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Abstract

:

Environmental changes are important factors related to shifts in species compositions and abundances of aquatic communities. This study presents the responses of cladoceran communities to realistic scenarios of an increase in temperature and phosphorus concentration. This study was conducted under laboratory conditions, and the outcomes of this study explain the causes of seasonal shifts in both abundance and species composition and allow us to predict their responses to climatic changes in aquatic ecosystems. The results showed that temperature increase was the more important trigger of shifts than phosphorus increase. Moreover, the simultaneous influence of increases in temperature and phosphorus concentration had a significantly higher impact than single factors. Under all the scenarios, the increased contributions of species that were dominant before the changes and the extinction of rare species were observed. Ultimately, cladoceran communities displayed functional overcompensation and loss of species in comparison to prechanged communities.
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1. Introduction


Freshwater ecosystems, an important component of the landscape, are strongly impacted by numerous climate- and human-driven factors, including warming, increased nutrient load, and their combined effect [1,2]. Temperature has a strong effect on living organisms at various levels of biological organization, from biochemical processes in cells to the generation time of populations [3]. Temperatures have increased globally, and numerous simulations suggest further warming. According to Christensen et al. [4], climate warming affects freshwater ecosystems more than oceans due to the smaller thermal inertia and lower resources of water available for evaporative cooling on land. According to the Atmosphere–Ocean General Circulation Model, Africa, Europe, the polar regions, Northern and Central Asia, and most of the Americas warm more than the global average [4]. Moreover, diel minimum temperatures increase faster than maximum temperatures, resulting in a global decrease in the diel range of temperatures [5]. Zooplankton populations, including cladocerans, display species-specific (i.e., related to phenology) and habitat-specific (i.e., related to spatial architecture, including quality of refuges) seasonal and diel cycles that are linked to the seasonality and durability of temperature. Under sufficient feeding resources, an increase in temperature within the tolerance range of a species positively influences rates of growth, development, and reproduction. Thus, the size of zooplankton populations displays a strong correlation with seasonal fluctuations in temperature, resulting in an abundance peak that typically occurs earlier with warmer temperatures [6,7]. An increase in temperature might directly result in an increased number of generations and population instability, as well as alterations in the phenology and life histories of zooplankton communities [8]. Shifts in a number of generations seem to be especially important from an ecological perspective since additional generations per unit of time can strongly influence population size. Climate warming can also indirectly influence the population dynamics and life histories of zooplankton through its effect on the seasonality of available feeding resources and other components of the ecosystem, including the span of the growing season [9]. This indirect effect of climate warming might be especially strong in temperate regions where the quantity and quality of phytoplankton display highly seasonal variability [10,11,12].



Phosphorus is a primary component of nucleic acids and some intermediary metabolites. Phosphorus occurs in the pentavalent form (orthophosphates, pyrophosphates, longer-chain polyphosphates, organic phosphate esters and phosphodiesters, and organic phosphonates) in aquatic ecosystems. Lake ecosystems receive most of the phosphorus in surface flows. Phosphorus is delivered to aquatic systems as a mixture of dissolved and particulate inputs, each of which is a complex mixture of these different molecular forms of pentavalent phosphorus. Phosphorus is a very dynamic element, so the particulates may release phosphate and organic soluble phosphates. Moreover, various phosphorus compounds are chemically or enzymatically hydrolyzed to orthophosphate, which is the only form of phosphorus that can be assimilated by bacteria and primary producers. Particulates may be deposited in the bottom sediments, but under appropriate conditions, they can be converted to dissolved orthophosphate. In the northern temperate zone, a warming climate would boost the phosphorus load on lakes due to higher winter rainfall [1]. Erosion processes are major contributors of nutrients, including phosphorus, to water ecosystems; thus, increased surface flow results in increased phosphorus loading in these ecosystems [13]. Apart from natural sources, freshwater ecosystems receive phosphorus from many anthropogenic origins, including the leaching of agricultural soils and industrial and urban sewage. Phosphorus is the main limiting compound in water ecosystems. In water ecosystems, primary producers assimilate inorganic forms of phosphorus during primary production. This production is then utilized by herbivorous animals. Phosphorus limitation impacts the upper trophic levels by reducing the total primary production and thus reducing food availability. However, the quality of food regarded as the algal mineral content of phosphorus also limits the abundance of some herbivorous zooplankton, including cladocerans. This appears when the digestibility of algae or their biochemical profiles are altered under nutrient limitation [14,15]. Under experimental conditions, cladocerans fed phosphorus-limited algae displayed reduced growth and reproduction even when food was provided at high concentrations [16,17,18]. Under natural conditions, seston C: P ratios indicating the phosphorus limitation of herbivores are also often observed [19,20]. On the other hand, the increase in overall lake nutrient levels, including phosphorus, has been identified as an important contributor to worsening water quality in freshwater ecosystems [21].



