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Abstract

:

Understanding the interactions among the functional groups of living organisms within ecosystems is a main challenge in ecology. This question is particularly important in relation to the interactions between the above- and below-ground components of terrestrial ecosystems. We investigated the effects of macro- (geographic position and mire size) and micro-environmental (pH, water table depth, water mineralization and temperature) characteristics and vegetation composition (both vascular plants and bryophytes) on the species structure of testate amoeba assemblages in eight Sphagnum-dominated mires across the Northern Caucasus Mountains (Russia). In total, 97 testate amoeba species from 34 genera were identified. A multiple factor analysis indicated the strongest relationships between the species structure of the testate amoeba assemblages and the local vegetation, especially bryophytes, whereas the interaction with the micro-environmental characteristics was the weakest. Among the micro-environmental data, the strongest effects on the species composition of all the assemblages were detected for the pH followed by the water table depth and water temperature. The variance partitioning of the species structure of the testate amoeba assemblages in response to the abiotic and biotic data indicated that most of the variance was related to the bryophyte and vascular plant assemblages, whereas the contribution of the environmental data was lower. Moreover, most of the effects were highly related to each other, so that the proportion of the jointly explained variation was high, whereas the individual effects were much lower.
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1. Introduction


Understanding the interactions among the functional groups of living organisms within ecosystems is a major challenge in ecology [1]. This question is particularly important when applied to the interactions between the above- and below-ground components of terrestrial ecosystems [2]. It has been shown that the above-ground vegetation influences the below-ground biological communities by driving changes in the litter quality, pH, soil moisture and other characteristics of the substrates [3,4]. On the other hand, the below-ground microbial diversity might affect a large number of ecosystem functions that influence the productivity, diversity and composition of plant communities [5,6]. The interrelations between the above- and below-ground communities attract considerable ecological interest and are well-investigated in many types of terrestrial ecosystems, including grasslands and forests [7,8,9,10], while peatlands remain considerably less studied [11,12].



Peatlands are ecosystems that accumulate large amounts of undecomposed organic material due to unbalanced production and decomposition processes [13]. As a result, mires play an important role in the global carbon cycle and store ca. 30% of the total organic carbon in the active part of the biosphere [14]. Pristine peatlands provide effective carbon sequestration through CO2 uptake from the atmosphere and its transformation into a long-lived pool of carbon as undecomposed peat [15]. The capture of CO2 by photosynthesis generally takes place at the mire surface, then some of the plant biomass dies and yields above-ground and below-ground litter and most of it is decomposed in situ, primarily by bacteria and fungi with the participation of protists and invertebrates [13]. Understanding the relationships between the above- and below-ground components in mires is especially urgent because these ecosystems are climate sensitive, and their carbon storage capacity might be greatly affected as a result of climate changes.



Testate amoebae represent the most abundant and diverse component of the belowground assemblages in peatlands [16]. Testate amoebae are a polyphyletic group of unicellular amoeboid eukaryotes with cells covered by a rigid shell [17]. In some ecosystems, they contribute up to 50% of the total microbial biomass [18] and represent a complex multilevel trophic system, including mixotrophic, bacterivorous and carnivorous organisms [19,20]. Testate amoebae have been used as model organisms for a wide range of ecological and bioindication studies, including those addressing questions of the iterations between the above- and below-ground components in mire and soil ecosystems [4,12,21,22,23,24]. In one of the first studies, Mitchell et al. [21] investigated the relationships among the testate amoebae, vegetation and water chemistry in five Sphagnum-dominated peatlands in Europe. A similar study was performed by Lamentowicz et al. [23], who focused on the relationships among a set of environmental variables, vegetation composition (vascular plants and mosses separately) and the species structure of moss-dwelling testate amoeba assemblages along a trophic gradient (from an oligotrophic bog to an extremely rich fen) in sub-alpine mires in the Upper Engagine (Swiss Alps). Koenig et al. [25] compared the relationships of testate amoebae, bryophytes and vascular plants with environmental variables (soil temperature, water table depth, micro-habitats and the carbon and nitrogen content of Sphagnum mosses) in four mires along a 1300 m altitudinal gradient in Switzerland. These studies have provided important estimates of the relationships between vascular plants, bryophytes and testate amoebae. However, they were geographically restricted.



