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Abstract

:

Global climate change and increasing human impact are the main factors intensifying eutrophication of peatland ecosystems. Due to the high sensitivity of certain groups of microorganisms, they can serve as indicators of the degree of eutrophication and thereby provide much important information for assessment of the state of peatland ecosystems. However, there is still little knowledge of how changes in the fertility of the environment can affect the microbiome of carnivorous plants in these ecosystems. This study was conducted to verify the following hypotheses: (1) the microbiome of carnivorous plant traps reflects the trophic status of the habitat; (2) an increase in the concentration of biogenic compounds causes a greater increase in the size of microbial communities in the aquatic environment than in the traps. An experiment was carried out in laboratory conditions to determine the effect of simulated eutrophication on the microbiome of Utricularia vulgaris L. An experimental increase in habitat fertility caused an increase in the abundance of bacteria, flagellates, testate amoebae, ciliates, and rotifers, while a decrease in abundance was observed for crustaceans. The increase in the concentration of biogenic compounds also modified the taxonomic composition of communities of microorganisms and small metazoa as well as the strength of trophic relationships; as the trophic level increased, the relationships between bacteria and heterotrophic flagellates; bacteria and testate amoebae; and bacteria and ciliates became stronger.
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1. Introduction


Peatlands are valuable natural ecosystems with enormous biological diversity [1]. Nutrient availability and food web structure are probably the two most important factors influencing the functioning of these ecosystems [2]. Variable concentrations of nutrients in the environment are characteristic of peatland ecosystems and can influence the global carbon cycle [3]. This is especially important as peatlands accumulate 25–30% of the carbon accumulated in ecosystems, and at the same time, they are rapidly vanishing ecosystems [4,5,6].



The eutrophication process increases the rate of primary production (especially by phycoflora) [7]. Increasing nutrient levels influence the growth rate of primary producers but are also associated with changes in entire microbial communities [7]. The richness and abundance of species, the presence of different evolutionary lines, and the diversity of traits associated with the strategy of resource use can react significantly to changes in the environment [8]. These elements of biological diversity may not necessarily be correlated; moreover, they can have varied effects on the functioning of the ecosystem [9]. The literature data indicate that eutrophication clearly modifies the functioning of various groups of organisms and influences their diversity (taxonomic, phylogenetic, and functional) [10,11]. A commonly identified effect of eutrophication is ‘biotic homogenization’. This term refers to an increase in the repeatability of species composition in different places or samples and is determined quantitatively by means of a dissimilarity index [12,13].



Peatland ecosystems are fed by groundwater and surface water and therefore are particularly susceptible to eutrophication. Deterioration of environmental conditions can lead to peat mineralization processes [14]. Water inflows from agricultural catchments and atmospheric precipitation are also potential sources of biogenic substances such as nitrogen (N) and phosphorus (P). An excessive concentration of one or more biogenic compounds leads to an increase in the level of habitat fertility, thereby creating favourable conditions for the excessive development of organisms such as cyanobacteria [15,16]. Nutrient compounds taken up by peatland plants are accumulated in their biomass and incorporated in peat-formation processes due to microbiological changes [16,17]. Due to the variable concentrations of nutrients in peatland ecosystems, the carnivorous plants living in them have developed numerous mechanisms that allow them to function in these variable conditions [18]. They supplement their food base in part by using traps equipped with sensory hairs [19]. The epidermis of the trap has pores enabling the absorption of nutrient substances [20]. A crucial factor determining inhibition of trap formation is nitrogen. When the concentration of this element is high, the plant does not need to form traps to increase the concentration of nutrient compounds. Otherwise, it forms them in order to obtain reserves, which may be microorganisms [21].



The effect of eutrophication on peatland ecosystems, which are complex systems with many components, cannot be assessed without analysing microbiological components. The degree of accumulation of biogenic compounds in the peat layer depends on microbial communities and their activity [22]. In the era of global climate change and increasing human impact, the concentration of biogenic compounds in wetland ecosystems is systematically increasing [23]. Due to the high sensitivity of certain groups of microorganisms, they can serve as indicators of the degree of eutrophication and thereby provide much important information for assessment of the state of peatland ecosystems in different regions (and provide important information about the bioeconomy). The literature data indicate that eutrophication can negatively affect the species richness of microbial communities and peatland vegetation [24,25,26,27,28]. Studies by Gong et al. and Krasuska et al. indicate that the relationships between microorganisms and the physicochemical properties of peatland waters are very important and that microbial communities show high sensitivity to changes taking place in their living environment [18,29,30]. However, studies are lacking on the effect of habitat eutrophication on the microbiome of carnivorous peatland plants. Understanding key mechanisms behind the changing water–microbial–plant interactions in responses to eutrophication processes is significant. It is important to obtain answers to the following research hypotheses.



Hypothesis 1:

The microbiome of traps reflects the trophic level of the habitat.





Hypothesis 2:

An increase in the concentration of biogenic compounds causes a much greater increase in the size of microbial communities in the aquatic environment than in carnivorous plant traps.





Therefore, the aim of the study was to determine the effect of simulated eutrophication of peatlands on the microbiome of the carnivorous plant Utricularia vulgaris L.




