivers to become intermittent [10,11]. This trend is expected to continue in the near future [12], which will surely lead to irreversible changes in biological communities [13].



As IRES cover more than half of the global river network, it is essential to understand their contribution to biotic diversity at both local and landscape scales [5,6]. During the past decade, many studies have investigated and highlighted the importance of flow permanence for the composition and structure of aquatic macroinvertebrate assemblages [14,15,16]. Nevertheless, there are still large gaps regarding the environmental drivers that shape their diversity and composition in intermittent lotic habitats. Consequently, intermittent rivers and streams are still not included in biomonitoring programs in the majority of EU countries [8]. Yet, it is worth mentioning that in Croatia, there are two intermittent river/stream types in the National River Typology [17] with defined ecological status classes. In order to provide a scientific background for the development of widely applicable bioassessment methodology of IRES, it is essential to conduct further studies on the effect of flow intermittency on all aspects of stream ecology.



Odonata are an amphibious insect order (with aquatic nymphs and terrestrial adults) widely used as ecological indicators of freshwater ecosystem health [18,19,20,21]. Many studies showed that their assemblages are highly influenced by physicochemical water conditions [22,23,24,25,26] but even more importantly by habitat’s morphology and structure (e.g., bottom substrate and structure of aquatic vegetation) [27,28,29,30,31,32,33]. Many Odonata species have life-history adaptations that enable them to occupy temporary habitats, such as desiccation-tolerant eggs or fast larval growth [34,35,36]. Nymphs of some large Odonata species can also use damp sediment beneath the stones for aestivation [37]. For those species whose drought-resisting abilities are low, perennial lotic habitats and pools [37] as well as artificial reservoirs [38] in the vicinity of IRES were shown to be suitable refuge sites during dry periods.



To improve our knowledge about the aquatic insect communities in IRES, we studied the assemblages of adult Odonata in karst intermittent rivers in the Dinaric Western Balkans ecoregion [39]. The Dinaric Alps extend over approximately 60,000 km2 and are the largest continuous karst landscape in Europe [40]. Karst is a set of morphological, hydrological, and hydrogeological terrain features built of water-soluble rock. The Dinaric Western Balkans area is characterized by an extremely complex hydrological network [41] and extraordinary diversity of biota [42], yet it is still greatly understudied. Although Odonata are considered to be among the well-studied aquatic insect orders [43], their ecological requirements in karst rivers and streams are very poorly known [22,44], especially in intermittent habitats. Therefore, the main objectives of this study were (i) to compare Odonata assemblages (species richness, diversity, and abundance) in two focal habitat types: macrophyte rich and macrophyte poor, in the Mediterranean intermittent karst rivers; (ii) to examine the functional diversity of Odonata assemblages and detect changes in functional traits; and (iii) to determine the main environmental drivers that shape these assemblages. We hypothesize that the structure and abundance of aquatic macrophyte vegetation are the main environmental drivers shaping Odonata assemblages in the studied karst intermittent rivers, where macrophyte-rich habitats support the higher taxonomic and functional diversity of Odonata.




2. Materials and Methods


2.1. Study Area


The study was conducted in the Dinaric Western Balkan ecoregion (ER5) of Croatia [39]. Our study encompassed four Mediterranean karst intermittent rivers belonging to the Adriatic Sea basin: the Krčić, Čikola, Miljašić Jaruga, and Guduča Rivers (Figure 1). The Krčić River catchment covers 157 km2. Its source is located at the foot of the Dinara Mountain, near the town of Knin. The river flows for 10.5 km and ends with a 40 m high waterfall, which contributes to the forming of the Krka River [45]. The average annual discharge values for the period 1982–1990 for the Krčić River were 3.93 m3/s [46]. The catchment area of the Čikola River is approximately 300 km2. Its spring is located near Mirlović Polje village. The river runs for 39 km, ending as a tributary of the Krka River near Nos Kalik village [47,48]. The mean annual discharge for the Drniš hydrological station during 2003–2017 was 5.0 m3/s [48]. The Miljašić Jaruga River is a part of the Bokanjac-Poličnik catchment area of 244.51 km2 [49]. It springs near Suhovare village and flows for 25 km to its mouth in the Adriatic Sea near the town of Nin [50]. The mean annual discharge for the Boljkovac-Miljašić Jaruga hydrological station for the period 1961–2009 was 0.85 m3/s [51]. The Bribišnica River belongs to the Prokljan Lake catchment area, which amounts to 596.22 km2. It springs on the west side of the Bribirska Glavica hill. Near the Lađevci bridge, the river becomes the torrential Guduča River, which flows for seven more kilometers and runs into the Prokljan Lake [49]. The Guduča River generally carries on less than 1 m3/s of water [52]. Throughout the text, this river is referred to as the Guduča River.



Our study was conducted at a total of 12 study sites (three sites per river) (Figure 1). At each site, we analyzed the vegetation structure, Odonata assemblages, and measured physicochemical water parameters.




2.2. Vegetation Analysis


During our third sampling event (30 June/1 July 2021), at each study site, we conducted a macrophyte vegetation survey (aquatic vascular plants and bryophytes) that included the assessment of species coverage and abundance. The sampling plot size was approximately 100 m2. The assessment of macrophyte species coverage and abundance was performed using the expanded, nine-degree Braun–Blanquet scale (+ = up to 5 individuals; 1 = up to 50 individuals; 2m = more than 50 individuals; 2a = coverage between 5 and 15%; 2b = coverage between 15 and 25%; 3 = coverage between 25 and 50%; 4 = coverage between 50 and 75%; 5 = coverage over 75%) [53,54,55]. The assessment included both aquatic vascular plants and aquatic bryophytes, for which the cumulative plant coverage of each group was calculated. Additionally, a cumulative plant coverage was calculated separately for lower (<30 cm) and higher (>30 cm) aquatic vascular plants.