The aim of the study is to describe the effects of the macro- and micro-environmental characteristics and vegetation composition (both vascular plants and bryophytes) on the species structure of testate amoeba assemblages in eight Sphagnum-dominated mires across the Northern Caucasus Mountains (Russia). The mires in the region are very diverse and characterized by a specific hydrological regime and mineral nutrition that results in a unique composition of mosses and vascular plants [26]. The previous studies on the testate amoeba assemblages in Sphagnum-dominated mires [27,28,29,30] and in water streams [31] in the region have revealed diverse assemblages of these microorganisms. The novelty of our study is the focus on the interactions among the functional groups of living organisms in the diverse Caucasus mires, which were not previously investigated to this respect.




2. Materials and Methods


2.1. Study Region


The study was conducted in the Northern Caucasus Mountains (Figure 1a) in the territories of the Republic of North Ossetia-Alania and Kabardino-Balkaria. The climate of the region is moderately continental [32] with a mean annual air temperature of +8.6 °C and a mean annual precipitation of 540–670 mm yr−1. The mean air temperature of the coldest month (January) is −5 °C and the mean air temperature of the warmest month (July) is +21 °C [32]. The snow cover remains in the valleys for more than two months with an average depth of 5 cm [33]. The territory belongs to the Caucasus Mixed Forests ecoregion [34], which is characterized by a high biodiversity. Mountain mires occupy 0.1% of the area in the region and are generally located at the altitudes from 600 to 3400 m a.s.l. [35]. The mires are formed as a result of lake terrestrialization, overflows of mountain streams and waterlogging of mountain slopes [36], and were initiated between 4900–2500 years ago [37,38,39].




2.2. Study Sites


In total, eight Sphagnum-dominated mires were selected for the study (Figure 1b and Figure S1). The detailed description of most of the mires is provided in Prokin et al. [40]. The altitudes of the studied mires vary from 800 to 2300 m a.s.l. Three of them (Chifandzar and the Upper and Lower Kubus) are located in the National Park “Alania” (the Irafsky District, the Republic of North Ossetia-Alania). The Chifandzar mire was formed in the fluvial terrace above the floodplain on the left bank of the river Haresidon and is one of the largest mires in North Ossetia [40]. The vegetation is dominated by Carex spp., with a sparse Sphagnum cover [41], so the mire can be classified as eutrophic. This can be partly due to grazing at the mire itself and the adjacent slopes. The Upper and Lower Kubus mires are small, oligotrophic and dominated by Sphagnum mosses.



The other five mires are located in the in the Cherekskiy district of the Kabardino-Balkarian Republic. Four of them (Konskoe, Vysokoe, Zayachye and Krugloe) are near the village of Verkhnyaya Balkaria. All four mires are of lake origin [42] with remaining open water in the center of each of them. The vegetation is formed by Carex, Carex-Sphagnum and Sphagnum communities. These mires can be described as oligotrophic and partially meso-oligotrophic (Table 1). Sphagnum fuscum covers a considerable area in most of the mires, forming dense carpets on hummocks and in lawns. Molinia coerulea is present in the Konskoe and Zayachye mires, which might indicate recent fires. The Ushtulu mire is located in the Kabardino-Balkaria State High-Mountain Reserve and is dominated by Carex spp., Comarum sp. and Sphagnum spp. This mire was formed on a mountain slope and fed by mineral rich groundwater (so-called “hanging mire”).




2.3. Field Sampling and Measurements


The surface moss samples for the testate amoeba analysis were collected on 8–12 June 2020. In each mire, the main types of vegetation communities were identified (Table 1) and their vascular plant composition was recorded in the field as presence–absence (incidence data), according to Maevskiy [43]. Within each vegetation type, two biotopes (e.g., a hummock, a flat carpet/lawn or a depression) were sampled in three replicates (~10 m away from each other). The surface Sphagnum layers (undecomposed, to the depth of 6 cm) were carefully extracted from an area of 20 cm2 with scissors. The samples were placed in ziplock plastic bags and stored at +5 °C before the analysis. In total, 84 samples were collected. At each sampling site, the water table depth (WTD) was measured in a 0.5 m deep hollow in relation to the mire surface with a measuring tape. In addition to that, in the carpet/lawn biotopes where sufficient volumes of ground water could be collected, we measured the acidity (pH), mineralization (ppm) and temperature with a portable multi-parameter analyzer YIERYI (Shen Zhen Yage Technology Co., Ltd., Shenzhen, China). The geographical coordinates, altitude and area of the mires were defined with a handheld GPS receiver Etrex 30 (Garmin, Olathe, KS, USA). The species composition (presence–absence) of the bryophytes in the sampled substrate was determined in the laboratory following Ignatov and Ignatova [44,45].