2. Materials and Methods


2.1. Experiment and Laboratory Analyses


An experiment was carried out in laboratory conditions to determine the effect of simulated eutrophication on the microbiome of Utricularia vulgaris L., a carnivorous plant classified as NT (near-threatened) on the red list. This plant, which floats freely in the water column, is a cosmopolitan species commonly occurring in inland water bodies in Europe and Asia. The main threat facing it is the loss of habitats due to land drainage and the drying out and overgrowth of peatlands. In the experiment, the concentration of biogenic compounds was modified, increasing them twofold and fourfold relative to the control sample.



For the experiment, peat bog water and Utricularia vulgaris L. were sampled from the Jelino peatland in spring, summer, and autumn (eastern Poland, 51× N, 23× E; Figure 1). On this peatland are located small humic pools. Then, in laboratory conditions, an experiment was carried out with three treatments: a control treatment (C), a treatment with a twofold increase in the concentration of nitrogen compounds relative to the control sample (×2N), and a treatment with a fourfold increase in the concentration of nitrogen compounds relative to the control sample (×4N).



Each experimental treatment was conducted in triplicate. The experiment was carried out in 600 mL glass containers filled with peatbog water, in which Utricularia vulgaris L. plants were placed (three plants in each). These treatments were left for two days in a light regime similar to natural conditions in order to stabilize the experimental conditions. Next, the samples were enriched with nitrogen compounds (ammonium nitrogen).



The experiment was carried out for a period of 21 days, because traps are fully developed between 10 and 19 days (Friday and Quarmby, 1994) [31]. Samples for biological and physicochemical analyses were collected at the start of the experiment and after 21 days. To assess the effect of the habitat on the microbiome of Utricularia, samples were collected from each treatment for qualitative and quantitative analysis—from the water surrounding Utricularia vulgaris L. (250 mL) and from the traps. The experiment was carried out three times during the year (in spring, summer, and autumn). From each treatment, water and five traps were analysed. Each time, two samples were preserved in Lugol’s solution (2%) and one live sample was taken (from both the water and the traps). The abundance and biomass of bacteria were determined using DAPI (4′,6-diamidino-2-phenylindole) according to Porter and Feig (1980) [32]. The abundance and biomass of flagellates were determined according to Caron (1983) [33]. Water samples with a volume of 10 mL were placed in dark, sterilized bottles, after which they were preserved in formalin and stored in darkness at 4 °C. The abundance and species composition of testate amoebae, ciliates, rotifers, and crustaceans were determined according to Utermöhl (1931) [34]. In the case of rotifers, 50 mL samples were placed for 24 h in a cylinder sealed with parafilm, and then the upper 400 mL was gently removed. To determine abundance and biomass, three samples were preserved in Lugol’s solution and then examined using plankton chambers in an inverted microscope. For analysis of traps, they were first placed on Petri dishes and then rinsed with water filtered through a filter with 0.2 μm pore size and examined under a microscope. Biomass of microorganisms was determined using the following conversion factors: heterotrophic bacteria 1 μm3 = 5.6 × 10−7 μgC; flagellates 1 μm3 = 2.2 × 10−7 μgC; ciliates and testate amoeba 1 μm3 = 1.1 × 10−7 μgC [35]. Biomass of rotifers was assessed on the basis of the ratio of body length to body width of a given individual [36].



Physical and chemical parameters of the water were analysed as well: temperature, electrical conductivity, pH, phosphates (P-PO43−), ammonium nitrogen (N-NH4+), chemical oxygen demand (COD), biological oxygen demand (BOD), chlorophyll a, and total organic carbon (TOC). Temperature, electrical conductivity and pH were assessed using a multiparameter probe (YSI 556 MES; OMC ENVAG, Yellow Spring, OH, USA). P-PO43− was determined by colourimetry and N-NH4 by Kjeldahl’s method [37]. Total organic carbon (TOC), nitrite nitrogen (N-NO2−), and chemical oxygen demand (COD) were analysed by spectrophotometry.




2.2. Statistical Analysis


Statistical analyses were performed to determine the effect of the physicochemical parameters of the water on the size of microbial communities. First, DCA (detrended correspondence analysis) was carried out to calculate the gradient of the variation representing the data, which determined the type of analysis chosen. Because the gradient obtained was less than 2 SD, RDA (redundancy analysis) was used for the analyses. RDA was carried out to identify the relationships linking microorganisms and small metazoa with environmental parameters. In addition, a Monte Carlo permutation test was carried out to identify the environmental variables which statistically significantly (p < 0.05) influenced numbers of microorganisms. The analyses were carried out in CANOCO for Windows 5.0 (WUR, Wageningen, The Netherlands) and Statistica 13 software (StatSoft, Hamburg, Germany). The significance of differences between means was determined by one-way analysis of variance (ANOVA), and Tukey’s test was used to determine which groups differed significantly.