2.3. Environmental Variables


In April 2021, when all four rivers were flowing (i.e., in the lotic phase), the following environmental parameters were measured at each study site: water temperature, dissolved oxygen concentration and saturation (using the oximeter WTW Oxi 330/SET), conductivity (using the conductivity meter WTW LF 330), pH (using the pH-meter WTW pH 330), water width and depth (using a hand meter/measuring tape), and water velocity (using the SonTek Flow Tracker). At each site, the parameters were measured at three equally spaced points in a transect from the shoreline to the center of the river, perpendicular to the river flow. Additionally, at those same points at each sampling site, triplicate 1 L water samples were taken for the laboratory analysis of the chemical parameters (alkalinity, chemical oxygen demand, concentrations of nitrites, nitrates, and orthophosphates) using Standard Analytical Procedure [56]. At the visited study sites, substrates were composed mostly of fine sediment (silt, mud), lithal (stones, gravel), and aquatic vegetation.




2.4. Odonata Sampling


Odonata adults were investigated between the end of May and beginning of July 2021, every two weeks, during a total of three sampling events (30 May/1 June, 14 June/15 June, 30 June/1 July 2021). At each river, three sites were visited at each sampling event (Figure 2); the first site was the closest to the river source, while the third was the most distant. At each study site, Odonata were investigated along a 200 m transect during the period of 45 min (until no additional species were detected). Species flying or perching within ≈5 m of the transect route were documented and counted (high abundances of damselflies were estimated instantaneously). The surveys were conducted on sunny days, between 10 a.m. and 4 p.m. Adults were mostly observed visually, identified by eye, or using close focusing binoculars. Some species were sampled using an entomological net (e.g., those from the genus Sympetrum). Collected individuals were identified in the field, photographed, and released. Surveys of all sites were conducted on foot by the same observer (M. V.). Taxonomy follows Ref. [57].




2.5. Data Analyses


Among a total of 12 study sites, six macrophyte-rich (MRH) and six macrophyte-poor habitats (MPH) were identified based on their aquatic macrophyte species richness and abundance (>10% habitat covered with macrophytes in MRH, <10% in MPH). Species richness and abundance data were tested for normality using the Shapiro–Wilk test in SPSS Statistics ver. 27.0 [58]. Then, aquatic macrophytes (total) and vascular plants (low and high) were analyzed with respect to species richness and abundance in two focal habitats: MPH vs. MRH, using Mann–Whitney U-tests in SPSS Statistics ver. 27.0 [58]. Differences in physicochemical water parameters between the MPH and MRH were tested using generalized linear mixed models (GLMMs). In all the constructed models, we included sites (level 1) nested within macrophyte vegetation type (level 2) with sampling events as repeated measures. For all the physicochemical parameters, we applied the gamma distribution with log link function. The macrophyte vegetation type was used as a fixed effect in all models. To account for the variation introduced by potential differences among sampling sites and events, sites and sampling events were included in all models as random effects, with first-order autoregressive (AR1) covariance type, which was assumed for repeated measures over time [59]. Pairwise contrasts of estimated means were applied using a least significant difference (LSD) post hoc test. We constructed a full model for each target physicochemical variable, as recommended by [60]. The above-mentioned analyses were performed in SPSS Statistics ver. 27.0 [58].



Assemblage metrics: diversity (Shannon diversity index, H′, Simpson diversity index, 1 − λ), species richness (S) and abundance (N), were calculated for Odonata assemblages at each study site in each of the two habitat types (MPH and MRH). In community ecology, it is common to use several diversity indices differing by their sensitivity to rare or common species, i.e., the most commonly used Shannon diversity index is disproportionately sensitive to the rare species, while the Simpson diversity index is disproportionately sensitive to the most common species (see in [61]). Prior to the analysis, assemblage data were tested for normality using the Shapiro–Wilk test in SPSS Statistics ver. 27.0 [58]. The similarity of Odonata assemblages between the two habitats was examined using hierarchical cluster analysis (HCA) based on the Bray–Curtis similarity matrix in Primer 6.0 [62]. Species data were log (x + 1) transformed prior to the HCA. Study sites with no Odonata records were excluded from the HCA. To evaluate the differences in Odonata assemblage metrics between the two habitats, a set of generalized linear mixed models (GLMMs) was constructed. In the construction of all models, we used the same approach as for physicochemical parameters. For species richness and abundance, Poisson distribution was applied, while for diversity indices, gamma distribution was used, with the log link function. The significance of the models was tested using the least significant difference (LSD) post hoc test.



To quantify the functional diversity of Odonata assemblages, a total of 17 functional traits from four groups were used: (i) body size, (ii) nymphal development (all year, mainly in spring, mainly in summer, mainly in autumn, mainly in winter, unknown), (iii) hydrological preference (eupotamon—main channel and connected side arms; parapotamon—side arms connected only at the downstream end at mean water levels; plesiopotamon—no connectivity with the main channel at the mean water level, including lakes, where coverage by macrophytes does not exceed 20%; palaeopotamon—no connectivity with the main channel at mean water levels, including lakes and pools, where coverage by macrophytes exceeds 20%; temporary water bodies—temporary pools, where the water level is primarily dependent on ground water levels) and (iv) drought resilience form (no resilience strategy against droughts, egg diapause—resisting in the egg stage; nymph diapause—resisting in the nymphal stage; adult diapause—resisting in the adult stage; unknown resilience strategy) (retracted from Refs. [57,63,64]) (Appendix A).