The order Cladocera is an old group of branchiopod crustaceans known since at least the mid-Mesozoic era [22]. Palaeoecological studies have shown that the diversity and abundance of this group altered in response to the severe climatic and environmental changes that occurred across Earth’s history [23] and resulted in the evolution of modern taxa through extinctions and evolutionary speciation [24]. Cladocerans perform a crucial role in aquatic ecosystems, including active grazing on algae, detritus, and various heterotrophs; taking part in nutrient regeneration; and being food for fish and planktivorous organisms [25]. Cladocerans directly and indirectly support ecosystem services such as clearing water through the top-down control of algae and bacteria and supporting freshwater fauna for human consumption [26]. They also participate in the potential responses of aquatic ecosystems to multiple types of environmental changes and partake in ecosystem stability, i.e., the ability to maintain stable functioning when faced with a varying environment [27]. As with phytoplankton, zooplankton have characteristic seasonal cycles that are strongly linked to the seasonality of temperature (arctic and temperate regions), hydrology (tropical regions), food availability, and predation pressure. Variations in these factors can modify the population fluctuations in these organisms. Indeed, the interplay between seasonal increases in temperature, resource availability, and predation pressure results in the typical unimodal and bimodal patterns in zooplankton seasonality often observed in temperate lakes [28,29], whereas a combination of year-round strong predation pressure and hydrological forcing seems to govern zooplankton seasonality in warmer lakes [30].



This study presents cladoceran responses to increased temperature and phosphorus concentration. Each of these factors might influence cladocerans in different ways. Previous studies have shown that the concentration of phosphorus in lakes correlates with zooplankton abundance [31]. Cladocerans, similar to other ectotherm organisms, can cope with suboptimal temperatures due to perpetuated evolutionary mechanisms and current phenotypic plasticity [32]. Thus, an environmentally realistic increase in temperature might not significantly influence cladocerans due to yearly broad temperature fluctuations in temperate ecosystems, but it might influence the impact of other environmental factors, including phosphorus [33,34].




2. Materials and Methods


2.1. Model System


Water for the laboratory experiment was taken from a small (0.35 ha) and shallow (maximum depth 2.2 m) fishless polyhumic water pool (eastern Poland, 51° N, 23° E). The pool was located in a peat bog formed of Sphagnum angustifolium, Sphagnum cuspidatum, Polytrichum spp., Eriophorum vaginatum, Carex acutiformis sp., and Equisetum limosum. Water, together with all living organisms, was placed in 30 L plastic containers and transported to the laboratory, where the experiment was set up in 30 L glass tanks (0.25 m diameter, 15 cm deep). Moreover, a 4 cm layer of bottom sediment collected from the pool was placed in each tank to simulate the environmental conditions as accurately as possible. In the experiment with the temperature increase, the temperature was increased by 4 °C above the ambient temperature using the TX-30 temperature modification system; thus, the final temperature was 23 °C. In the experiment with the phosphorus increase, the initial concentration of P-PO43− was doubled at the beginning of the experiment to obtain the concentration of 0.01 mg/L. An experiment with a simultaneous increase in temperature and phosphorus (23 °C × 0.01 mg/L of P-PO43−) was also established. Each experimental treatment was conducted in three replications. The experiments were run for seven weeks, and samples were collected on day 1 (before the increase in temperature and phosphorus concentration) and then on days 21, 28, 35, 42, and 49. To determine the abundance of cladocerans in each of the experimental treatments, 100 mL of water was passed through a 70 µm sieve to separate the animals. All individuals were identified at the species level and enumerated using a microscope. In each treatment, the number of species, the density, and the structure of dominance were calculated.