2.4. Testate Amoeba Analysis


The samples for the testate amoeba analysis were prepared following the method based on suspension in water, physical agitation and subsequent sedimentation [46]. Three grams of the substrate were soaked in distilled water for 24 h, agitated on a flask shaker for 10 min, sieved and washed through a 0.5-mm mesh to remove coarse material and then left for sedimentation for 24 h. The supernatant was decanted off to concentrate the samples to the volume of 10 mL, the samples were mixed with neutralized formaldehyde and placed in glass vials for storage. A drop of the concentrate was placed on a microscopic slide, mixed with glycerol and inspected at 200× magnification. All the encountered testate amoebae were identified following the morphology-based approach and counted according to the identification guides [17,47] with the aim of 150 tests per sample. The identification of the testate were based on the following morphological criteria: shell shape, shell size (i.e., shell length, shell width, shell thickness), shell cover type, pseudostome shape and position and the presence of other taxonomical features. Most of these criteria have been shown to be directly linked to the phylogenetic divergence of the testate amoebae reconstructed using the molecular approach [48,49] and to be related to ecosystem functioning [50]. The identification was performed with the highest possible taxonomic resolution whenever possible [51].




2.5. Data Analyses


The data were analyzed and plotted using the R language environment [52] with the packages ‘vegan’ [53], ‘FactoMiner’ [54] and ‘ggplot2’ [55]. In total, five data sets were used in the analysis: (1) the macro-environmental variables (quantitative: latitude, degrees; longitude, degrees; altitude, m; and mire size, km2), (2) the micro-environmental characteristics (quantitative: water table depth, cm; acidity, pH; mineralization, ppm; and water temperature, °C), (3) the vascular plant species composition (presence–absence), (4) the bryophyte species composition (presence–absence) and (5) the species structure of the testate amoeba assemblages (relative abundances). The correlations between the micro-environmental variables were estimated with Spearman’s coefficient. To explore the relationships among the collected data sets, we used a multifactor analysis (MFA), which proposed a symmetrical, exploratory point of view, where the correlative structures were exposed without any reference to a directionality of the possible causal relationships [56]. The similarity between the geometrical representations derived from each group of variables was measured by the RV coefficients which varied between zero and one and could be tested by the permutations [57]. The MFA analysis was performed in two variants. The first one included the vegetation composition as a single data set and the second vegetation composition was split into vascular plants and bryophytes to estimate their contributions separately. The testate amoebae data were Hellinger-transformed [58].



The effects of the environmental variables on the species composition of testate amoebae were analyzed with a redundancy analysis (RDA). The contribution of each data set and the environmental variables for the explanation of the variance in the species structure of testate amoebae was tested in the variance partitioning procedure performed with a partial RDA. The effect of each data set or each factor in the model was assessed by partialling out the effects of all the other explanatory variables, which were added to the model as covariates [59]. The unadjusted R2 values were corrected following [60] with the function ‘RsquareAdj()’ in the package ‘vegan’ [53]. The significance of the models was tested with 999 Monte Carlo permutations.





3. Results


3.1. Variation in Environmental Characteristics


The water table depths in the studied locations varied from 0 to 61 cm with a considerable number (32 observations) of wet (WTD < 10 cm) biotopes (Figure 2 and Figure S2). The driest mire was the Lower Kubus (22.9 ± 18.8 cm, SD), whereas the other mires were characterized by lower average WTD values, which varied in the range from 7.10 to 36.7 cm. The acidity changed from 4.05 to 6.98 pH. The eutrophic mires were less acidic (pH 5.44–6.98) compared to the meso- and oligotrophic mires (pH 4.05–6.40). The mineralization, in general, wase low (<60 ppm), except for the Krugloe mire where it varied from 47 to 164 ppm, probably indicating local inputs of ions. The water temperature at the moment of sampling was variable, varying from 4.0 to 23.3 °C. The correlation analysis of the environmental variables (Table 2) indicated that the WTD was negatively related to the acidity and water temperature. Moreover, the water temperature was positively correlated to the mineralization and pH (Table 2), which can be explained by the fact that deep waters are typical for ombrotrophic bogs (with lower pH). As a result, water is warmed less there due to a thicker moss layer isolating it from the surface. Overall, the analysis of the variation of the environmental variables indicated a wide gradient of environmental variables in the studied biotopes covering the various trophic states of the mires.