The functional diversity of Odonata assemblages was quantified using the Rao quadratic diversity (RaoQ) coefficient, which is a measure of trait convergence or divergence patterns compared to random expectation. Community weighted mean (CWM) values were calculated for each functional trait in Odonata assemblages to quantify shifts in mean trait values within the assemblages, resulting from environmental selection for certain functional trait categories [65]. RaoQ and CWM values were calculated in CANOCO version 5.11 package [66]. Prior to the analysis, functional data were tested for normality using the Shapiro–Wilk test in SPSS Statistics ver. 27.0 [58]. Differences in the RaoQ coefficient and trait CWM values between the two habitats were tested using a generalized linear mixed model (GLMM). We used a gamma distribution for each variable with log link function. We used the same approach as for physicochemical parameters and assemblage metrics to construct the models and test their significance.



The relationship between Odonata assemblages and environmental variables was tested using canonical correspondence analysis (CCA). Odonata represented by fewer than 20 individuals were omitted from the CCA, and a total of 17 species was used in the analysis. To assess the influence of environmental factors on the spatial distribution of CWM values of functional traits in Odonata assemblages, redundancy analysis (RDA) was used. All the recorded species were included in the RDA. A total of six statistically significant environmental variables (water temperature, velocity, hardness, conductivity, abundance of vascular macrophytes, and bryophytes) were included in the CCA and RDA. Prior to the RDA, Odonata abundances were centered and standardized by the average functional traits, while they were log (x + 1) transformed prior to the CCA. To test the relationship between trait or species composition and environmental variables, a Monte Carlo test using 499 permutations (p < 0.05) was performed. These analyses were performed in the CANOCO version 5.11 package [66].





3. Results


3.1. Vegetation Analysis


Vascular macrophyte species richness and abundance were significantly higher in MRH (Table 1) compared to the MPH. The same pattern was observed for species richness and the abundance of low and high vascular plants (Table 1). In MRH, tall (e.g., Phragmites australis (Cav.) Steud., Scirpus lacustris L., Cyperus longus L., Typha angustifolia L.) and low vascular plants (e.g., Lythrum salicaria L., Mentha aquatica L., Alisma plantago-aquatica L., Agrostis stolonifera L.) are intermixed in mosaic assemblages (Figure 2d–f).



On the other hand, aquatic bryophytes were more species rich and abundant at MPH (Table 1), with bryophyte species such as Cinclidotus aquaticus (Hedw.) Bruch et Schimp., C. fontinaloides (Hedw.) P. Beauv., Cratoneuron filicinum (Hedw.) Spruce, Fissidens crassipes Wilson ex Bruch et Schimp., and Rhynchostegium riparioides (Hedw.) Cardot predominating. Those habitats are characterized by low abundance and low number (solely six taxa overall) of macrophyte vascular species (Figure 2a–c).




3.2. Environmental Variables


Alkalinity, water hardness, conductivity, water temperature, and velocity differed significantly between the MPH and MRH (Table 2). MPH were characterized by significantly lower water temperature, hardness, conductivity and alkalinity, and significantly higher water velocity compared to the MRH (Table 2). The other measured parameters did not significantly differ between the two habitat types (MPH and MRH) (Table 2).




3.3. Odonata Species Occurrence


In total, 25 Odonata species were recorded (Table 3). Overall, the most numerous species was Platycnemis pennipes (Pallas, 1771), which was also most frequently recorded at MRH. Calopteryx virgo (Linnaeus, 1758) was the most numerous species at MPH (Table 3). Species recorded in low numbers (less than 20 individuals) were Sympetrum fonscolombii (Selys, 1840), S. sanguineum (Müller, 1764), S. meridionale (Selys, 1841), Cordulegaster heros Theischinger, 1979, Aeshna affinis Vander Linden, 1820, Crocothemis erythraea (Brullé, 1832), Orthetrum cancellatum (Linnaeus, 1758), and Somatochlora meridionalis Nielsen, 1935 (Table 3).




3.4. Odonata Assemblages and Their Functional Diversity


Odonata species richness and diversity were five to seven times significantly higher in MRH than in the MPH (Table 4, Figure 3a,c,d). Furthermore, Odonata abundance was over nine times significantly higher in MRH than in the MPH (Table 4, Figure 3b). Moreover, the results of the cluster analysis revealed clear separation of MPH and MRH, with low similarity of their respective Odonata assemblages, accounting for less than 5% (Figure 4).



Functional diversity (RaoQ) was also significantly higher at MRH (Table 4, Figure 5a). Odonata assemblages inhabiting MRH are characterized by significantly higher CWM values of body size compared to the assemblages at MPH. In such habitats, other groups of functional traits were shown to be more diverse compared to those at MPH (Table 4, Figure 5). At MRH, a similar share of species with nymphal development all year, in spring and summer were recorded, while in MPH, species with nymphal development all year dominate (Figure 5). At MRH, we recorded a higher share of species with a preference for lentic hydrological conditions (plesiopotamon, palaeopotamon) and temporary water bodies, while those with a preference for eupotamon (lotic hydrological conditions) dominate at MPH. Finally, at MRH, we recorded a higher number of species with certain strategies to drought resilience (especially with egg diapause), while at MPH, mainly species with no resilience strategy against droughts were recorded (Table 4, Figure 5).




