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Abstract

:

Disturbances in the functioning of peatlands, due to growing human impact, climate change and the appearance of alien invasive species, are becoming increasingly common. Analysis of trophic relationships in the predator (invasive alien species)–prey system is extremely important for understanding the functioning of peat pools—small water bodies formed in peatlands by peat extraction. These issues are, as yet, very little understood. The aim of this study was to examine the impact of Ameiurus nebulosus, an alien and invasive fish species dominant in these pools, on the microbial communities and small metazoa (phycoflora, bacteria, heterotrophic flagellates, ciliates, and crustaceans) in peat pools. The laboratory experiment included two groups of treatments simulating natural conditions: treatments without fish and treatments with brown bullhead. The water temperature was manipulated as well. The presence of brown bullhead in combination with climate changes was shown to cause a change in the structure of microbial communities. This is reflected in a decrease in the abundance of planktonic crustaceans and an increase in ciliates. The overlapping effects of alien species and gradual climate warming may intensify the eutrophication of peatland ecosystems and the increase in the proportion of cyanobacteria, thereby affecting the carbon cycle in these ecosystems.
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1. Introduction


Peatlands are generally biodiverse and play an important role in carbon cycling [1]. At the same time, pronounced climate change—particularly increasing temperature—and the increasingly common occurrence of invasive plant and animal species in these ecosystems can contribute to their degradation and significant disturbances in their functioning [2]. One of the factors degrading these ecosystems is peat extraction, which leads to the formation of pits filled with water (peat pools), which undergo succession and colonization. In raised bogs, these pools have low pH, high concentrations of humic matter, and typically brown water, which reduces primary productivity. These pools are often used as model systems in biological research, especially in connection with global warming [3,4]. The low pH in these water bodies limits the occurrence of many groups of organisms. They often do not contain fish, so the role of top predators may be taken over by certain groups of invertebrates, such as Hemiptera, and in the microbial food web by testate amoeba. However, in some such pools in Central Europe, the invasive alien species Ameiurus nebulosus—the brown bullhead—is increasingly recorded. The brown bullhead is an alien species from North America and was introduced to European freshwater ecosystems [5]. Its effects on lake ecosystems, particularly its impact on native fish species, have been described. This impact has mainly been in the form of predation, competition for food resources, habitat destruction, as well as parasite transmission [6,7]. Ameiurus nebulosus is an opportunistic species that usually consume the food that is most abundant [8], while its diet varies depending on its age and size. According to research by authors, such as Gunn et al. [9], Hill et al. [10] and Declerk et al. [11], in natural conditions, the brown bullhead feeds on benthic macroinvertebrates as well as zooplankton and filamentous algae. Studies on zooplankton in lake ecosystems show that predation pressure from fish mainly decreases the abundance of large planktonic cladocerans (e.g., Daphnia galeata) and increases the proportion of small-sized species (e.g., Ceriodaphnia spp.) [12]. Riemann [13] showed that an experimental increase in fish abundance was conducive to an increase in the abundance of heterotrophic flagellates, most likely due to reduced predation pressure from cladocerans, which are consumed by fish. An additional factor that may influence the size structure of aquatic organisms is temperature [14,15,16]. However, there is no literature data on the trophic relationships between brown bullhead and the major microbial elements of the food web in peat pools, taking into account the global increase in water temperature. It seems likely that the food web structure will show clear differences in both abundance and size structure in peat pools colonized by brown bullhead in comparison with those without fish. In the fishless pools, testate amoebae and planktonic crustaceans are likely to play an important role in controlling the abundance of organisms from lower trophic levels and nutrient recycling [17,18].



The objective of this study was to test the following hypotheses: predation pressure from ‘top predators’ (brown bullhead) significantly influences the abundance and size structure of aquatic organisms. This effect increases with temperature, as according to the ‘metabolic theory’ [14] an increase in temperature enhances the effect of the ‘top-down’ regulation mechanism.