3. Results


3.1. Environmental Variables


Analysis of the physical and chemical parameters of the water showed that in spring, as the concentration of biogenic compounds increased, there was an increase in the level of electrical conductivity (from 29.1 μS cm−1 to 33.3 μS cm−1), chemical oxygen demand (65.6–70 mg L−1), biological oxygen demand (40–42.5 mg L−1), and TOC (30–32 mg L−1). The concentrations of oxygen and chlorophyll a gradually decreased in successive experimental treatments (p < 0.05 for all). Analysis of the physical and chemical parameters of the water showed that in summer, as the concentration of biogenic compounds increased, there was also an increase in the concentration of chlorophyll a, from 50 to 280 mg L−1. In autumn, as the concentration of biogenic compounds increased, there was an increase in the level of electrical conductivity (from 31 μS cm−1 to 39.1 μS cm−1) and chlorophyll (from 50 to 252 mg L−1). The level of BOD and TOC remained relatively stable. The oxygen concentration and COD gradually decreased with each experimental treatment (p < 0.05 for all; Table 1).




3.2. Abundance and Biomass of Bacteria


The abundance of bacteria was mostly higher in the water than in the traps in both the ×2N and the ×4N treatments compared to the control. In the water, abundance in both experimental treatments (×2N and ×4N) was highest in summer and lowest in spring. In the traps, the highest abundance in treatment ×2N was noted in summer, while in treatment ×4N it was highest in autumn (ANOVA, F3.33 = 0.546, p = 0.521) (Figure 2).



Biomass of bacteria was higher in the water than in the traps, in both treatment ×2N and treatment ×4N. In addition, the biomass was lower in treatment ×2N than in treatment ×4N. In treatment ×2N, bacterial biomass in the water ranged from 0.54 to 1.02 μg mL−1, while in ×4N it ranged from 0.7 to 1.2 μg mL−1. The value of this parameter in the traps was higher in treatment ×2N (0.35–0.65 μg mL−1) than in treatment ×4N (0.4–055 μg mL−1) (Figure 3). In both the traps and the water, an increase in biomass was observed following enrichment of the environment with nitrogen compounds.




3.3. Abundance and Biomass of Heterotrophic Flagellates


The abundance of heterotrophic flagellates in treatment ×2N was much lower than in treatment ×4N (in both the aquatic environment and the traps). In the water, in treatments ×2N and ×4N the abundance of these microorganisms was highest in summer (Figure 4). In the traps of Utricularia vulgaris, the number of flagellates was much lower than in the aquatic environment, with lower abundance of these microorganisms noted in treatment ×2N than in treatment ×4N. The highest abundance was recorded in summer in treatment ×2N, and in spring in treatment ×4N (ANOVA, F3.30 = 0.687, p = 0.501) (Figure 4).



With the increase in fertility in successive experimental treatments in the water, the biomass of heterotrophic flagellates increased. In treatment ×4N in the water, the biomass of flagellates was higher (0.52–0.75 μg mL1) than in treatment ×2N (0.4–0.61 μg mL1). An increase in biomass was observed in both treatment ×2N and treatment ×4N (in water) in comparison with the control. With the increase in fertility in successive experimental treatments in the traps, the biomass of the heterotrophic flagellates was different (Figure 5).




3.4. Abundance and Biomass of Testate Amoebae and Ciliates


The number of species of testate amoebae was higher in treatment ×2N (three species in the water and two species in the traps). In the water samples (×4N) there were two species of testate amoebae, while on average one species of testate amoebae was recorded in the traps. In the treatments enriched with nitrogen compounds, Arcella discoides was the most numerous in the traps, while Arcella discoides, Amphitrema flavum, and Hyalosphenia elegans were the most numerous in the water. In the control sample, Arcella discoides was the most numerous in the water and in the traps. In the case of ciliates, species diversity was higher in treatment ×4N, with 15–19 taxa in the water (and 2–3 taxa in the traps). In the case of ciliates Paramecium bursaria and Litonotus lamella were the most numerous in the water, while Paramecium bursaria had the largest share in the traps.



The abundance of testate amoebae and ciliates was much higher in the water than in the traps of Utricularia vulgaris (in both ×2N and ×4N compared to the control sample) (Figure 6 and Figure 7). The abundance of testate amoebae and ciliates in treatment ×2N was highest in summer and lowest in spring. In treatment ×4N, the highest abundance of testate amoebae and ciliates in the water was observed in summer. In the traps, the highest abundance of both testate amoebae and ciliates in treatment ×2N was recorded in summer. In the traps, the highest abundance of both testate amoebae and ciliates in treatment ×4N was recorded in spring (ANOVA for testate amoebae F3.36 = 0.521, p = 0.511; ANOVA for ciliates F3.30 = 0.676, p = 0.512) (Figure 6 and Figure 7).



The biomass of testate amoebae and ciliates in the water mostly increased with fertility. The biomass of testate amoebae was highest in summer in both treatment ×2N and treatment ×4N in water (Figure 8) In the case of ciliates, the value for this parameter in both treatment ×2N and treatment ×4N was highest in the summer (Figure 9).




3.5. Abundance and Biomass of Small Metazoa


The number of species of rotifers and crustaceans was low in both treatment ×2N and treatment ×4N. Rotifers were present in the water and in the traps, although their species diversity was lower in summer than in spring and autumn. Crustaceans were present only in the water samples, and their richness was lower in summer than in spring and autumn. Bdelloidea and Lecane were dominant among rotifers in the aquatic environment, while Bdelloidea was dominant in the traps. Among crustaceans, the dominant taxon was Ceriodaphnia sp.



