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Abstract

:

Nutrient fluctuations and climate warming can synergistically affect trophic dynamics in lakes, resulting in enhanced symptoms of eutrophication, thereby potentially counteracting restoration measures. We performed a long-term study (23 years) of zooplankton in Danish Lake Søbygaard, which is in recovery after nutrient loading reduction, but now faces the effects of climate warming. We hypothesized that the recovery of large-bodied zooplankton after nutrient loading reduction would be hampered by climate warming through indirect effects on fish size structure. We found a shift in macrozooplankton from initial dominance of Daphnia spp. towards Bosmina spp. as well as a decline in the body size of copepods and an increase in the abundance of nauplii. These changes coincided with the increase in small sized fish as a result of rising water temperature. Despite a reduction in body size, the total biomass of cladocerans increased coinciding with a diminished fish catch per unit effort (CPUE), and likely then an overall reduction in the predation on zooplankton. A cascading effect to phytoplankton was evidenced by enhanced zooplankton:phytoplankton and cladoceran:phytoplankton ratios and a decrease in Chl-a:TP and Chl-a:TN ratios. Our results indicate that climate warming, through changes in the size structure of fish community, has major effects on zooplankton size structure. In Lake Søbygaard, the decline in zooplankton size did not prevent, but modulated, the positive cascading effect on phytoplankton through an expected diminished fish CPUE related to nutrient loading reduction.
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1. Introduction


Eutrophication is a key threat to lake ecosystems, causing phytoplankton blooms, loss of macrophytes, changes in richness and composition of biological assemblages, higher turbidity and deterioration of the whole ecosystem [1]. In order to mitigate and reverse eutrophication, various restoration measures have been applied, including chemical (e.g., nutrient input reduction) [2,3] and biological interventions (i.e., biomanipulation) [4,5,6]. However, recovery is often complex and sometimes strongly delayed [2,7,8].



Besides the internal feedback mechanisms that stabilise the eutrophic state of lakes and hamper their recovery [9], climate warming constitutes an additional external problem due to its direct and indirect effects on biological and physicochemical processes, further exacerbating the eutrophication and potentially preventing recovery [10,11]. Moreover, the symptoms of warming and eutrophication are similar in many aspects, making it difficult to differentiate their individual effects [10,12,13].



Among the direct effects, warming may increase the frequency of cyanobacterial blooms [14,15,16], alter bacterioplankton and protist communities [17,18] and affect lake productivity [19]. For aquatic animals, the respiration rates [13], size structure and life cycles [20,21,22] may be profoundly altered as well, causing serious ecological changes through trophic cascades [23,24].



Warming may also have indirect effects on the trophic webs through shifts in fish community composition and size structure [25]. Warming increases the dominance of zooplanktivorous and omnivorous fish [26,27], change the size structure towards a higher proportion of small individuals [10,13,28] and may lead to higher winter survival due to reduced duration of ice cover [29]. A subsequent increase in fish predation pressure on zooplankton can promote species turnover, diminish the abundance of large-bodied cladocerans, decrease the average size of both cladocerans and copepods [12,30] and reduce grazing on phytoplankton (i.e., weak top-down control). These factors lead to higher algal biomass (and chlorophyll a levels), including, in some cases, potential dominance of harmful filamentous cyanobacteria [24].



Despite the focus on individual and combined effects of global warming and eutrophication have been in focus in several empirical and theoretical analyses [11,16,31,32], little attention has been paid to the potential (negative) effects of warming on the recovery of lake communities after a nutrient loading reduction [33,34]. One way to shed more light on this issue is to analyse long-term survey data [10,35,36] on lakes where restoration measures have been implemented.