2. Materials and Methods


2.1. Study Area


The study area comprised two peat pools (eastern Poland, 51° N, 23° E) located in the Jelino peat bog (Figure 1). The peat pond surface area ranged from 0.35 to 0.5 ha and had a maximum depth of 2.2 m. The peat bog was formed of Sphagnum angustifolium (C.C.O. Jensen ex Russow), Sphagnum cuspidatum Ehrh. ex Hoffm., Polytrichum spp., Eriophorum vaginatum (L.), Carex acutiformis Ehrhart., Carex gracilis Curt., and Equisetum limosum (L.). One of the two pools used in the experiment was a fishless pool (−F), while a population of brown bullhead was present in the other (+F).




2.2. Microcosm Experiments


Water for the laboratory experiment was taken from the two peat pools (−F and +F), placed in 30 L plastic containers, and transported to the laboratory, where the experiment was set up in glass aquariums. Microbial communities were examined in 30 L aquariums (0.25 m diameter, 15 cm deep). To create conditions similar to natural ones, a 4 cm layer of bottom sediment collected from the peat pools was placed in each aquarium. The laboratory experiment consisted of treatments simulating the fishless peat pond (−F) and treatments simulating the peat pond with fish, i.e., the alien invasive species Ameiurus nebulosus (+F). At the same time, in each of the treatments (−F and +F), the effect of climate warming on individual communities of organisms was simulated. Temperature change was not simulated in the control sample (CT), while in the other treatments the temperature was increased by 2 °C and 4 °C using the TX-30 temperature modification system. The experiment included aquaria simulating a fishless peat pond (−F), i.e., treatments −FCT (control), −FT + 2 °C and −FT + 4 °C, and treatments with fish: +FCT (control), +FT + 2 °C and +FT + 4 °C. ‘Microcosm’ experiments were conducted twice, in the spring and summer of 2020. In May and July, 18 experimental variants were conducted: 9 without fish (3 replications of each experimental treatment) and 9 with brown bullhead (3 replications of each experimental treatment). For the laboratory experiment simulating the peat pool with fish, brown bullhead specimens were obtained from the +F peat pool, and after a week-long acclimation period, two specimens were placed in each aquarium. The size of the fish used in the experiment was consistent with the average size of brown bullheads present in the peat pools, ranging from 4.5 to 9.5 cm.




2.3. Laboratory Analyses


The density of phycoflora, bacteria, HNFs, ciliates and crustaceans was determined at the start and end of the experiment (day 20). Water was sampled using a plexiglass corer. The abundance of phycoflora was determined using Utermöhl’s method. An amount of 100 mL of water was fixed with a formalin-glycerine solution, and then cyanobacteria and algae were counted [19]. Taxonomic identification of algae and cyanobacteria was referring mainly to Komárek and Fott [20], Komárek and Anagnostidis [21,22,23], Komárek [24], and Starmach [25]. Diatoms were, in most cases, identified to the genus level, according to Cox [26]. Algal taxonomy was based on Van den Hoek et al. [27]. The density and biomass of bacteria and flagellates were determined using DAPI. An amount of 10 mL of water was preserved in formaldehyde and then 2 mL of the subsamples were condensed on filters with 0.2 µm (bacteria) and (0.8 µm flagellates). The density of testate amoebae and ciliates and taxonomic composition were analyzed by Utermöhl’s method [28,29,30,31]. To determine the abundance of crustaceans in each of the experimental treatments, 100 mL of water was passed through a 30 µm sieve to separate the crustaceans. All individuals were identified at the species level and enumerated using a stereomicroscope Nikon SMZ800. Larvae (nauplii) and juvenile (copepodite) stages of Copepoda were also counted. Biomass was estimated from the relationship between the body length and body weight of a given specimen using established mathematic formulas [32,33,34]. Directly after the experiment was completed, the brown bullheads were weighed and measured and then sacrificed with 2-phenoxyethanol. The stomachs were removed and preserved in 4% formaldehyde. The fish were weighed on a laboratory scale to within 0.001 g and their total length (LT) was measured to within 0.1 cm (from the tip of the snout to the tip of the longest rays of the caudal fin). In the analysis of the stomach contents, the taxonomy of the organisms was determined and other food components were classified according to type. Where possible, the organisms in the stomach contents were identified to the lowest taxonomic rank using a Nikon SMZ800 stereoscopic microscope [35,36,37]. The weight and abundance of each identified food type and taxon in the sample were determined. Unidentified organic debris was classified as detritus. The weight of all food types was determined to be within 0.001 g.