3.2. General Characteristics of the Testate Amoeba, Vascular Plant and Bryophyte Assemblages


In total, 11,875 individuals of testate amoeba were found and identified. They belonged to 97 taxa and 34 genera (Table S1). The most abundant taxa (with a relative abundance to the total count greater than 3%) were Trinema lineare (22.7%), Assulina muscorum (15.3%), Cryptodifflugia oviformis (14.3%), Hyalosphenia papilio (11%), Trinema enchelys (10.2%), Corythion dubium (5.1%) and Euglypha rotunda (3.3%). The most common species (with an occurrence greater than 40% of the samples) were Trinema lineare (92.9%), Assulina muscorum (83.3%), Cryptodifflugia oviformis (63.1%), Trinema enchelys (54.8%), Corythion dubium (51.2%), Euglypha rotunda (44%) and Hyalosphenia papilio (40.5%). Twenty-three species were encountered in one sample only (the maximal relative abundance per sample was less than 0.1%). The number of testate amoeba taxa per sample varied from three to 24 with the mean value of 10.9 ± 5.44 (SD; n = 84).



The most common vascular plants (encountered in >10% of all samples) observed on the sampling sites were Carex spp. (51%), Eriophorum vaginatum (29%), Empetrum sp. (14%) and Calamagostris sp. (13%). Among the bryophytes, the most common were Polytrichum strictum (19%), Sphagnum capillifolium (15.5%), Sphagnum divinum (14.3%), Calliergon richardsonii (13.1%), Sphagnum teres (11.9%) and Sphagnum russowii (10.7%). Overall, the composition of the vascular plant, bryophyte and testate amoeba assemblages was diverse and typical for the Sphagnum-dominated mires.




3.3. Multiple Factor Analysis of the Environment, Vegetation and Testate Amoeba Data


The variation in the vegetation (both vascular plants and bryophytes) and testate amoeba assemblages contributed the most to the results of the global MFA ordination (Table 3, the MFA line). These data sets mostly contributed to the first MFA axis, whereas the macro- and micro-environment data were associated with the second MFA axis (Figure 3a). The position of the samples in the multiple factor analysis (Figure 3b) shows the acidic and trophic gradients across the studied mires. The 1st axis explains 13.5% of the total variance and is generally related to the mire acidity with the most acidic mires (e.g., Zayachye, Lower Kubus, Kosnskoe and Vysokoe) located on the left side, whereas the sites characterized by greater pH values are on the right (Chifandzar and Ushtulu). This axis is also positively related to the size of the mires and the altitude. The 2nd axis explains 9.3% of the total variance and is positively related to the trophic gradient and water temperature, i.e., the samples with a lower mineralization and water temperature (Chifandzar and Upper Kubus) are located at the lower part of the plot, whereas the sites with a high mineralization and water temperature (Krugloe and Ushtulu) are at the top. The driest sites (Konskoe, Zayachye and Lower Kubus) are located in the bottom right corner of the plot and are positively related to the longitude.



The projections of the qualitative and quantitative biological data (Figure 3c,d) demonstrate that dry, acidic and oligotrophic sites (Konskoe, Zayachye and Lower Kubus) were associated with the vascular plants Eriophorum vaginatum, Calamagostris sp., Empetrum sp., Rhododendron sp.; mosses Polytrichum strictum, Sphagnum fuscum, Sphagnum russowii and Sphagnum divinum; and a testate amoeba taxon Assulina muscorum. The acidic sites with greater wetness and mineralization were characterized by Sphagnum balticum, Sphagnum angustifolium and Sphagnum fallax and a high abundance of a testate amoeba Hyalosphenia papilio. The wet and mineral rich biotopes were associated with the presence of Equisetum sp. and mosses Sphagnum wanstorfii and Aulacomnium palustre. The relatively dry sites with neutral environments in large mires were characterized by a number of mosses (Climaticum dendroide, Warnstrorfia exannulana, Caliergonella lindgergii etc.) and a testate amoeba Trinema lineare. In the wetter biotopes with neutral environments, the vascular plant Cardamine sp.; mosses Drepanocladus intermdius and Campilium stellatum; and testate amoebae Trinema enchelys, Nebela collaris, Difflugia penardi, Centropyxis aculeata and Quadrulella symmetrica were present.



The patterns of the species–environment relationships are further illustrated by the RV coefficients (Table 3). The first MFA, in which the vegetation data were included as a single set, indicated that the highest correlations were observed between the testate amoebae, macro-environmental variables (RV = 0.38) and vegetation (RV = 0.37), while the RV coefficients for the vegetation with the macro- and micro-environment were lower (RV = 0.33). In the second MFA, when the vegetation data set was split into vascular plants and bryophytes, the testate amoebae were more strongly correlated to the bryophytes (RV = 0.35) than to the vascular plants (RV = 0.27), whereas the vascular plants and bryophytes were characterized by the highest RV values (RV = 0.41). The RV values for the vascular plants and bryophytes on the one hand and the macro- and micro-environmental variables on the other were lower and varied in the range 0.25–0.30. Overall, these findings indicate a stronger effect of the local vegetation, especially mosses, on the species structure of the testate amoeba assemblages with a lower effect of the macro-environmental variables and the lowest values of the micro-environmental characteristics.