2.2. Response Metrics of Cladoceran Communities


Functional and compositional responses of cladocerans expressed as temporal stability, resistance, resilience, and similarity were calculated for each experimental community. Resistance—i.e., the ability to withstand the change—was calculated as the difference between the community at day 21 (i.e., changed community) and the community at day 1 (i.e., control community). The functional resistance, measured according to the equation ResistD = ln (Dday1/Dday21), ranged between −1 and 1, and ResistD = 0 was the highest resistance. The values of compositional resistance were measured as the initial similarity, ResistC = sim (Cday1/Cday21), where sim is the abundance-based Bray–Curtis index [35] between the 1-day and 21-day communities. The maximum compositional resistance corresponds to a similarity of 1 (100% similarity between day 1 and day 21), while values close to 0 reflect low resistance. Resilience (ResilD, ResilC) was measured for functions as the slope of the log-transformed difference between the community at day 1 and pressed communities over time. Given the log-transformed response variable, the recovery trend was linearized even when growth was exponential, in order to use linear regression. Resil = 0 means the lack of resilience, while Resil > 0 indicates recovery, whereas Resil < 0 means that the community further deviates from the control over time. For the species structure, resilience was reflected corresponding to the slope of similarity between the community at day 1 and the pressed community over time with the same benchmarks. The temporal stability (TstabD, TstabC) was measured as the inverse of the standard deviation of residuals around Resil over time. Larger values of functional and compositional stability mean lower fluctuations around the trend. The similarity of the disturbed communities and those prior to the disturbances (Simil) was measured as the degree of functional (SimilD) or compositional (SimilC) restoration at the end of the experiments, according to the equations SimilD = ln (Dday1/Dday49) and SimilC = sim (Cday1/Cday49). A functional similarity value equal to 0 means the maximum similarity to the status quo, whereas a compositional similarity value equal to 1 means the maximum similarity. Statistical analyses were performed with the use of Statistica® 13.1 software (https://www.statsoft.pl/statistica_13/ (accessed on 15 May 2023)). The normality and homogeneity of variances were determined using the Shapiro–Wilk test and Levene’s test, respectively. Differences in response metrics across treatments were determined by one-way ANOVA followed by pairwise comparisons using Tukey HSD. The level of significance was at least p < 0.05. The results are presented as means ± standard deviation (SD).





3. Results


3.1. Changes in Composition and Abundance of Cladocera during the Experiment


In all the treatments, a maximum of six species was found throughout the experiments, which is a typical number of cladoceran species in these pools [36]. In samples taken at day 1 (i.e., before the changes), five cladoceran species were found, and Ceriodaphnia quadrangula was dominant. The density of cladocerans increased during the experiment in comparison to the situation before the changes. Alterations in species dominance were also observed. In general, at day 21, species dominance displayed the greatest perturbations that would stabilize later. As a result, species dominance at the end of the experiment (day 49) was similar to species dominance at the beginning of the experiment (day 1, Figure 1).