2.4. Physical and Chemical Variables


In each of the experimental treatments, pH, temperature, conductivity, and dissolved oxygen (DO) were analyzed using a multiparametric probe (Hanna Instruments, Woonsocket, RI, USA). Total phosphorus (Ptot) and phosphates (P-PO43−) were determined by the colorimetric method; total nitrogen (Ntot), ammonia nitrogen (N-NH4) and nitrite nitrogen (N-NO2−) by the Kjeldahl method [38]. Chemical oxygen demand (COD), biological oxygen demand (BOD), total suspended solids (TSS) and total organic carbon (TOC) were analyzed by spectrophotometry.




2.5. Numerical Analyses


The abundance and biomass of micro-organisms and metazoan were compared between treatments using two-way ANOVA, p < 0.05. Correlations between different groups of organisms were calculated using Pearson’s coefficients. The analysis was performed using STATISTICA 7.0 software. Canonical correspondence analysis (CCA) was carried out to determine the relationships between microbial communities and metazoans and the environmental data. The analyses were performed using CANOCO 5.0 software [39].





3. Results


3.1. Environmental Variables


The water temperature varied between treatments (ANOVA, F1.33 = 63.0–64.2, p < 0.001). As the temperature increased in the experimental treatments (+2 °C, +4 °C), a substantial decrease in oxygen concentration was observed, as well as an increase in pH, conductivity and content of biogenic compounds (F1.33 = 62.11, p < 0.001). This was particularly pronounced in the experimental treatments with fish. In these treatments, the highest increase in concentrations of biogenic compounds was shown for total nitrogen (Ntot), which was >15 mg L−1 in the experimental treatments at the highest temperature (+4 °C). TOC, COD, BOD and TSS concentration also significantly increased in treatment +F + 4 °C (F1.33 = 62.71, p < 0.001) (Table 1).




3.2. Abundance and Size Structure


The density of phycoflora was significantly higher in the treatments without fish than in the treatments with fish (F1.33 = 62.71, p < 0.001). At the same time, the abundance of algae increased with the temperature, and it was markedly higher in the treatments without fish (Figure 2a). Irrespective of the experimental treatment, in the experiments with and without fish, the taxa with the highest proportions of the total phycoflora abundance were Chrysophyceae, Cryptophyceae and Chlorophyceae. The increase in water temperature caused an increase in the density of cyanobacteria, especially in the +F treatments. Bacterial abundance was significantly lower in the −F treatments; it increased with a 2 °C increase in temperature (−F + 2 °C), but decreased in the −F + 4 °C treatment (from 4.3 × 106 cells mL−1 to 3.9 × 106 cells mL−1) (F1.33 = 61.21, p < 0.001). In the +F experimental treatments, the highest bacterial abundance was noted at the highest temperature, +4 °C (3.9 × 106 cells mL−1) (Figure 2b). At the same time, as the temperature increased, there was an increase in the proportion of small bacterial cells < 0.5 µm. Numbers of heterotrophic flagellates (HNF) were significantly higher in the −F treatments than in the +F treatments (2.3 × 103 cells mL−1 and 1.9 × 103 cells mL−1, respectively), and it increased with the temperature (F1.32 = 61.41, p < 0.001) (Figure 2c). Irrespective of the season, the proportion of forms of flagellates > 10 µm was markedly higher in the control samples. An abundance of testate amoebae was highest in the treatments without fish and increased with the temperature (F1.33 = 59.24, p < 0.001). The abundance of this group of organisms also increased with the temperature in the +F treatments (Figure 2d). Irrespective of the treatment, Arcella vulgaris had the highest share of the total abundance of testate amoebae. Ciliate abundance was higher in the treatments with fish than in the treatments without fish, and irrespective of the presence of fish, the abundance of these protozoans increased with the temperature (F1.33 = 63.34, p < 0.001) (Figure 2e). The ciliate community was dominated by Strombidium viride, Cinetochilum margaritaceum, Uronema spp., and Colpoda cucullus, which together always comprised > 80%. In the control sample, mainly Strombidium viride and Cinetochilum margaritaceum were dominant in the −F and +F treatments, while at the end of the experiment, Cinetochilum margaritaceum becomes dominant in the +F treatment, reaching 84% of the total abundance of ciliates.