3.4. Effects of Abiotic Variables on Vegetation and Testate Amoeba Assembalges


The effects of the macro- and micro-environmental environmental data sets and the environmental variables included in them on the biotic assemblages (vegetation, vascular plants, bryophytes and testate amoebae) were further estimated using a variance partitioning analysis (Figure 4). Both the macro- and micro-environmental data sets significantly contributed to the variation in the species composition of the biotic assemblages, with the greatest proportion of variance being explained for the vascular plants (22–27%), whereas for the bryophytes and testate amoebae, the data sets explained no more than 12%. All the macro-environmental variables significantly affected the species composition of the biotic assemblages, with the greatest unique effects of the mire size (7.94%) and longitude (5.07%) on the vascular plants. The effects of the macro-environmental variables on the bryophytes and testate amoebae data were lower with the unique fractions less than 3.61%. Among the micro-environmental data, the strongest effects on the species composition of all the assemblages were detected for the pH (unique contribution 3.48–9.02%). The water table depth had the greatest unique effect on the testate amoebae (4.64%), whereas the water temperature was the most important factor for the vascular plants (5.9%). The effect of mineralization was moderate and did not exceed 3.29%.



The results of RDA testing the effect of the micro-environmental variables on the species structure of the testate amoeba assemblages showed that the first ordination axis (RDA1) was positively related to the water table depth and negatively to the pH (Figure 5a,b). The second axis (RDA2) was mainly associated with the water temperature, whereas the mineralization did not affect the results of the ordination. The wet biotopes were characterized by the presence of a typical hydrophilic taxon Hyalosphenia papilio. The dominant taxa in the dry biotopes differed depending on their acidity. The testate amoeba assemblages in the dry acidic biotopes were characterized by the small-sized xerophilic taxa Assulina muscorum, Cryptodifflugia oviformis, Corythion dubium and Valkanovia delicatula. In the dry and neutral biotopes, the dominant species was Trinema lineare, whereas Trinema enchelys preferred the wetter biotopes. Overall, these results illustrate a strong influence of the mire type gradient (i.e., minerotrophic to ombrotrophic) on the species composition of the testate amoeba assemblages.




3.5. Variance Paritioning of the Environment and Vegetation Effects on the Species Composition of Testate Amoebae


The variance partitioning of the species structure of the testate amoeba assemblages in response to the abiotic (micro- and macro-environment) and biotic (vascular plants and bryophytes) data with a partial RDA indicated the four data sets that explained 43.3% of the total variance (Figure 6 and Table 4). Most of the variance was related to the bryophyte and vascular plant assemblages, whereas the contribution of the environmental data was lower. Most of the effects seemed to be highly related to each other, so that the proportion of the jointly explained variation was high, whereas the individual effects were much lower.





4. Discussion


4.1. Sphagnum-Dwelling Testate Amoebae in the Northern Caucasus Mountains


The results of our study have revealed diverse and abundant assemblages of Sphagnum-dwelling testate amoebae, which were, however, dominated by ubiquitous species with a wid ranging geographical distribution. The most abundant taxon in the studied mires Trinema lineare has been previously shown to be dominating in many types of biotopes around the world, including Sphagnum mosses elsewhere in Europe [61,62], soils in the Arctic [63,64,65] and Kamchatka [66] and aquatic biotopes in Antarctic [67]. The same applies to the second most abundant taxon Cryptodifflugia oviformis, which was commonly observed in Sphagnum biotopes across Europe [68,69], in Amazonian peatlands [70] and soils in Japan [71]. The other abundant taxa Assulina muscorum and Hyalosphenia papilio were generally considered as typical Sphagnum-dwellers, which would prefer dry and wet biotopes, respectively [69,72]. Despite being dominated by widely distributed taxa, the studied mires were characterized by a great diversity of testate amoebae, including 97 morphospecies. Our estimates are comparable to the previous relative intensive studies on the testate amoeba fauna of Sphagnum-dominated biotopes by Tarnogradsky [27,28,29,30] who revealed more than 140 species and subspecies. Overall, we can conclude that the Sphagnum-dominated mires in the Northern Caucasus Mountains represent an important hot spot for testate amoeba diversity.