Significantly higher abundance of rotifers compared to the control was observed in the water enriched with nitrogen (Figure 10). In the traps, the highest abundance of rotifers was noted in summer in treatment ×2N and in spring in treatment ×4N (Figure 11).



Crustaceans were not present in the traps. Their abundance in the aquatic environment was much higher in treatment ×4N (from 2 to 8 ind. mL−1). The highest abundance was noted in summer in both ×2N and ×4N (Figure 11).



The biomass of rotifers in the water in treatment ×4N was lower than in treatment ×2N. Moreover the biomass of crustacea in the water in treatment ×2N was lower than in treatment ×4N—in spring and summer (Figure 12 and Figure 13). In the traps, the biomass of these organisms was higher in treatment ×4N—in spring and summer. The maximum biomass of rotifers in the water in treatment ×2N was 8 μg mL1, and the lowest biomass (5 μg mL1) was recorded in autumn. In the traps, the maximum biomass was 4 μg mL1, and the minimum was 3 μg mL1(Figure 12). In treatment ×4N, the highest biomass in the water was 5 μg mL1, and the lowest was 1 μg mL1. In the traps, the maximum value was 5 μg mL1, and the minimum was 2 μg mL1 (Figure 13).




3.6. PCA, Redundancy Analysis (RDA), and Correlations


PCA analysis revealed a division of microbial communities into groups, differing in species composition in individual treatments. In the control sample, three groups were shown: the first consisted of bacteria, testate amoebae, and ciliates; the second comprised rotifers; and the third comprised crustaceans. In treatment ×2N, the microbial communities were formed by three main groups: the first consisted of bacteria, heterotrophic flagellates, testate amoebae, and ciliates; the second comprised rotifers, and the third comprised crustaceans. In treatment ×4N, there were two groups of microorganisms: the first consisted of bacteria, heterotrophic flagellates, testate amoebae, and ciliates, while the other comprised rotifers and crustaceans (Figure 14).



The environmental variables were standardized prior to RDA analysis. The analysis showed that the parameters N-NH4, DOC, and oxygen were significant elements determining the occurrence of microorganisms. In the control treatment, the main factors influencing the microbial communities were the concentrations of oxygen and chlorophyll a. In treatment ×2N, the main factors were N-NH4 and oxygen. These parameters were the factors determining the occurrence of microbial communities. In treatment ×4N, the deciding parameters were N-NH4 and P-PO4 (Figure 15).



Correlation analysis shows that in spring and in summer, the most significant factors influencing the microbial communities in the water in the control treatment were oxygen (r = 0.62; r = 0.57; p < 0.05) and pH (r = 0.68; r = 0.46; p < 0.05). In autumn, a correlation was noted between microorganisms and oxygen (r = 0.43, p < 0.05). In the traps, in spring and in summer, microorganisms were shown to be correlated with oxygen (r= 0.51; r = 0.58; p < 0.05). In spring in treatment ×2N, microorganisms were positively correlated with biogenic compounds and oxygen and negatively with chlorophyll a. In summer and autumn in the traps in treatment ×2N, the factors with the most significant influence were biogenic compounds and oxygen (positive correlation). On the other hand, a negative correlation was shown between microorganisms and chlorophyll a. In treatment ×4N, in the water in spring and summer, microbial communities were correlated positively with electrical conductivity and negatively with pH. In the traps in summer, there was a negative correlation with chlorophyll a. The degree of correlation between microbial communities was varied (Table 2).




3.7. Correlations between Food Web Components


The degree of correlation varied substantially between experimental treatments. In the control group in spring, there were positive correlations between abundance of testate amoebae and flagellates and between ciliates and bacteria (r = 0.52; r = 0.45, p < 0.01). In summer, there were positive correlations between flagellates and bacteria; testate amoebae and flagellates; and ciliates and bacteria (r = 0.56 and 0.48; r = 0.47; r = 0.57; p < 0.05). In autumn, only bacteria and testate amoebae were correlated (r = 0.43; p < 0.05). In treatment ×2N, there were positive correlations in spring for bacteria and ciliates and for flagellates and testate amoebae (r = 0.48; r = 0.62; p < 0.05), and in summer for bacteria and flagellates; testate amoebae and bacteria; testate amoebae and flagellates; and ciliates and bacteria (r = 0.78; r = 0.69; r = 0.76; r = 0.43; p < 0.01). In autumn, there were no significant correlations between microbial communities (r = 0.58; p < 0.01). In experimental treatment ×4N in spring, there were positive correlations between bacteria and testate amoebae and between bacteria and ciliates (r = 0.59, r = 0.53; p < 0.01), and in summer there was an additional positive correlation between bacteria and flagellates (r = 0.82, r = 0.69, r = 0.51; p < 0.05). In autumn, there were no significant correlations between microbial communities (Table 3).