In the −F treatments, as the temperature increased, there was an increase in the proportion of Paramecium bursaria (from 34% to 58% in the total abundance of ciliates). Planktonic cladocerans were more abundant in the −F treatments than in the +F treatments, and in treatment −F there was a marked increase in zooplankton at higher temperatures than in the control (from 8 ind. mL−1 to 12 ind. mL−1); it was highest in the +4 °C treatment—cladocerans: to 12 ind. mL−1 and in the +2 °C treatment—copepods: to 320 ind. mL−1. In the +F treatments, the abundance of crustaceans did not increase with the temperature; they were much more abundant in the control treatment (Figure 2f,g). Repeated-measures ANOVA revealed whether there were significant changes with temperature and between the treatments with and without brown bullhead.




3.3. Biomass


In the experiments without fish (−F), the highest biomass of phycoflora was noted in the control sample and the +4 °C treatment (26 mg mL−1) (Figure 3a), while bacteria, protozoans (flagellates, amoebae and ciliates) and cladocerans increased their biomass as the temperature increased. (Figure 3b–f).



The reverse trend was noted for copepods (Figure 3g). In the +F experiments, the highest biomass of phycoflora was noted in the control sample, and it significantly decreased as the temperature increased (F1.33 = 61.21, p < 0.001). The biomass of bacteria, flagellates and ciliates significantly increased with temperature (F1.33 = 62.74, p < 0.001), while that of testate amoebae significantly decreased (F1.23 = 52.31, p < 0.05). The biomass of crustaceans was highest in the control sample and dropped sharply in the warmer temperature treatments (Figure 3f,g). The largest total biomass in the control treatment was noted for crustaceans (30–55% of the total biomass). Phycoflora, in all treatments, ranged from 15% to 20% of the total biomass, and its contribution increased substantially by the end of the experiment. Bacteria constituted 7–10% of the total biomass. Flagellates and ciliates ranged from 2% to 6%. In the +F treatments, irrespective of the temperature variant, the proportion of heterotrophic flagellates and ciliates in the total biomass increased, from 2% at the start of the experiment to 6% at the end of the experiment and from 6% to 10%, respectively.




3.4. Microbial Communities vs. Environmental Variables


Canonical correspondence analyses showed that environmental variables were more significant for the development of aquatic communities in fishless environments. In these environments, the first two axes explained 64.2% of the variance in the aquatic communities (Figure 4A). Although some communities showed clear relationships with individual environmental parameters, only pH, temperature and nutrients had a significant effect (λ = 0.84, F = 5.94, p = 0.012). In +F treatments, the first two axes explained 21.6% of the variance in aquatic communities in the environment (Figure 4B).




3.5. Relationships between Food Web Components


The degree of correlation between groups of organisms was markedly varied in the various experimental treatments (Table 2).



In the control −F treatment, there was a negative correlation between bacteria and heterotrophic flagellates (r = −0.82, p < 0.01). Biomass of ciliates showed a positive correlation with phycoflora and bacteria (r = 0.71, r = 0.79, p < 0.01, respectively) and a negative with flagellates, testate amoebae and crustaceans (r = −0.78, r = −0.69 and r = −0.57, p < 0.01). As the temperature increased, there was an increase in the strength of the correlation between bacteria and testate amoebae (r = −0.77, p < 0.01). In the +F control treatment, biomasses of bacteria and flagellates were correlated (r = 0.71, p < 0.01), and the biomass correlated with the biomass of phycoflora (r = 0.74, P < 0.01) and biomass of ciliates (r = −0.65, p < 0.01). In addition, the biomass of phycoflora was significantly correlated with that of ciliates. As the temperature increased, the strength of the correlation between the biomass of bacteria and that of ciliates increased (r = −0.75, p < 0.01) (Table 2).