4.2. The Relationships among the Environment, Vegetation and Testate Amoebae


The results of the MFA indicated that testate amoebae are strongly associated with the vegetation cover, and the strength of this correlation is comparable to the one with the macro-environmental data. Moreover, the relationships of testate amoebae with bryophytes were stronger than those with the vascular plants. The results of the variance partition of the species composition of the testate amoeba assemblages in response to the environmental and biotic data sets support these findings. These results are in line with the previous study of Mitchell et al. [21] who showed that Sphagnum-dwelling testate amoebae are ecologically more closely related to bryophytes than to the deep-rooted plants in five peatlands in Europe. This was later confirmed by Lamentowicz et al. [23] who also reported that testate amoebae were more strongly correlated to mosses (RV = 0.46) than to vascular plants (RV = 0.33) along a bog to extremely rich fen gradient in the sub-alpine peatlands of the Upper Engadine (Swiss Alps). The strong effects of both the species composition of the vegetation (involving vascular plants and bryophytes) and the bryophyte species composition on testate amoebae were revealed along a complete base–richness gradient in the fens [22]. This was explained by the fact that bryophytes and testate amoebae may experience ombrotrophic conditions at the mire surface while deep-rooted plants may have access to water rich in biogenic elements deeper in the peat deposits [21,23]. However, in soils, the effects of the vascular plants could be stronger, as it was shown by Carlson et al. [24] who reported that testate amoebae along a proglacial chronosequence (Kenai Fjords, AK, USA) were related to the vascular plants (RV = 0.71), location (RV = 0.59) and physical characteristics of biotopes (RV = 0.55). Altogether, these results point to the different contribution of vascular plants for the regulation of protist communities in soils and Sphagnum-dominated biotopes through leaf litter and root exudates.



Our results indicated that the influence of vegetation is comparable to the effects of the macro-environmental factors and greater than the effects the local environmental conditions. The relative contribution of the vegetation and environmental variables for the explanation of the variation in the species composition of the testate amoeba assemblages is still discussible. Mitchell et al. [21] reported that chemistry of the groundwater had a stronger effect on testate amoebae in comparison to the vegetation composition of the moss carpet in the acid Sphagnum mires. Similar patterns were observed by Lametowicz et al. [23] who reported that the effects of the environmental variables were consistently stronger (RV = 0.55), than the vegetation. In contrast, Oravilová and Hájek [22] showed that the species composition of the vegetation characterized the testate amoebae assemblages better than even long-term-measured water chemistry data. This might be greatly affected by the experimental design (i.e., the length of the studied environmental gradients), but it seems likely that the plant composition can be a substitute for the directly measured environmental characteristics and reflect the long-term development patterns and biotic interactions.




4.3. The Effect of Environmental Variables on the Species Structure of Testate Amoeba Assemblages


Our results indicated that, among the micro-environmental variables, the pH had a greater effect on the species structure of testate amoebae, vascular plants and bryophytes compared to the water table depth that can be explained by a considerable trophic gradient in the studied mires. These findings are in line with the results of Oravilová and Hájek [22] who found that the poor–rich fen gradient was primary governed by the pH and calcium, and the effect was almost three times stronger than surface wetness. The pH and calcium concentrations have been shown to be the major drivers of plant composition in mire, especially at the landscape level [73]. Similarly, Booth [74] found that the pH was a more important factor for the variation of the testate amoeba assemblages from the Sphagnum substrate than the water table depth when the entire data set, including the non-Sphagnum samples, was analyzed. The strong effects of the pH on the species structure of testate amoebae were reported by Amesbury et al. [69] for the pan-European training set, where the samples with a pH value greater than 5.5 were excluded from the analysis to study only the effects of the surface wetness in oligotrophic mires (pH 3–4.5). The strong effects of the acidity and the trophic gradient were used to build testate amoeba-based transfer functions to reconstruct these variables in paleoecological studies [75,76]. Overall, these data support the idea of a strong influence of the acidity on the species composition in mire communities.