4. Discussion


4.1. Changes in Physical and Chemical Parameters Accompanying Eutrophication Processes


Analysis of the physical and chemical parameters of the water showed that the experimental increase in fertility caused mostly an increase in electrical conductivity, pH, and the concentration of chlorophyll a, as well as a decrease in the oxygen concentration in the water. Similar observations were made in Swedish peatland ecosystems [38]; the authors showed that an increase in pH, electrical conductivity, and phosphorus and nitrogen concentrations is linked to the degree of anthropogenic modification of ecosystems [38]. In our study, the increase in electrical conductivity, pH, and chlorophyll a was most evident in experimental treatment ×4N and was accompanied by a decrease in the oxygen concentration relative to the control sample. Studies by Gilbert (1998) and Mieczan et al. (2015) also showed that changes in the content of biogenic compounds caused a decrease in the oxygen concentration in the water and an increase in electrical conductivity [35,39]. Temporary decreases in O2 levels in the water may be a natural process, but as demonstrated by Diaz and Rosenberg (2008), it is very often caused by human activity, which promotes eutrophication processes [40].



Research by Bragazze et al. (2006) showed that a higher nitrogen concentration causes a faster peat decomposition rate [41]. For this reason, an increase in the concentration of nutrients can cause qualitative and quantitative changes in biogenic sediments and in the species composition of plants and thereby influence the microbial communities inhabiting them [42]. The literature data indicate that enrichment of the environment with nitrogen compounds accelerates plant growth [43]. An increase in the fertility of the environment positively influences the development and activity of microbial communities [44]. The short life cycle of the trap has a significant influence on the microbial community associated with it [45]. An increase in the concentration of biogenic compounds can modify the functioning of traps. Young traps intensively utilize biogenic compounds and support the development of bacteria, flagellates, testate amoebae, and ciliates until the concentration of biogenic compounds in the environment causes inhibition of trap formation [45]. Biogenic compounds present in the environment were utilized by Utricularia and caused partial degradation of traps. Similar findings were reported by Sirova et al. (2018) [23].




4.2. Effect of Biogenic Compounds on Heterotrophic Bacteria and Heterotrophic Flagellates


The response of microbial communities to a change in the physical and chemical parameters of the water depends on the type of peatland as well as on the intensity of the changes in these parameters [46]. Hydromorphological changes in peatland ecosystems affect the functioning of plant communities, which in turn influences communities of microbes present in peatlands [47]. A study conducted by Mieczan et al. (2015) in a habitat dominated by Sphagnum sp. also revealed significant correlations between habitat fertility and abundance of bacteria [39]. In the present study, enrichment of the aquatic environment with nitrogen compounds caused an increase in the abundance of bacterial communities. The highest abundance of these microorganisms (in the water and in the microbiome of Utricularia) was recorded mostly in summer (in the water ×2N and ×4N—summer; in the traps ×2N—summer; in the traps ×4N—autumn). The abundance of these microorganisms was positively correlated with TOC, which was also demonstrated by Mitchell (2003), Chróst and Siuda (2006) and Lin et al. (2012) [48,49,50]. According to the literature data, pH and organic matter are key factors influencing the abundance and species diversity of bacteria [51]. In a study by Chróst et al. (2009), the abundance of bacteria was significantly influenced not only by the quantity of organic compounds but also by their composition [52,53].



In the traps, the abundance of bacteria was only slightly higher in treatment ×2N than in ×4N, but their abundance was markedly lower than in the water environment. The literature data indicate that the interior of the Utricularia vulgaris trap is inhabited mainly by bacteria but also by protozoa and rotifers [30]. Siragus et al. (2007) showed that bacteria can survive and multiply in traps and can also support the digestion of prey or themselves be digested over time [54,55]. When nutrient levels in the environment are adequate, the intensity of the work of traps decreases [30]. This may explain the lower abundance of microorganisms in the traps in comparison to the water environment in our study.



The highest abundance of bacteria in the Utricularia vulgaris traps was recorded mostly in summer. Similar observations were made by Buosi et al. (2011), who showed a positive relationship between an increase in the temperature of the environment and the abundance of bacteria [56]. A study by Sirova (2009) showed that bacteria are a significant element supporting the uptake of biogenic compounds from both the water environment and traps [57]. This was reflected in our study, which also showed a marked increase in the abundance of microorganisms as the degree of eutrophication increased. A relationship between the abundance of heterotrophic bacteria and nutrient levels was observed by Giang et al. (2015) [30].



Auer and Ardt (2001) observed a significant relationship between the abundance of flagellates and elevated concentrations of biogenic compounds in lake ecosystems [58]. Our experiment showed similar relationships in the water. The abundance of heterotrophic flagellates was markedly higher in the treatments enriched with biogenic compounds. In every experimental treatment, their abundance and biomass were highest in summer and lowest in spring. This is to some extent surprising, because in summer the abundance of these microorganisms often declines due to the increase in predation pressure from testate amoebae, rotifers, and crustaceans [58]. The increase in abundance in summer may have been due to an increase in temperature or in the fertility of the environment [41,59].