3.5. Odonata Species and Functional Traits Related to Environmental Variables


Odonata assemblages clearly differed with respect to two habitat types, as shown by statistically significant results of the CCA (explanatory variables accounted for 52.86%; F ratio = 3.9, p = 0.002). The first two ordination axes (eigenvalues 0.616 and 0.333) explained 40.62% of the variation (Figure 6). Axis 1 was related to conductivity (R = −0.672), water velocity (R = 0.616), and vascular macrophytes (R = −0.433), and axis 2 was related to bryophytes (R = 0.684) (Figure 6). These results indicate a strong separation between the MPH and MRH, with the latter mostly positioned to the left of zero, which is a pattern governed by higher conductivity and an abundance of vascular macrophytes, while all macrophyte-poor habitats were positioned to the right, in correlation with higher water velocity. Lentic species, such as Anax imperator (Selys, 1839), Brachytron pratense (Müller, 1764), and Chalcolestes viridis (Vander Linden, 1825) were positively associated with MRH, while the lotic ones such as Onychogomphus forcipatus (Linnaeus, 1758), Calopteryx splendens (Harris, 1782), and C. virgo were abundant in MPH (Figure 6).



Statistically significant results of RDA showed that Odonata functional traits differed with respect to the studied habitat types (explanatory variables accounted for 61.39%; F ratio = 5.8, p = 0.002). The first two ordination axes (eigenvalues 0.457 and 0.101) explained 55.75% of the variation (Figure 7). The first ordination axis is correlated mainly with macrophytes (vascular macrophytes (R = −0.834) and bryophyte abundance (R = 0.853), and the second axis is correlated mainly with water velocity (R = −0.382), once again indicating a strong separation of MRH (with abundant vascular macrophytes) and MPH (with higher water velocity).





4. Discussion


With a total of 25 recorded species (37% of Croatian, 15% of European Odonata fauna) [67,68], our results indicate rather high Odonata species richness in the studied intermittent karst rivers, similar to previous studies on IRES in the Mediterranean area [69,70,71]. Although ephemeral and intermittent Mediterranean streams generally have different and less diverse macroinvertebrate communities compared to the perennial ones [16,70,72,73], previous studies observed a shift in community structure with changing hydrology. Lotic diversity tends to decrease with increasing flow intermittence, but in such habitats, there is often a compensation with an increase in lentic diversity, including Odonata [6,70]. This is not surprising, as higher numbers of European Odonata prefer lentic habitats or lotic ones with low water velocity, which are characterized by higher habitat heterogeneity [57,74]. One of the species recorded in our study, C. heros, is of international conservation concern. The species is endemic to Central and Southeastern Europe [57,75], and it is one of the eight near-threatened (NT) European Odonata [75]. It is indicative of pristine lotic habitats and thus is listed in Annexes II and IV of the EU Habitat Directive and in Annex I of the Bern Convention [75], implying that its habitats should not be altered [76]. The occurrence of C. heros in the studied IRES indicates the potential conservation value of such habitats.



The current study shows that Odonata assemblages in the studied intermittent rivers are highly influenced by habitat features, such as the structure and abundance of aquatic macrophytes, and physicochemical water parameters, particularly conductivity and water velocity. Physicochemical water properties and aquatic vegetation composition are strongly mutually influenced [77,78]. Our results corroborate the results of previous studies showing that the diversity of vascular macrophyte assemblages increases with decreasing water velocity, while bryophytes are generally associated with more turbulent water flow [78,79]. High abundances of vascular macrophytes lead to the increase in flow resistance and sedimentation of organic debris, which results in reduced water velocity, increased conductivity, and produces lentic conditions in a particular habitat [80,81]. In IRES, the occurrence of lentic conditions within a stream or river is enhanced by the absence of high flow periods that could limit the growth of vascular macrophytes [78,82].



Our study shows that abundant and diverse macrophyte vegetation promotes increased abundance, species richness, taxonomic, and functional diversity of Odonata assemblages in intermittent karst rivers. This corroborates the results of previous studies frequently demonstrating close relationship between Odonata and aquatic vegetation [31,32,33,83,84,85,86,87]. Odonata require aquatic vegetation to complete key stages of their life cycle, using it as shelter and hunting ground (both as nymphs and adults) [34,88,89], for emergence [90], perching, thermoregulation, and oviposition in the adult stage [34,91,92]. The presence of water and emergent macrophyte vegetation are the most important visual cues for adult habitat selection [93,94], yet they respond more to the structural variety of macrophytes than to macrophyte species composition [34,95].



Odonata assemblages in macrophyte-rich habitats showed higher values of body size, which is probably due to the preference of the recorded Anisoptera (e.g., Aeshna isoceles (Müller, 1767), A. imperator, B. pratense) toward such habitats. This preference is reflected in their higher species richness and abundance in macrophyte-rich habitats compared to macrophyte poor ones. Due to the lower water velocity and higher abundance of vascular macrophytes, such habitats had numerous lentic sections along the river course, and consequently a higher share of species with the preference for lentic hydrological conditions (such as Sympecma fusca (Vander Linden, 1820), A. isoceles, and B. pratense) and the species frequently occurring in temporary water bodies (such as C. viridis, S. meridionale, and Libellula depressa Linnaeus, 1758) [63,64]. During the fieldwork, we also observed high abundances of teneral individuals of many of the recorded lentic Zygoptera species (e.g., C. viridis, S. fusca), as well as the reproductive behavior of many of the lentic Anisoptera and Zygoptera, e.g., copulation and oviposition. Therefore, those species are very likely to complete their life cycle in macrophyte-rich intermittent rivers. Nevertheless, we strongly recommend future studies to be focused on systematic nymph-focused research. On the other hand, macrophyte-poor habitats were characterized by more turbulent water flow, and their assemblages consisted predominantly of lotic species (such as C. virgo, O. forcipatus, and C. heros) [63,64].