4.4. The Ecological Preferences of Testate Ameoba Species


The ecological preferences of the dominant testate amoeba species observed in the Sphagnum-dominated biotopes in the Norther Caucuses Mountains correspond well to the previously published data [69,77]. Our results indicated that Hyalosphenia papilio prefers wet and acidic conditions, which is in line with the previous findings [22,74,75,78,79]. Assulina muscorum, Cryptodifflugia oviformis, Corythion dubium and Valkanovia delicatula were found in dry and acidic biotopes of the studied mires in the Northern Caucasus. Oravilová and Hájek [22] also showed, that Assulina muscorum and Corythion dubium were among the best indicators of acidic environments despite being generally regarded as ubiquitous. In our study, the species Trinema lineare, Trinema enchelys and Quadrulella symmetrica were generally observed in biotopes with a neutral pH. Interestingly, the first two species had a very similar morphology and differed mainly in size with the latter being larger and preferring wetter biotopes. This finding supports the important role of the shell size as a functional trait related to the substrate wetness, because many studies have reported a decrease in the shell size in response to the decreasing substrate wetness (see Marcisz et al. [50]).





5. Conclusions


The results of the study revealed a complex interaction among the environment, vegetation and testate amoebae in Sphagnum-dominated mires, which is important to better understand the links between the above- and below-ground components of ecosystems. Overall, the testate amoeba assemblages in the Northern Caucasus mires are diverse and abundant. Their species structure is greatly affected by vegetation, with bryophytes having a greater impact in comparison to the deep-rooted vascular plants. The influence of vegetation is comparable to the effects of the macro-environmental factors and is greater than the effects of the local environments. This might be related to the fact that both the macro-environment and vegetation represent complex ecological factors which can be used as a substitute for the environmental characteristics that are directly measured in the biotopes. However, the future studies should further investigate how the effects of these integrated factors can be disentangled to reveal the mechanisms of their impacts on the testate amoeba assemblages.
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Figure 1. The map of the study region (a) and the study sites (blue circles) (b). The blue rectangle in (a) marks the area covered by (b). 
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Figure 2. Variation in the water table depth, cm (a); acidity, pH (b); mineralization, ppm (c); water temperature, °C, (d) in the Sphagnum-dominated biotopes of eight mires in the Northern Caucasus Mountains. 
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Figure 3. Multiple factor analysis (MFA) of macro- and micro-environmental characteristics, vascular plants (presence–absence), bryophytes (presence–absence) and testate amoebae (relative abundances, Hellinger-transformed data, not scaled) from eight mires in the Northern Caucasus Mountains: (a) group representation plot displaying the link between each table and the MFA ordination results; (b) individual factor map showing the positions of the samples in the MFA (points are the centroids of the sample coordinates based on all four data sets); (c) correlation circle map of the MFA for the quantitative variables, i.e., macro-, micro-environment and testate amoebae (for clarity, only the variables with cos2 > 0.2 are represented); (d) projection of the centroids of the qualitative variables (plant species). 
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Figure 4. Venn diagrams of the variance partitioning analysis illustrating the percentage of variance in the species composition of the biotic assemblages (vegetation, vascular plants, bryophyte and testate amoebae) explained by the macro- (left) and micro- (right) environmental data sets and the environmental variables within them. The values show the percentages of the unique and shared variation of each data set or variable (computed from adjusted R2). The analysis is based on the results of the RDA (covariance matrix). The stars mark the significance of the individual effects (the sum of the unique and all the shared contributions) of each data set or variable: ***—p < 0.001, **—p < 0.01, * p < 0.05, NS—not significant. WTD—water table depth. 
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Figure 5. RDA ordination diagrams illustrating the variation in the species structure of the testate amoeba assemblages (Hellinger-transformed relative abundances, covariance matrix) in eight mires of the Northern Caucasus Mountains in response to the environmental variables: (a)—the distance plot of the site scores demonstrating the patterns in relation to the environmental variables; (b)—species plot (see Table S1 for species abbreviations); only species with a contribution greater than 0.15 (absolute value) are labelled on the plot to improve the readability. WTD—water table depth. 
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Figure 6. Venn diagram of the variance partitioning analysis illustrating the effect of the macro- and micro-environmental characteristics, vascular plants and bryophytes on the total variation in the species structure of the testate amoeba assemblages. The values show the percentages of the explained variation of each variable (unique contribution) and the joined effects of their interaction (the values are computed from adjusted R2). The analysis is based on the results of the RDA (Hellinger transformed data, covariance matrix). For the significance of the testable fractions, see Table 4. 
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Table 1. Brief characteristics of the studied biotopes.
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No

	
Location (Sample Size)

	
Latitude, °N, Longitude, °E

	
Altitude, m a.s.l.