Heterotrophic flagellates are a relatively stable element of the microbiome of Utricularia vulgaris L. [60]. Lower abundance of flagellates was noted in the traps in both treatment ×2N and treatment ×4N. Mieczan and Bartkowska (2022) also observed lower abundance of heterotrophic flagellates in the traps compared to the water, but that study did not take into account the influence of habitat fertility [61]. The literature indicates that traps are sensitive to changes in environmental conditions [62]. Enrichment of the environment with biogenic compounds resulted in the inhibition of trap formation.




4.3. Effect of Biogenic Compounds on Testate Amoebae and Ciliates


Testate amoebae are one of the best-described microbial communities occurring in peatland ecosystems [63,64,65]. Due to their high diversity and close connection to environmental factors, they are a reliable indicator of environmental conditions [66]. In our study (in the water), the abundance of amoebae was increased by enrichment of the habitat with nitrogen compounds, while the number of amoeba species decreased. Jessey et al. (2012) also observed a decline in the species diversity of testate amoebae when the concentration of nutrients in the environment increased [67]. That study, however, concerned microorganisms inhabiting Sphagnum sp. In our study, lower species diversity was accompanied by a decrease in the oxygen concentration in the habitat. Similar relationships were observed by Mazei et al. (2007), who showed a decline in the species diversity of testate amoebae as the oxygen concentration in peatland ecosystems decreased [68].



Abundance of testate amoebae in the water and in the traps increased with the increase in the fertility of the environment. Similar relationships were reported by Mitchell et al. (2008) and Lamentowicz et al. (2020) [69,70]. The favourable environmental conditions may also have led testate amoebae, as predators, to play a key role in the microbiological structure of the food web. Due to the high abundance of the other microbial communities (as their potential food base), they did not have to compete for resources [6]. Abundance of testate amoebae was higher in the water than in the traps. This was probably due to the enrichment of the habitat with biogenic (nitrogen) compounds, which inhibit the trap formation process [62]. Thus, it can be concluded that the composition and structure of testate amoebae communities are highly sensitive to the ecological conditions in peatland ecosystems. This is confirmed by numerous studies on the effect of variation in environmental conditions on testate amoebae in different seasons [69,71,72,73]. In our study, the abundance of testate amoebae, in both treatment ×2N and treatment ×4N, was highest in summer. Similar patterns were observed by Warner et al. (2007) [74]. Mieczan et al. (2015) showed an increase in the abundance of these microorganisms in spring and summer and also demonstrated that it was caused by an increase in the concentration of biogenic compounds in the environment and in pH. That study, however, investigated microhabitats dominated by Sphagnum sp. The dominant amoebae in the aquatic environment were Hyalosphenia elegans, Arcella discoides, and Amphitrema flavum, while Arcella discoides was dominant in the traps. Hyalosphenia elegans and Amphitrema flavum are mixotrophic taxa. Mixotrophs are very frequently observed in peatlands with low pH and low electrical conductivity. These taxa have photosynthetic symbionts which help them to adapt to variable environmental conditions [75]. Arcella discoides, on the other hand, has high ecological tolerance and is also often present in nutrient-rich environments. The present study showed an increase in the abundance of Arcella discoides, Hyalosphenia elegans, and Amphitrema flavum as the concentration of nitrogen compounds increased. Nicolau et al. (2005) also observed an increase in the abundance of these species in water bodies with high contents of biogenic compounds [76].



Ciliates are important predators regulating the abundance of bacteria, flagellates, and algae, and they are also food for organisms at higher trophic levels [77,78]. Both mixotrophic and heterotrophic ciliates regulate nutrient circulation through mineralization of nitrogen and phosphorus compounds in the environment [78]. Research by Mitchell et al. (2003), Kexin et al. (2007), Nguyen-Viet et al. (2007), Wilkinson and Mitchell (2010), and Mieczan et al. (2012) has shown that these microorganisms may be present in high numbers in peatland ecosystems [69,79,80,81,82]. The literature indicates that in environments rich in biogenic compounds, the abundance of ciliates is higher than in ecosystems with low fertility [83]. In the present study, the abundance of ciliates increased with the fertility of the environment. Similar relationships were reported by Mieczan et al. (2015), who showed that an increase in the concentration of biogenic compounds positively influences the abundance of ciliates in various types of peatlands [84]. A study by Mieczan and Tarkowska-Kukuryk (2015) demonstrated an increase in the abundance of these microorganisms as the concentration of biogenic compounds and the pH increased. The present study also showed that the abundance (in the water) of ciliates increased with the increase in the concentration of biogenic compounds, which was accompanied by an increase in the pH of the environment. The literature data indicate that an increase in habitat fertility causes an increase in the species richness of ciliates [56,85]. In our study, the species diversity of ciliates was higher in treatment ×4N than in the control sample.



Ciliate abundance was highest in spring and summer. Similar observations were reported by Gilbert et al. (1998) and by Lukic et al. (2022), who showed the highest abundance of ciliates in spring and summer in the aquatic environment [35,86]. According to the literature, ciliates are sensitive to changes in environmental conditions due to their thin cell membrane [87]. For this reason, their potential reaction time to fluctuations in environmental parameters is short [85]. In addition, ciliates have the ability to rapidly adapt to variable environmental conditions due to their capacity for autotrophy or heterotrophy [88]. In our study, the abundance of mixotrophic ciliates was highest in autumn and lowest in spring. Similar patterns were observed by Weisse et al. (2016), who also showed the highest abundance of this group in autumn [89].