In macrophyte-rich habitats, we recorded a higher number of species with certain drought resilience strategies, especially egg diapause (such as in C. viridis, A. affinis, and most of the recorded Sympetrum species). In addition, Odonata assemblages in such habitats consisted of species whose nymphs develop all year round or specifically in spring or summer. After the oviposition into the waterbody, in order to survive harsh environmental conditions such as droughts, eggs may go through a diapause, or they begin to develop immediately into the aquatic nymphs. In intermittent habitats, rapid growth is crucial, as the nymphs must develop rapidly to emerge into aerial adults before the habitat dries out. Such nymphs generally have faster development that occurs within weeks after oviposition [96]. Therefore, drought resilience strategies and nymphal development are most likely closely related traits in the studied Odonata assemblages. Due to relatively high drought resilience, Odonata are often amongst the dominant and relatively diverse taxa in the Mediterranean intermittent rivers and streams [70,72,97]. In contrast, macrophyte-poor habitats in our study were characterized mainly by the species with all year-round nymphal development and with no drought resilience strategies [63,64]. However, for some of those species, drought-survival strategies and mechanisms may be insufficiently known (e.g., C. splendens, C. heros) [69,98], or their occurrence in the studied IRES could be the result of the adult search for food resources (e.g., S. meridionalis, O. forcipatus) [69,99]. Thus, their occurrence in IRES should be confirmed with future, nymph-focused studies.




5. Conclusions


The current study revealed high Odonata species richness in karst IRES ecosystems. One of the recorded species is of international conservation concern, indicating the potential conservation value of IRES habitats. Habitats with well-developed aquatic macrophytes promote higher abundance as well as the taxonomic and functional diversity of Odonata assemblages compared to the habitats with poorly developed macrophytes. In addition to aquatic vegetation, physicochemical water properties, particularly conductivity and water velocity, are shown to be amongst the most significant determinants of Odonata assemblages in the studied IRES. To define adequate conservation measures for habitats and the species they support, it is crucial to understand species diversity patterns related to the quality of their environment [100]. Therefore, the current study represents an interesting contribution to our knowledge of Odonata diversity and their ecological requirements in intermittent karst rivers in the Mediterranean. These results also provide some new insights that could be useful for sampling protocol development and the bioassessment of IRES.
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Table A1. Four groups of functional traits characteristic for the recorded Odonata species (body size according to Ref. [57]), other functional traits adapted from Refs. [63,64]). Legend: eupotamon = main channel and connected side arms; parapotamon = side arms connected only at the downstream end at mean water levels, plesiopotamon (including lakes) = no connectivity with the main channel at mean water levels; coverage by macrophytes does not exceed 20%, palaeopotamon (incl. pools, ponds) = no connectivity with the main channel at mean water levels; coverage by macrophytes exceeds 20%.






Table A1. Four groups of functional traits characteristic for the recorded Odonata species (body size according to Ref. [57]), other functional traits adapted from Refs. [63,64]). Legend: eupotamon = main channel and connected side arms; parapotamon = side arms connected only at the downstream end at mean water levels, plesiopotamon (including lakes) = no connectivity with the main channel at mean water levels; coverage by macrophytes does not exceed 20%, palaeopotamon (incl. pools, ponds) = no connectivity with the main channel at mean water levels; coverage by macrophytes exceeds 20%.





	
Species Name

	
Functional Traits




	
Average Body Size (mm)

	
Hydrological Preference

	
Nymphal Development

	
Drought Resilience Form






	
Calopteryx splendens (Harris, 1782)

	
46.5

	
Lotic (eupotamon, parapotamon)

	
All year

	
No drought resilience




	
Calopteryx virgo (Linnaeus, 1758)

	
47.0

	
Lotic (eupotamon)

	
All year

	
No drought resilience




	
Chalcolestes viridis (Vander Linden, 1825)

	
43.5

	
Predominantly lentic (plesiopotamon, palaeopotamon), but can occur in lotic habitats. Recorded from temporary waterbodies.

	
Spring, summer

	
Egg diapause




	
Sympecma fusca (Vander Linden, 1820)

	
36.5

	
Predominantly lentic (plesiopotamon, palaeopotamon), but can occur in lotic habitats. Recorded from temporary waterbodies.

	
Mainly in summer

	
Adult diapause




	
Ischnura elegans (Van der Linden, 1820)

	
32.0

	
Eurytopic. Recorded from temporary waterbodies

	
All year

	
No drought resilience




	
Coenagrion puella (Linnaeus, 1758)

	
34.0

	
Predominantly lentic (plesiopotamon, palaeopotamon), but can occur in lotic habitats. Recorded from temporary waterbodies.

	
All year

	
No drought resilience




	
Erythromma lindenii (Selys, 1840)

	
33.0

	
Predominantly lentic (plesiopotamon, palaeopotamon), but can occur in lotic habitats

	
Unknown

	
Unknown




	
Platycnemis pennipes (Pallas, 1771)

	
36.0

	
Predominantly lotic (eupotamon, parapotamon) but can occur in lentic habitats

	
All year

	
No drought resilience




	
Aeshna affinis Vander Linden, 1820

	
61.5

	
Lentic (palaeopotamon). Recorded from temporary waterbodies

	
Spring, summer

	
Egg diapause




	
Aeshna isoceles (Müller, 1767)

	
64.0

	
Lentic (plesiopotamon, palaeopotamon)

	
All year

	
No drought resilience




	
Anax imperator (Selys, 1839)

	
75.0

	
Predominantly lentic (plesiopotamon, palaeopotamon), but can occur in lotic habitats

	
All year

	
No drought resilience




	
Brachytron pratense (Müller, 1764)

	
58.5

	
Predominantly lentic (plesiopotamon, palaeopotamon), but can occur in lotic habitats

	
All year

	
No drought resilience




	
Onychogomphus forcipatus (Linnaeus, 1758)

	
48.0

	
Lotic (eupotamon, parapotamon)

	
All year

	
No drought resilience




	
Cordulegaster heros Theischinger, 1979

	
80.5

	
Lotic (eupotamon)

	
All year

	
No drought resilience




	
Somatochlora meridionalis Nielsen, 1935

	
52.5

	
Lotic (eupotamon, parapotamon)

	
All year

	
No drought resilience




	
Libellula depressa Linnaeus, 1758

	
43.5

	
Predominantly lentic (plesiopotamon, palaeopotamon), but can occur in lotic habitats. Recorded from temporary waterbodies.