3.2. Response Metrics of Cladocera to Temperature and Phosphorus


Cladocerans showed the highest functional and compositional resistance to the increase in phosphorus concentration (ResistD = 0.061, ResistC = 0,98). They turned out to be less resistant to the temperature (ResistD = −0.375, ResistC = 0.4) and the combination of the temperature and phosphorus (ResistD = 0.3288, ResistC = 0.64, Figure 2a,b). However, only the differences in functional resistance among treatments were statistically significant (Supplementary Information, Tables S1 and S2). For both function and composition, the populations reared under simultaneously increased temperature and phosphorus (temperature × phosphorus) displayed significantly higher resilience (Supplementary Information, Tables S3 and S4). Functional resilience ranged between ResilD = 0.171 in the treatment with phosphorus and ResilD = 0.507 in the treatment with the temperature x phosphorus increase (Figure 2c). The values of compositional resilience of the communities were much lower and ranged between ResilC = 0.01 for the treatments with temperature and phosphorus and ResilC = 0.07 for the treatment with temperature x phosphorus (Figure 2d). The lowest temporal stability in abundance was found for the phosphorus increase (TstabD = 1.372) and the highest for the temperature x phosphorus increase (TstabD = 2.775, Figure 2e); however, these differences were not statistically significant (Supplementary Information, Tables S5 and S6). Regarding composition, the stabilities of communities differed significantly among treatments (Supplementary Information, Tables S5 and S6). The lowest stability was observed for phosphorus (TstabC = 2.775) and the highest for temperature (TstabC = 5.167, Figure 2f). Finally, all the communities differed from those prior to the changes. Functional overcompensation was observed in all the treatments (SimilD between 0.916 for phosphorus and 2.079 for temperature × phosphorus, Figure 2g). In the case of composition, only the community in the treatment with temperature × phosphorus was similar to that before the change (SimilC = 1), whereas the others undercompensated regarding species composition (SimilC < 1, Figure 2h). Differences in the similarity of the changed communities and prior communities were statistically significant (Supplementary Information, Tables S7 and S8).





4. Discussion


Ecological stability is the core concept of importance for understanding present-day and predicting future ecosystem dynamics. Ecological stability is supported by functionally important taxa, and changes in the abundance and phenology of these taxa might have repercussions for the functioning of ecosystems [37,38]. Cladocerans fall into the category of functionally important taxa as they are active grazers on algae, detritus, and various heterotrophs taking part in nutrient regeneration, as well as serve as food for fish and planktivorous organisms [25]. In this study, cladocerans were impacted by an environmentally relevant increase in temperature and phosphorus concentration. A lower effect on abundance and species composition was observed in the case of the phosphorus increase. The growth rate hypothesis states that phosphorus content is directly coupled to high demands for phosphorus-rich ribosomal RNA in rapidly growing organisms like cladocerans [39]. According to the above hypothesis, organisms with high demands for phosphorus display the highest growth rates under phosphorus-rich food. Hence, as higher temperatures influence cladocerans through ontogeny and physiology [29], higher phosphorus influences zooplankton through the enhancement of food resources. A moderate phosphorus addition can affect primary productivity and can lead to the bottom-up control of trophic dynamics that, in turn, might result in higher growth rates of populations of grazers [40]. However, the aftereffects of phosphorus addition are more intricate. In this study, some fluctuations in the abundance of cladocerans were observed in the treatment with the phosphorus increase; however, the size of the community at the end of the experiment was similar to that reported before the phosphorus addition. Phosphorus has an indirect effect on the development of Cladocera since it is assimilated together with other inorganic forms of chemical elements (such as carbon and nitrogen) by primary producers; primary production is then consumed by cladocerans and other herbivores, forming, by this process, the supporting base for higher trophic levels. Nutrient limitation might influence higher trophic levels by either reducing the total primary production or altering the biochemical profile (mainly some highly unsaturated fatty acids) [41] and digestibility of primary producers [14] in ways that reduce their quality as food. Thus, under apparent conditions of abundant (but phosphorus-limited) food, cladocerans can experience reduced growth and reproduction [16,19], which directly translates to the sizes of populations. Albeit under conditions of high phosphorus concentration, the efficiency of the trophic transfer between primary and secondary production tremendously varies for a variety of reasons, including imbalances in the chemical composition between consumers and primary producers [42]. Some research reports that Cladocera display a species-specific response to phosphorus concentration. Most studies concerning the effect of phosphorus concentration on the growth and reproduction of Cladocera focus on Daphnia sp. and Bosmina sp., common taxa of Cladocera that are mainly typical of the pelagic zone of deep lakes [43]. There are no data on the response of the cladocerans under consideration in this paper to phosphorus concentration except C. quadrangula, which shows no response to phosphorus concentration, according to the literature [44]. However, C. quadrangula responded to the phosphorus addition by increasing in relative abundance in this experiment. Although phosphorus enrichment had a lower effect on abundance and species composition, the analysis of the response metrics suggests turnovers of the cladoceran community. The functional and compositional resistance of all the communities were measured on day 21 of the experiment. The Cladoceran communities displayed high resistance to phosphorus enrichment; however, a careful analysis of the raw data suggests that phosphorus enrichment has a deferred effect on the development of cladoceran communities. A population decline was observed on day 28 of the experiment, and that decline had a significant influence on the temporal stability of the cladoceran community in the phosphorus-enriched treatment.