3.6. Stomach Contents of Ameiurus nebulosus


Analysis of the stomach contents of the brown bullhead showed marked variation between treatments in the +F experiment. In the control treatment, detritus was the significantly largest component in the stomach of the fish, accounting for 69%, while the share of microflora and Chydorus spp. was much lower (21% and 10%, respectively) (p < 0.001). In treatment +F + 2 °C, phycoflora made up the largest share of the stomach contents, accounting for 55%, while detritus accounted for 40% and Chydorus spp. for 5% (p < 0.001). When the temperature was increased by +4 °C, there was a pronounced change in the proportions of individual types of food in the stomach of brown bullhead. Detritus and Chydorus spp. had the largest share—43% and 39%, respectively. Choaborus spp. and Chironomus spp. were also found in the stomach, accounting for 10% and 8% (p < 0.001) (Figure 5).





4. Discussion


4.1. Diet of Ameiurus nebulosus


This is the first study to describe the potential effect of the alien and invasive species brown bullhead on the functioning of the microbial food web in peatland ecosystems. Our study showed that brown bullhead in peat pool ecosystems fed mainly on detritus, algae, crustaceans—primarily Chydorus spp., and larvae of Choaborus spp. and Chironomus spp. This relatively poor diet composition is most likely due to the low diversity of macroinvertebrates and zooplankton in peat pools. Research has shown that the food base of this species in lake ecosystems (determined based on the analysis of stomach contents) consists of as many as 18 taxonomic groups of aquatic organisms of various types as well as detritus [7]. In lake ecosystems, A. nebulosus most often consumed Chironomidae, accounting for 50–60% of the contents of the alimentary tract, with a large proportion of detritus as well [7,11]. Our study thus confirms observations from lake ecosystems, which showed that brown bullhead most often feeds on the food that is most abundant in its living environment, while at the same time, we showed that water temperature significantly influenced the species’ feeding activity.




4.2. Functioning of the Food Webs in Treatments with Ameiurus nebulosus


In the experimental treatments with brown bullhead, there was an increase in the proportion of cyanobacteria in the total abundance of phycoflora and a marked decrease in the abundance of testate amoebae and planktonic crustaceans. The increase in the proportion of cyanobacteria was due to the increased pH, temperature and fertility of the water in the +F treatments. An increase in the contribution of cyanobacteria following the experimental fertilization of peat bogs was also observed by Gilbert et al. [40]. The results indicate that the organic matter in the water increases with temperature. In the studied experiments, the density of bacteria, phycoflora and protozoa correlated with organic matter. Similar regularities were also observed by Gilbert et al. [40] and Fischer et al. [41]. A study by Fischer et al. [41], on the effect of Cyprinus carpio and Ameiurus melas on the degradation of lake ecosystems, also found that biogenic compounds significantly affected the dominance structure of phycoflora. In our study, there was a decrease in the density of zooplankton in the +4 °C treatment. This was also reflected in the stomach contents of brown bullhead, in which crustaceans of the genus Chydorus made up a large share. According to the ‘metabolic theory’, the activity of predators increases with temperature, which increases top-down control [14]. Therefore, it is likely that the increase in the efficiency of consumption by brown bullhead contributed to the decline in abundance of zooplankton, and thus to a restructuring of the microbial food web. In this treatment, ciliates were clearly dominant, which may have been linked to the elimination of their main consumers, i.e., planktonic crustaceans, by brown bullhead. On the other hand, in the +F treatments, an increase was observed in the concentration of biogenic compounds in the water, which also may have favored the occurrence of ciliates. The increase in the fertility of the water was most likely due to the excretion by brown bullhead, as well as to the enrichment of the water with biogenic compounds from sediments as a result of their resuspension by the fish. It appears that the combined effect of the increase in temperature and the concentrations of biogenic compounds may significantly affect the diversity and abundance of protozoans. This is also confirmed by research in lake ecosystems [42]. A study by Zingel et al. [43] showed that in eutrophic and hypertrophic water bodies, the density of ciliates is often more than eight times as high as in oligotrophic water bodies. This is also confirmed by the dominance of bacterivorous ciliate taxa (mainly scuticociliatids), whose proportion increased with the temperature and concentration of nutrients.