	
All year

	
Nymph diapause




	
Libellula fulva Müller, 1764

	
43.5

	
Predominantly lotic (eupotamon, parapotamon) but can occur in lentic habitats

	
All year

	
Nymph diapause




	
Orthetrum cancellatum (Linnaeus, 1758)

	
47.0

	
Predominantly lotic (eupotamon, parapotamon) but can occur in lentic habitats

	
All year

	
No drought resilience




	
Orthetrum coerulescens (Fabricius, 1798)

	
40.5

	
Predominantly lotic (eupotamon, parapotamon) but can occur in lentic habitats. Recorded from temporary waterbodies

	
All year

	
Nymph diapause




	
Orthetrum brunneum (Fonscolombe, 1837)

	
45.0

	
Lotic (eupotamon, parapotamon)

	
All year

	
Unknown




	
Sympetrum sanguineum (Müller, 1764)

	
36.5

	
Predominantly lentic (plesiopotamon, palaeopotamon), but can occur in lotic habitats. Recorded from temporary waterbodies.

	
Spring, summer

	
Egg diapause




	
Sympetrum fonscolombii (Selys, 1840)

	
36.5

	
Eurytopic. Recorded from temporary waterbodies

	
All year

	
Unknown




	
Sympetrum striolatum (Charpentier, 1840)

	
39.5

	
Eurytopic. Recorded from temporary waterbodies

	
All year

	
Egg diapause




	
Sympetrum meridionale (Selys, 1841)

	
37.5

	
Lentic (palaeopotamon). Recorded from temporary waterbodies

	
Spring, summer

	
Egg diapause




	
Crocothemis erythraea (Brullé, 1832)

	
40.5

	
Predominantly lentic (plesiopotamon, palaeopotamon), but can occur in lotic habitats

	
All year

	
No drought resilience
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Figure 1. Geographical position of the four studied intermittent karst rivers located in the Croatian part of the ER5. Legend: SVN—Slovenia, BIH—Bosnia and Herzegovina, SRB—Serbia, HUN—Hungary. 
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Figure 2. Examples of the sites where Odonata were studied at four intermittent karst rivers (Croatia): sites characterized by poorly developed aquatic vegetation: (a) the Krčić River (Site 3), (b) the Guduča River (Site 1), (c) the Čikola River (Site 3); sites with well-developed aquatic vegetation: (d) the Čikola River (Site 2), (e) the Guduča River (Site 3), (f) the Miljašić Jaruga River (Site 1). 
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Figure 3. Odonata assemblages in macrophyte-poor and macrophyte-rich habitats of four intermittent karst rivers (Croatia). Each assemblage metric is shown by mean and standard error: (a) species richness (S), (b) abundance (N), (c) Shannon diversity index (H′), (d) Simpson diversity index (1 − λ). Asterisk indicates a significant difference between the habitats (GLMM including sites as fixed factors and months as repeated measures, least significant difference post hoc test, p < 0.001). Poisson distribution was applied for species richness and abundance, while for diversity indices, gamma distribution was used with log link function. 
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Figure 4. Cluster analysis of Odonata assemblages in MPH and MRH of four intermittent karst rivers (Croatia), based on Bray–Curtis similarity coefficient and species’ log (x + 1)-transformed abundances. Study sites with no Odonata records were excluded from the analysis. 
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Figure 5. Odonata functional traits in macrophyte-poor and macrophyte-rich habitats of four intermittent karst rivers (Croatia) shown as mean and standard error: (a) functional diversity (RaoQ), (b) CWM body size, (c) hydrological preference, (d) nymphal development, (e) drought resilience form. Asterisk indicates a significant difference between the habitats (*** = p < 0.001), (** = p < 0.01), (* = p < 0.05). Legend: Hydrological preference: EUP—eupotamon, PAR—parapotamon, PLE—plesiopotamon, PAL—palaeopotamon, TWB—temporary water bodies. Nymphal development: ALY—nymphal development all year, SPR—nymphal development mainly in spring, SUM—nymphal development mainly in summer, AUT—nymphal development mainly in autumn, WIN—nymphal development mainly in winter, UNK—unknown nymphal development. Drought resistance forms: NOD—no resilience strategy against droughts; EGD—egg diapause, NYD—nymph diapause, ADD—adult diapause, UNK—unknown resilience strategy. 
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Figure 6. CCA ordination triplot on standardized and log (x + 1) transformed data of 17 Odonata species and six environmental variables recorded at four intermittent karst rivers (Croatia). Taxa codes (triangles) are presented in Table 3. Black squares represent macrophyte-rich habitats, and grey squares represent macrophyte-poor habitats. 
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Figure 7. Redundancy analysis (RDA) ordination biplot showing the relationships between Odonata functional traits (CWM body size—red arrow, CWM hydrological preferences—green arrows, CWM nymphal development—black arrows, CWM drought resilience form—blue arrows) and six significant environmental variables (purple arrows) at four intermittent karst rivers (Croatia). 
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Table 1. Vegetation analysis of macrophyte-poor and macrophyte-rich habitats of four intermittent karst rivers (Croatia), with mean values ± standard error per habitat type (n = 6, for each habitat type). Different letters indicate a significant difference between the habitats (Mann–Whitney U-test, p < 0.01). Legend: LM—low macrophytes, HM—high macrophytes.
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Habitat Type




	

	
Macrophyte Poor

	
Macrophyte Rich




	
Vascular Plants

	

	






	
Dominant vascular plants

	
Mentha longifolia (L.) L.,

Oenanthe fistulosa L.