Ciliate abundance was markedly lower in the traps than in the water. Higher abundance was noted in the water than in the traps in treatments ×2N and ×4N in comparison with the control. The development of this community of microorganisms was also favoured by the higher abundance of bacteria in the traps, which may have been a potential food base for them. Sirova (2018) showed that ciliates present in trap fluid significantly influenced the abundance of bacteria, especially in young traps. An increase in fertility positively influences the abundance of ciliates, unfortunately reducing their diversity. Płachno et al. (2012) reported a small number of ciliate taxa in traps. In our study, as well, the species diversity of ciliates was much lower in the traps than in the aquatic environment [60]




4.4. Effect of Biogenic Compounds on Small Metazoa


Among small metazoa, rotifers were clearly dominant. Their abundance increased with the enrichment of the habitat with biogenic compounds. Higher habitat fertility was conducive to an increase in the abundance of bacteria and heterotrophic flagellates, which are a food source for this group of organisms. This is confirmed by the correlation coefficients between these groups of organisms. In treatments ×2N and ×4N, the genus Lecane was dominant in the water and the class Bdelloidea in the traps. Arndt (1993) reported that rotifers of the genus Lecane are present in fertile environments [90]. In addition, the highest abundance of Lecane was noted in summer. The literature indicates that in water bodies with a higher temperature, the abundance of rotifers of this genus was higher than in water bodies in the temperate climate zone [91].



Sirova et al. (2018) reported that the inside of the trap is characterized by variable oxygen conditions and very low pH. This can significantly limit the occurrence of small metazoa. We also observed low abundance of small metazoa in the traps. The low abundance was accompanied by a lower oxygen concentration in treatments ×2N and ×4N in comparison to the control treatment.



The dominance structure of crustaceans did not undergo dynamic changes—mainly Ceriodaphnia was dominant, and the increase in the concentration of biogenic compounds in the environment did not significantly influence the functioning of crustaceans. It should be noted, however, that low abundance of this group may positively affect the abundance of rotifers by decreasing the risk of predation by crustaceans [92]. Jeppesen et al. (2011) showed that an increase in habitat fertility negatively affects the functioning of crustaceans [93]. Mieczan et al. (2015) showed an increase in the abundance of rotifers and a decrease in the abundance of crustaceans following treatments causing an increase in the fertility of peatland ecosystems.




4.5. Effect of Biogenic Substances on Food Web Structure


The food web significantly influences the functioning of peatland ecosystems [94]. The literature data indicate that the productivity of the ecosystem declines when the biodiversity of microorganisms decreases [95]. In the water, the most significant correlations were shown between bacteria and protozoa (testate amoebae and ciliates) and between bacteria and heterotrophic flagellates, while the most significant correlation in the traps was between bacteria and ciliates. Thus, it can be concluded that it was mainly protozoa that controlled the abundance of bacterial communities. Testate amoebae in particular can control the abundance of bacteria and flagellates in peatland ecosystems [96]. Gilbert et al. (2003) showed that the food preferences of these protozoa may undergo changes depending on the time of year and the level of biogenic compounds in the environment. Mieczan et al. (2015) showed a significant effect of ciliates on other groups of microorganisms.



Ciliates can function as consumers of bacteria and flagellates and can also provide a food base for small metazoa [89]. In addition, they can feed on other ciliates. Ciliates can also provide a food base for organisms at higher trophic levels, such as rotifers [97,98,99]. Most likely, due to the relatively low abundance of rotifers and crustaceans, ciliates were not subject to significant predation pressure, which may explain their high abundance in the experimental treatments.





5. Conclusions


The microbiome of the traps was shown to reflect the trophic status of the habitat analysed in this study. As the concentration of biogenic compounds increased, the abundance of microorganisms increased as well, and it was markedly higher and more dynamic in the water than in the traps. At the same time, increased habitat fertility limits trap formation and thereby contributes to a decrease in the biological diversity of the microbiome of Utricularia vulgaris.



An increase in the concentration of nitrogen compounds in the environment causes changes not only in the quantitative composition but also in the species composition of these organisms and the strength of their trophic relationships. Increased fertility and temperature are probably key factors influencing the taxonomic diversity of microorganisms and the functioning of the microbiome.