	
Area, km2

	
Trophic State

	
Dominating Plants






	
North Ossetia-Alania




	
1

	
Chifandzar (12)

	
42.919, 43.514

	
2289

	
0.556

	
eutrophic

	
Calamagrostis-Sphagnum




	

	

	

	

	

	

	
Carex-Sphagnum




	
2

	
Lower Kubus (6)

	
42.893, 43.576

	
2077

	
0.0049

	
oligotrophic

	
Eriophorum-Sphagnum




	
3

	
Upper Kubus (6)

	
42.893, 43.577

	
2080

	
0.002

	
oligotrophic

	
Eriophorum-Sphagnum




	
Kabardino-Balkaria




	
4

	
Konskoe (18)

	
43.101, 43.49

	
1776

	
0.0002

	
(meso-) oligotrophic

	
Calamagrostis-Rhododendron-Sphagnum




	
Empetrum-Calamagrostis-Sphagnum




	
Carex-Sphagnum




	
5

	
Zayachye (12)

	
43.098, 43.478

	
1810

	
0.0001

	
(meso-) oligotrophic

	
Empetrum-Sphagnum




	
Eriophorum-Sphagnum




	
6

	
Vysokoe (12)

	
43.097, 43.479

	
1836

	
0.0015

	
(meso-) oligotrophic

	
Carex-Sphagnum




	
Eriophorum-Sphagnum




	
7

	
Krugloe (6)

	
43.106, 43.476

	
1648

	
0.0001

	
eutrophic

	
Carex-Sphagnum




	
8

	
Ushtulu (12)

	
42.975, 43.335

	
1995

	
0.173

	
eutrophic

	
Carex-Sphagnum




	
Comarum-Sphagnum
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Table 2. Non-parametric Spearman’s correlation coefficients of the measured environmental variables in the Sphagnum-dominated biotopes of eight mires in the Northern Caucasus Mountains. *** p < 0.001, * p < 0.0.
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	Environmental Characteristics
	Water Table Depth, cm
	Acidity, pH
	Mineralization, ppm





	Acidity, pH
	−0.57 ***
	
	



	Mineralization, ppm
	−0.24
	0.29
	



	Temperature, °C
	−0.61 ***
	0.31 *
	0.52 ***
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Table 3. RV coefficients (below diagonal—bottom-left half of the table) and corresponding p-values (above diagonal) among the macro- and micro-environmental variables, vascular plants (presence–absence), bryophytes (presence–absence) and testate amoebae (relative abundances, Hellinger-transformed data, not scaled) in the multiple factor analyses (MFA) of eight mires in the Northern Caucasus Mountains. The MFA indicates the correlation with the overall combined ordination. The upper table represents the first MFA variant that includes the vegetation composition as a single data set; the lower table represents the second MFA where the vegetation composition was split into vascular plants and bryophytes to estimate their contributions separately.
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	Macro-Environment
	Micro-Environment
	Vegetation
	Testate Amoebae
	



	Macro-environment
	1.00
	<0.001
	<0.001
	<0.001
	



	Micro-environment
	0.15
	1.00
	<0.001
	<0.001
	



	Vegetation
	0.33
	0.33
	1.00
	<0.001
	



	Testate amoebae
	0.38
	0.28
	0.37
	1.00
	



	MFA
	0.61
	0.59
	0.84
	0.70
	



	
	Macro-environment
	Micro-environment
	Vascular plants
	Bryophytes
	Testate amoebae



	Macro-environment
	1.00
	<0.001
	<0.001
	<0.001
	<0.001



	Micro-environment
	0.15
	1.00
	<0.001
	<0.001
	<0.001



	Vascular plants
	0.25
	0.30
	1.00
	<0.001
	<0.001



	Bryophytes
	0.30
	0.26
	0.41
	1.00
	<0.001



	Testate amoebae
	0.38
	0.28
	0.27
	0.35
	1.00



	MFA
	0.56
	0.54
	0.71
	0.80
	0.64
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Table 4. Results of the RDA (Hellinger transformed data, covariance matrix) on the individual effects of the macro- and micro-environment characteristics, vascular plants and bryophytes on the species composition of Sphagnum-dwelling testate amoebae. Df—degrees of freedom.






Table 4. Results of the RDA (Hellinger transformed data, covariance matrix) on the individual effects of the macro- and micro-environment characteristics, vascular plants and bryophytes on the species composition of Sphagnum-dwelling testate amoebae. Df—degrees of freedom.





	Data Sets
	R2, %
	Adjusted R2, %
	Df
	Pseudo-F
	p-Value





	Macro-environment
	22.3
	18.3
	4, 79
	5.66
	0.001



	Micro-environment
	24
	20.2
	4, 79
	6.24
	0.001



	Vascular plants
	34.8
	24.8
	11, 72
	3.49
	0.001



	Mosses
	53.4
	32.1
	26, 57
	2.51
	0.001
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