They can play an important role in controlling bacterial abundance, as research by Andersen et al. [44] and Šimek et al. [45] showed that the rate of feeding on bacteria in groups of ciliates ranges from 380 to 2130 bacteria h−1. Experiments in lake ecosystems show that these protozoans can consume on average from 44 bacterial cells ind.−1 h−1 to even 123 bacterial cells ind.−1 h−1 [46]. Due to their considerable abundance, they can be considered to have a significant role in controlling the abundance of bacteria. At the same time, the absence of a significant correlation between flagellates and bacteria in the control sample may be due to the dominance of large flagellate cells (>10 μm). According to Auer and Arndt [47], Mieczan et al. [48] and Marcisz et al. [49], flagellate cells > 10 μm feed on other flagellates and algae. This may also explain the lower abundance of phycoflora in the +F treatments. In the treatments with higher temperatures, the density of flagellates was correlated with the abundance of bacteria. These treatments were dominated by small flagellate cells, which could control bacterial abundance.




4.3. Functioning of the Food Webs in Fishless Treatments


In the −F treatments, testate amoebae (dominated by Arcella vulgaris) and planktonic crustaceans had a significant effect on microbial communities. According to a study by Laybourn and Whymant [50], Arcella vulgaris feeds mainly on bacteria and algae. At the same time, in the −F experiments in our study, when the temperature increased, there was a change in the size structure of both microalgae and bacteria towards the dominance of larger cells. This change may be a defense mechanism in micro-organisms and a response to increasing predation pressure from zooplankton. Similar observations have been made in lake ecosystems [51,52]. On the other hand, this change in size structure may have been due to selective grazing on microbes by zooplankton. Studies by Mieczan et al. [53] and Kazanjian et al. [54] have shown that testate amoebae and planktonic crustaceans can selectively consume food and change their food preferences depending on the season and the availability of potential food. On the other hand, in the −F treatments, in which zooplankton abundance was higher, an interesting phenomenon was observed, i.e., an increase in the abundance of phycoflora in the water. Therefore, it appears that predation can affect algae communities through a cascading effect, including through grazing on heterotrophic flagellates and ciliates, which can be important consumers of small algal cells. Ciliates are considered major consumers of bacteria in aquatic ecosystems [45]. However, recent studies have shown that testate amoebae are also able to consume a large fraction of the bacterial populations in peatlands [17]. Consumption of bacteria accounts for a major portion of nutrient regeneration in peat pools.