The present analysis significantly contributes to knowledge of the effect of peatland eutrophication on the microbiome of carnivorous plants. Future analyses should also focus on the effect of temperature on the functioning of microbiome–carnivorous plant relationships. This is particularly important in view of intensifying global climate change and the extreme sensitivity of peatland ecosystems to these changes.
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Figure 1. Location of the study area. 
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Figure 2. Abundance of bacteria in the water and traps in each experimental treatment. 
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Figure 3. Biomass of bacteria in the water and traps in each experimental treatment. 
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Figure 4. Abundance of heterotrophic flagellates in the water and in the traps in each experimental treatment. 
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Figure 5. Biomass of flagellates in the water and in the traps in each experimental treatment. 
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Figure 6. Abundance of testate amoebae in the water and in the traps in each experimental treatment. 
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Figure 7. Abundance of ciliates in the water and in the traps in each experimental treatment. 
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Figure 8. Biomass of testate amoebae in the water and in the traps in each experimental treatment. 
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Figure 9. Biomass of ciliates in the water and in the traps in each experimental treatment. 
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Figure 10. Abundance of rotifers in the water and in the traps in each experimental treatment. 
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Figure 11. Abundance of crustaceans in the water in each experimental treatment. 
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Figure 12. Biomass of rotifers in the water and in the traps in each experimental treatment. 
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Figure 13. Biomass of crustaceans in the water in each experimental treatment. 
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Figure 14. PCA presenting microbial communities in the experimental treatments: C-control; ×2N-environment enriched with a twofold concentration of nitrogen compounds; ×4N-environment enriched with a fourfold concentration of nitrogen compounds; red circles- groups. 
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Figure 15. Redundancy analysis biplots showing communities of microbes and metazoa and environmental variables; C—control; ×2N—environment enriched with a twofold concentration of nitrogen compounds; ×4N—environment enriched with a fourfold concentration of nitrogen compounds); red arrows - relevant environmental variables. 






Figure 15. Redundancy analysis biplots showing communities of microbes and metazoa and environmental variables; C—control; ×2N—environment enriched with a twofold concentration of nitrogen compounds; ×4N—environment enriched with a fourfold concentration of nitrogen compounds); red arrows - relevant environmental variables.



[image: Water 16 01046 g015]







 





Table 1. Changes in the physical and chemical properties of the water in each experimental treatment. C—control, ×2N—twofold increase in the concentration of nitrogen compounds relative to the control sample, ×4N—fourfold increase in the concentration of nitrogen compounds relative to the control sample.
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Spring

	
Summer

	
Autumn




	
C

	
×2N

	
×4N

	
C

	
×2N

	
×4N

	
C

	
×2N

	
×4N






	
T (°C)

	
24

	
23.6

	
24.8

	
24.4

	
28.9

	
29.7

	
24.4

	
26

	
26




	
pH

	
5.4

	
6.2

	
6.51

	
6.06

	
6.06

	
6.13

	
6.13

	
6.57

	
6.6




	
Cond. (μS cm−1)

	
29.1

	
29.5

	
33.3

	
31

	
29.8

	
30.04

	
31

	
33.3

	
39.1




	
O2 (mg L−1)

	
8.09

	
7.9

	
7.7

	
8.29

	
7.7

	
7.65

	
7.66

	
7.66

	
6.46




	
O2%

	
97

	
94.2

	
92.4

	
101

	
93.5

	
92.2

	
96.1

	
92.3

	
83




	
Ntot (mg N L−1)

	
1.204

	
1.335

	
1.846

	
1.203

	
1.452

	
1.505

	
1.397

	
1.441

	
1.440




	
N-NO3 (mg N L−1)

	
0.072

	
0.342

	
0.353

	
0.105

	
0.220

	
0.250

	
0.114

	
0.148

	
0.198




	
N-NH4 (mg N L−1)

	
<0.01

	
0.01

	
0.012

	
0.017

	
<0.01

	
0.022

	
0.025

	
0.027

	
0.031




	
Chl a (μg L−1)

	
37

	
18

	
17

	
50

	
80

	
280

	
50

	
58

	
252




	
COD (mg L−1)

	
65.6

	
68.5

	
70

	
67

	
66

	
65

	
67

	
65

	
66.5




	
BOD (mg L−1)

	
40

	
41.5

	
42.5

	
39.5

	
40

	
40.5

	
40.5

	
39

	
40.5




	
TOC (mg L−1)

	
30

	
31

	
32

	
29.8

	
30.2

	
30.5

	
29.2

	
30.5

	
31.5











 





Table 2. Linear correlation coefficients between microorganisms in the water (W) and traps (T) and environmental variables in the experimental treatments; treatments—C (control), ×2N (treatment enriched with a twofold concentration of nitrogen compounds relative to the control), ×4N (treatment enriched with a fourfold concentration of nitrogen compounds relative to the control), SP—spring, SU—summer, AU—autumn.
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C
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0.62

	
0.68

	

	

	

	
0.37

	
0.46
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0.39
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0.56
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W

	
0.57

	

	
−0.44

	

	
0.56

	

	

	

	

	
0.42
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0.22

	
0.67

	
−0.43
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0.39

	

	
−0.21

	

	
0.21
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W

	

	

	

	

	

	

	

	

	

	
0.5

	

	

	

	

	




	
T

	

	
−0.24

	

	
0.46

	

	

	
−0.69

	

	
0.54

	

	

	

	

	

	











 





Table 3. Linear correlation coefficients between microbiological components in the experimental treatments; B—bacteria, HNF—heterotrophic flagellates, TA—testate amoebae, C—ciliates, Cr—crustaceans, p > 0.05. Treatments: C (control), ×2N (treatment enriched with a twofold concentration of nitrogen compounds relative to the control), ×4N (treatment enriched with a fourfold concentration of nitrogen compounds relative to the control). SP—spring, SU—summer, AU—autumn.
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