Temperature directly impacts all aspects of physiology, including grazing [45], respiration [46,47], the timing of reproduction [48], and the ontogenetic development of communities’ habits, including top-down regulation [49,50] and competitive interactions [51]. The consolidated influence of temperature on various aspects of individual traits results in higher abundance peaks of zooplankton populations under warmer conditions [6,7]. However, climate warming may deploy environmental stress in shallow lakes, ponds, and wetlands since shallow-water ecosystems have large surface areas in relation to their depth. Thus, thermal stratification and temperature refuges are absent. Higher temperatures typically result in higher rates of species-specific traits until an optimum is reached, above which physiological processes rapidly decrease [3]. As a result, some species may respond to warming by changes in population dynamics [52], whereas others can become extinct due to overrunning their absolute thermal niche requirements. Previous studies showed the variable effects of experimental warming on cladoceran communities, including shifts in composition and suppression of the abundance of Cladocera in subalpine freshwaters [53], a lower abundance of cladocerans in the warmer waters of subtropical lakes [54], and no effect of an ambient increase in temperature on cladocerans in temperate lakes [55,56]. In this study, temperature had a positive influence on the abundance of cladoceran communities. Similar effects were observed in the experiments with single populations of Daphnia magna that showed larger sizes at higher temperatures [57]. The observed inconsistencies in the responses of cladoceran communities to warming may result from the various effects of interactions of temperature with other environmental factors in lake ecosystems. The effect of temperature on zooplankton can be modified by the trophic status of ecosystems. Warmer temperatures are sometimes hypothesized to have a negative impact on zooplankton in unproductive ecosystems as a result of strong synergistic interactions between food limitation and thermal stress [58]. During temperature increases, Cladocera populations decreased in size in oligotrophic Lake Annecy but did not respond to warming in meso-eutrophic Lake Geneva [59]. The results presented in this paper show that temperature had a significant influence on the cladoceran community, which displayed low resistance and resilience to a 4 °C increase in temperature; low compositional resistance was especially apparent. Moreover, the community showed high temporal stability (low fluctuations around the trend), suggesting that the newly established species structure was quite stable and resulted from overrunning the thermal niche requirements of cladocerans.



In this experiment, the ecosystems were enriched by externally adding P-PO43− to double the final phosphorus concentration. However, there are some indications that warming also increases nutrient levels. Higher temperatures might diminish the ratio of nutrient storage in sediments, leading to higher nutrient concentrations in the water column. Moreover, the sediment release of phosphorus may be boosted by the reduced oxygen concentrations observed due to the enhanced metabolic rates of the bacteria that take part in the mineralization of organic matter at the water–sediment interface [60]. Finally, warming, in tandem with other symptoms of climate change, may enhance phosphorus loading from catchments to freshwater ecosystems through alterations in precipitation regimes [1]. Some research suggests that interactions between temperature and phosphorus are strong predictors of zooplankton abundance and structure in shallow-water ecosystems [61,62,63]. This study revealed the interactive effects of temperature and phosphorus on cladoceran communities. This observation supports the widely accepted synergistic effect of temperatures and nutrient concentration on the functioning of freshwater communities. However, opposite results were obtained in a fish-free mesocosm experiment that tested the combined effects of warming (4 °C above ambient temperature) and increased nutrient loading on plankton communities and found that warming had a positive influence on zooplankton development, although it was dampened in systems with high nutrient concentrations [64]. This situation could be explained by the effects of increased metabolic costs and the overexploitation of food resources [65] and shows that the impact of temperature and phosphorus load might have an intricate influence on cladoceran communities. Many reports suggest that nutrient enrichment and warming might favor the development of inedible taxa of phytoplankton. Excessive nutrient loading and warmer conditions are often suggested to promote cyanobacteria such that the proportion of cyanobacterial biovolume in phytoplankton communities increases although the overall phytoplankton biomass remains stable. The timing and intensity of inedible algae blooms are important factors of the abundance and taxonomic composition of cladoceran communities. In the shallow eutrophic lakes of warmer climates, a dominance of filamentous and colonial cyanobacteria that periodically or regularly develop intense blooms is often observed [66,67,68]. However, warming might also have a positive impact on the increase in the proportion of other taxa, including edible species of phytoplankton [69], that would enhance the development of cladoceran communities. The response of Cladocera to the simultaneous influence of warming and the increase in phosphorus concentration was not a simple sum of single effects. Although the cladoceran community displayed low functional resistance, it turned out to be more resilient to changes in the environment than the communities influenced by either temperature or phosphorus increase. This response metric indicates that the community recovered functionally to the state observed prior to the changes. Interestingly, the response metrics showed a very low influence of simultaneous warming and phosphorus increase on the taxonomic composition of the cladoceran community.