	
Phragmites australis (Cav.) Steud.,

Scirpus lacustris L., Cyperus longus L.




	
Species richness (total, mean ± SE)

	
1.00 ± 0.45 b

	
10.50 ± 1.61 a




	
Abundance (total, mean ± SE)

	
3.33 ± 1.69 b

	
39.00 ± 5.72 a




	
Species richness of LM (mean ± SE)

	
1.00 ± 0.45 b

	
7.50 ± 1.09 a




	
Abundance of LM (mean ± SE)

	
3.33 ± 1.69 b

	
25.00 ± 3.52 a




	
Species richness of HM (mean ± SE)

	
0.00 b

	
2.83 ± 0.70 a




	
Abundance of HM (mean ± SE)

	
0.00 b

	
14.00 ± 2.68 a




	
Bryophytes

	

	




	
Dominant bryophytes

	
Cinclidotus aquaticus (Hedw.) Bruch et Schimp., C. fontinaloides (Hedw.) P. Beauv., Rhynchostegium riparioides (Hedw.) Cardot,

Cratoneuron filicinum (Hedw.) Spruce

	
Cinclidotus fontinaloides (Hedw.) P. Beauv.,

Calliergonella cuspidata (Hedw.) Loseke,

Fontinalis antipyretica Hedw.




	
Species richness (total, mean ± SE)

	
3.33 ± 0.33 a

	
1.50 ± 0.81 a




	
Abundance (mean ± SE)

	
14.17 ± 1.25 a

	
3.83 ± 2.17 b
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Table 2. Physicochemical properties of water measured in macrophyte-poor and macrophyte-rich habitats of four intermittent karst rivers (Croatia), with mean values ± standard error per habitat type (n = 18, for each habitat type). GLMM (full model) output shows differences in physicochemical water properties between the habitats. For all the physicochemical parameters, the gamma distribution with log link function was applied. Macrophyte vegetation was used as a fixed effect, while sites were included as a random effect. Statistically significant effects obtained from the least significant difference post hoc test (p < 0.05) are reported in bold. Legend: F—F statistic, d.f. 1—degrees of freedom, d.f. 2—denominator degrees of freedom, MPH—macrophyte-poor habitats, MRH—macrophyte-rich habitats.
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Environmental Variables

	
MPH

	
MRH

	
F

	
p

	
d.f. 1

	
d.f. 2




	
(Mean ± SE)

	
(Mean ± SE)






	
Alkalinity (mg CaCO3/L)

	
126.94 ± 3.75

	
157.50 ± 2.63

	
23.589

	
0.000

	
1

	
34




	
Water hardness (mg CaCO3/L)

	
224.48 ± 14.18

	
277.88 ± 10.78

	
10.201

	
0.003

	
1

	
34




	
Conductivity (μS/cm)

	
414.61 ± 20.04

	
547.72 ± 16.80

	
10.224

	
0.003

	
1

	
34




	
Water temperature (°C)

	
10.84 ± 0.62

	
14.09 ± 0.38

	
6.706

	
0.014

	
1

	
34




	
Water velocity (m/s)

	
0.58 ± 0.03

	
0.31 ± 0.06

	
7.667

	
0.009

	
1

	
34




	
Oxygen saturation (%)

	
98.89 ± 1.22

	
107.81 ± 2.53

	
2.790

	
0.104

	
1

	
34




	
Nitrates (mg N/L)

	
0.25 ± 0.04

	
0.18 ± 0.02

	
1.085

	
0.305

	
1

	
34




	
Water depth (cm)

	
27.22 ± 4.15

	
33.61 ± 4.42

	
0.985

	
0.328

	
1

	
34




	
Nitrites (mg N/L)

	
0.02 ± 0.01

	
0.01 ± 0.00

	
0.481

	
0.495

	
1

	
34




	
Chemical oxygen demand (mg/L)

	
3.61 ± 0.23

	
3.76 ± 0.37

	
0.315

	
0.578

	
1

	
34




	
o-phosphates (mg N/L)

	
0.02 ± 0.00

	
0.02 ± 0.00

	
0.208

	
0.652

	
1

	
34




	
Dissolved oxygen (mg/L)

	
10.80 ± 0.19

	
11.04 ± 0.25

	
0.176

	
0.678

	
1

	
34




	
pH

	
7.98 ± 0.08

	
7.96 ± 0.03

	
0

	
0.988

	
1

	
34
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Table 3. Odonata recorded in macrophyte-poor and macrophyte-rich habitats of four intermittent karst rivers (Croatia). Species are represented by the total number of individuals (N) and frequency (%). Species codes are those used in the CCA.
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Habitat Type

	
Total




	

	

	
Macrophyte Poor

	
Macrophyte Rich




	
Species Name

	
Species Code

	
N

	
%

	
N

	
%

	
N

	
%






	
Calopteryx splendens (Harris, 1782)

	
Ca spl

	
25

	
3.85

	
233

	
3.75

	
258

	
3.76




	
Calopteryx virgo (Linnaeus, 1758)