In conclusion, this study is the first to show the substantial impact of Ameiurus nebulosus on microbial communities in peat pool ecosystems. The presence of brown bullhead in combination with temperature increase was shown to cause a change in the microbial communities. This is reflected in a decrease in the abundance of planktonic crustaceans and an increase in ciliates. The overlapping effects of alien species and gradual climate warming may intensify eutrophication (increase in the concentrations of nutrients at the highest temperature in +F treatments) of peatland ecosystems and the increase in the proportion of cyanobacteria, thereby affecting the carbon cycle in these ecosystems.
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Figure 1. Location of the study area; −F treatments without fish, +F treatments with fish. 
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Figure 2. Numbers of (a) phycoflora; (b) bacteria; (c) heterotrophic flagellates; (d) testate amoebae; (e) ciliates; (f) cladocerans; (g) copepods in experimental mesocosms. −F treatments without fish; +F treatments with fish; CT—control treatments; +2 °C—treatment with temperature increased by +2 °C relative to the control; +4 °C—treatment with temperature increased by +4 °C relative to the control. 
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Figure 3. Biomass of (a) phycoflora; (b) bacteria; (c) heterotrophic flagellates; (d) testate amoebae; (e) ciliates; (f) cladocerans; (g) copepods in experimental mesocosms. −F treatments without fish; +F treatments with fish; CT—control treatments; +2 °C—treatment with temperature increased by +2 °C relative to the control; +4 °C—treatment with temperature increased by +4 °C relative to the control. 
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Figure 4. Canonical correspondence analyses (CCA) biplots showing microbial and metazoan communities and environmental variables in (A) −F treatments without fish and (B) +F treatments with fish. 
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Figure 5. An abundance of biomass (%P) of types of food in the contents of A. nebulosus digestive tracts in treatments with fish, CT—control treatments, +2 °C—treatment with temperature increased by +2 °C relative to the control, +4 °C—treatment with temperature increased by +4 °C relative to the control. 
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Table 1. Changes in physical and chemical parameters in six experimental mesocosms. Key: reaction (pH), dissolved oxygen (DO), total phosphorus (Ptot), phosphates (P-PO43−), total nitrogen (Ntot), ammonia nitrogen (N-NH4), nitrite nitrogen (N-NO2−), chemical oxygen demand (COD), biological oxygen demand (BOD), total suspended solids (TSS), total organic carbon (TOC), treatments −FCT (control), −FT + 2 °C (treatment without fish with temperature increased by +2 °C relative to the control), and −FT + 4 °C (treatment without fish with temperature increased by +4 °C relative to the control), and treatments with fish: +FCT (control), +FT + 2 °C (treatment with temperature increased by +2 °C relative to the control), and +FT + 4 °C (treatment with temperature increased by +4 °C relative to the control).
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	Parameters/Treatment
	−FCT
	−FT + 2 °C
	−FT + 4 °C
	+FCT
	+F + 2 °C
	+F + 4 °C





	Temperature °C
	22
	24
	26
	22
	24
	26



	pH
	3.78
	5.42
	5.03
	4.13
	6.48
	6.39



	Conductivity µS cm−1
	31
	57
	76
	35
	94
	65



	O2 mg L−1
	4.03
	5.16
	5.32
	6.89
	4.88
	9.98



	N-NH4+ mg L−1
	0.025
	3.797
	5.678
	0.036
	8.384
	10.855



	N-NO2− mg L−1
	0.062
	0.042
	0.053
	0.009
	0.075
	0.152



	N-NO3− mg L−1
	0.007
	0.311
	0.036
	0.017
	0.048
	0.089



	P-PO43− mg L−1
	0.005
	0.010
	0.528
	0.023
	0.892
	0.156



	Ptot mg L−1
	0.060
	0.084
	0.637
	0.046
	1.116
	0.250



	Ntot mg L−1
	0.984
	5.241
	6.579
	0.927
	8.443
	15.750



	TSS mg L−1
	180.0
	385.0
	440.0
	130.0
	485.0
	940.0



	TOC mg L−1
	32.0
	55.5
	53.0
	27.0
	62.0
	104.0



	COD mg L−1
	72.0
	126.0
	126.0
	59.0
	147.0
	236.0



	BOD mg L−1
	43.0
	73.5
	70.5
	36.0
	83.0
	136.0
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Table 2. Linear correlation coefficients between microbial components and metazoan in the investigated treatments, Phy—phycoflora; B—bacteria; HNF—heterotrophic flagellates; TA—testate amoebae; C—ciliates; Cr—crustaceans (cladocerans + copepods). p > 0.05, treatments −FCT (control), −FT + 2 °C (treatment without fish with temperature increased by +2 °C relative to the control), and −FT + 4 °C (treatment without fish with temperature increased by +4 °C relative to the control), and treatments with fish: +FCT (control), +FT + 2 °C (treatment with temperature increased by +2 °C relative to the control), and +FT + 4 °C (treatment with temperature increased by +4 °C relative to the control).
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