Overall, changes in species structure under the influence of environmental conditions are the most intriguing issue in terms of the possible extinction of keystone or rare species. In all the treatments, the species dominant before the changes increased at the cost of less abundant species. Moreover, the extinction of the rare species Macrothrix hirsuticornis was observed in the treatments with either the temperature increase or the phosphorus increase; however, this species was still present in the treatment with the temperature x phosphorus increase. Some experimental data suggest that nutrient input has a stronger effect on cladoceran species diversity than warming [55], but this statement was not supported by the present observations. Although some studies suggest that environmental changes might favor some rare taxa [70], rare species are also expected to be affected more negatively by environmental changes [71]. In all the treatments, compositional resilience correlated negatively to functional resilience. Some studies suggest that the increase in functional resilience is a direct consequence of the low compositional resilience reflected by a high species turnover [72,73]. Eventually, regarding similarity to prior-changed communities, the changed communities overcompensated functionally and showed compositional undercompensation due to the loss of species. This is in agreement with common examples of systems recovering functionally, but not in terms of composition, to the prechanged state [74,75].




5. Conclusions


Growing evidence has shown that climate variations significantly affect the seasonal succession of plankton and that the influence of both the warming and the increase in phosphorus concentration considered in this paper eventuate from climate changes. This experiment showed that phosphorus increase had a smaller impact on the abundance and composition of Cladocera, whereas higher temperature, both as a single factor and in tandem with phosphorus increase, indubitably enhanced the functional development of cladoceran communities. Ultimately, cladocerans overcompensated functionally, but regarding composition, a loss of species was observed during the experiment. This study demonstrated that realistic alterations in some environmental factors involve the responses of communities and that the strength of this response is different for various factors. Moreover, comparisons of the presented results with those reviewed in the literature suggest that the ultimate impact of warming and phosphorus load may differ in relation to geographical distribution, morphology, trophic conditions, and the taxonomic structure of trophic levels. Therefore, the impact of changes in environmental factors should be considered as a multifaceted problem to find the general effects of the impact of climate changes on communities of aquatic invertebrates. The outcomes of this study allow for a deeper understanding of the processes of seasonal shifts in cladoceran communities and for predicting their responses to long-lasting climatic changes in aquatic ecosystems.
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Figure 1. Structure of dominance and density (mean ± SD, n = 3) of Cladocera in experimental treatments. (a) The treatment with the temperature increase to the final temperature 23 °C. (b) The treatment with the phosphorus increase to the final concentration of 0.01 mg/L. (c) The treatment with a simultaneous increase in temperature and phosphorus (23 °C × 0.01 mg/L of P-PO43−). 
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Figure 2. Functional and compositional responses of Cladocera to increased temperature and phosphorus concentration (mean ± SD, n = 3). (a,b) Resistance—i.e., the ability to withstand the change—was calculated as the difference between the community at day 21 (i.e., changed community) and the community at day 1 (i.e., control community). (c,d) Resilience was measured for functions as the slope of the log-transformed difference between the community at day 1 and pressed communities over time. (e,f) The temporal stability was measured as the inverse of the standard deviation of residuals around Resil over time. (g,h) The similarity of the disturbed communities and these prior disturbances was measured as the degree of functional or compositional restoration at the end of the experiments. 
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