	
Ca vir

	
564

	
86.80

	
70

	
1.13

	
634

	
9.24




	
Chalcolestes viridis (Vander Linden, 1825)

	
Ch vir

	

	

	
675

	
10.86

	
675

	
9.84




	
Sympecma fusca (Vander Linden, 1820)

	
Sy fus

	

	

	
222

	
3.58

	
222

	
3.23




	
Ischnura elegans (Van der Linden, 1820)

	
Is ele

	

	

	
370

	
5.96

	
370

	
5.38




	
Coenagrion puella (Linnaeus, 1758)

	
Co pue

	

	

	
392

	
6.31

	
392

	
5.71




	
Erythromma lindenii (Selys, 1840)

	
Er lin

	

	

	
218

	
3.51

	
218

	
3.18




	
Platycnemis pennipes (Pallas, 1771)

	
Pl pen

	
20

	
3.08

	
3500

	
56.33

	
3520

	
51.28




	
Aeshna affinis Vander Linden, 1820

	

	
1

	
0.15

	
4

	
0.07

	
5

	
0.07




	
Aeshna isoceles (Müller, 1767)

	
Ae iso

	

	

	
31

	
0.50

	
31

	
0.45




	
Anax imperator (Selys, 1839)

	
An imp

	

	

	
30

	
0.48

	
30

	
0.44




	
Brachytron pratense (Müller, 1764)

	
Br pra

	

	

	
34

	
0.55

	
34

	
0.50




	
Onychogomphus forcipatus (Linnaeus, 1758)

	
On for

	
36

	
5.54

	
51

	
0.82

	
87

	
1.28




	
Cordulegaster heros Theischinger, 1979

	

	
3

	
0.46

	

	

	
3

	
0.04




	
Somatochlora meridionalis Nielsen, 1935

	

	
1

	
0.15

	
18

	
0.29

	
19

	
0.28




	
Libellula depressa Linnaeus, 1758

	
Li dep

	

	

	
25

	
0.40

	
25

	
0.36




	
Libellula fulva Müller, 1764

	
Li ful

	

	

	
45

	
0.72

	
45

	
0.66




	
Orthetrum cancellatum (Linnaeus, 1758)

	

	

	

	
17

	
0.27

	
17

	
0.25




	
Orthetrum coerulescens (Fabricius, 1798)

	
Or coe

	

	

	
102

	
1.64

	
102

	
1.49




	
Orthetrum brunneum (Fonscolombe, 1837)

	
Or bru

	

	

	
48

	
0.77

	
48

	
0.70




	
Sympetrum sanguineum (Müller, 1764)

	

	

	

	
4

	
0.06

	
4

	
0.06




	
Sympetrum fonscolombii (Selys, 1840)

	

	

	

	
4

	
0.06

	
4

	
0.06




	
Sympetrum striolatum (Charpentier, 1840)

	
Sy str

	

	

	
105

	
1.69

	
105

	
1.53




	
Sympetrum meridionale (Selys, 1841)

	

	

	

	
1

	
0.02

	
1

	
0.01




	
Crocothemis erythraea (Brullé, 1832)

	

	

	

	
14

	
0.23

	
14

	
0.20




	
Species richness (S)

	

	
7

	

	
24

	

	
25

	




	
Abundance (N)

	

	
650

	

	
6213

	

	
6863
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Table 4. GLMM (full model) output showing differences in Odonata assemblage metrics, functional diversity, and community weighted mean (CWM) values of functional traits between macrophyte-poor and macrophyte-rich habitats of four intermittent karst rivers (Croatia). Poisson distribution was applied for species richness and abundance, while for diversity indices and functional traits, gamma distribution was used with log link function. Vegetation was used as a fixed effect, with sites and months as random effects. Statistically significant effects obtained from the least significant difference post hoc test (p < 0.05) are reported in bold. Legend: F—F statistic, d.f. 1—degrees of freedom, d.f. 2—denominator degrees of freedom.
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Assemblage Parameter

	

	
F

	
p

	
d.f. 1

	
d.f. 2






	
Species richness (S)

	

	
45.756

	
0.000

	
1

	
34




	
Abundance (N)

	

	
58.940

	
0.000

	
1

	
34




	
Shannon diversity (H′)

	

	
29.200

	
0.000

	
1

	
23




	
Simpson diversity (1 − λ)

	

	
19.700

	
0.000

	
1

	
23




	
Functional Parameter

	

	

	

	

	




	
Functional diversity (RaoQ)

	

	
28.563

	
0.000

	
1

	
27




	
CWM body size

	

	
8.149

	
0.008

	
1

	
27




	
CWM hydrological

preferences

	
eupotamon

	
182.582

	
0.000

	
1

	
27




	
parapotamon

	
13.839

	
0.001

	
1

	
21




	
plesiopotamon

	
91.216

	
0.000

	
1

	
22




	
palaeopotamon

	
19.457

	
0.000

	
1

	
22




	
temporary water bodies

	
7.247

	
0.014

	
1

	
19




	
CWM nymphal

development

	
spring

	
20.020

	
0.000

	
1

	
17




	
summer

	
128.804

	
0.000

	
1

	
17




	
autumn

	
-

	
-

	
-

	
-




	
winter

	
-

	
-

	
-

	
-




	
all year

	
188.086

	
0.000

	
1

	
27




	
CWM drought resilience form

	
no drought resilience

	
138.067

	
0.000

	
1

	
26




	
egg diapause

	
11.703

	
0.003

	
1

	
17




	
nymph diapause

	
1.994

	
0.178

	
1

	
15




	
adult diapause

	
-

	
-

	
-

	
-




	
unknown resilience type

	
-

	
-

	
-

	
-
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