Lake Søbygaard is a shallow eutrophic lake located in Central Jutland, Denmark, which has been in recovery from nutrient loading for more than 35 years. Since 1989, fish biomass has shown a declining trend, coinciding, as expected, with a decrease in nutrient concentrations [37]. Moreover, a major change has occurred from roach dominance to a mixed assemblage dominated by roach and perch as seen in other North European lakes that have recovered from eutrophication [33,37,38]. However, despite that such changes in theory should also lead to an increase in the body size of cyprinids and perch [37], a declining trend in fish body size has been observed. This decline has been attributed to climate warming as the size change is related to increased air temperatures in April and in the average summer air temperature (April–September) of 1.2 and 0.5 °C per decade, respectively [25].



Here, we explored the long-term changes in zooplankton composition, abundance and body size in Lake Søbygaard in relation to fish, phytoplankton biomass and nutrients during 23 years (from 1990 to 2012) after recovery from eutrophication and in a climate warming scenario. We hypothesized that climate warming hampered the recovery of large-bodied zooplankton after nutrient loading reduction through indirect effects on fish size structure. We expected that decreased fish size would modify the zooplankton assemblage by favouring the dominance of smaller organism within this community. Such changes will counteract the effects of the nutrient loading reduction that supposedly should lead to: (i) larger-sized cladocerans and copepods; (ii) a higher zooplankton:phytoplankton ratio; and (iii) lower Chl-a:TP and Chl-a:TN ratios via cascading effects [33].




2. Methods


2.1. Study Area


Lake Søbygaard is located in Central Jutland, Denmark (56°15′20′′ N, 9°48′35′′ E). It covers 0.38 km2 and is surrounded by coniferous forest, except the wind-exposed western shore. Submerged vegetation is sparse or absent, and emergent and floating plants are also sparsely developed. The water column is well mixed in summer with no thermal stratification. The lake’s hydraulic retention time varies from 15 to 20 days and the mean depth is 1.0 m, with a maximum of 1.9 m.




2.2. Sampling


Samplings for analyses of chemical parameters, chlorophyll-a (Chl-a) and zooplankton were carried out monthly following the same standardised methods from 1990 to 2012. Water samples for chemical analysis were collected with a type “Patalas” sampler at a mid-lake station at 0.5 and 1.5 m depth. Environmental parameters (dissolved oxygen: DO, conductivity, pH) were measured in the field using portable sensors. Air temperatures were used in this work since they are a strong predictor of water temperatures, particularly in shllow lakes [39,40]. The monitoring of this parameter is part of the National Monitoring and Assessment Programme for the Aquatic and Terrestrial Environments (NOVANA).



Zooplankton samples were collected at 1.5 m below the water surface with a type “Patalas” sampler at three sampling stations (mid-lake, east and west). This sampler was built for quantitative sampling of zooplankton forming a tube with a bottom lid which opens when lowered down the water column. After a desired depth is reached, the bottom lid closes and traps the zooplankton animals in the sampler. The tubular form allows sampling of the integrated water column. A 20 L water sample (mixed from the three stations) was filtered through a 20-µm mesh net. The animals retained on the mesh were pooled and fixed with 2 mL Lugol’s solution in 100 mL tap water.



For fish samples, annual gill net surveys were conducted between August and September every year. The lake was divided into six sections and in each section three multi-mesh size gill nets (14 different mesh sizes ranging from 6.25 to 75 mm) were set overnight. One gill net was set perpendicular to the shoreline, another parallel to and about 25 m from the shoreline and the third about half the distance from the centre of the lake, for more details, see [41]. The most frequent species collected were bream (Abramis brama), crucian carp (Carassius carassius), pike (Esox lucius), perch (Perca fluviatilis), roach (Rutilus rutilus), trout (Salmo trutta), rudd (Scardinius erythropthalmus) and zander (Stizostedion lucioperca). For the analysis, the fish were classified into three size ranges: small (<10 cm), medium (10–25 cm) and large (>25 cm), considering that their feeding habits usually change during their development and that small-sized fish are typically zooplanktivorous. Among the small fish, the most abundant were Perca fluviatilis, Rutilus rutilus, Scardinius erythropthalmus and Stizostedion lucioperca. The first one has been classified as benthi–planktivorous while the other three were classified as exclusively planktivorous. Medium and large sized fish have different feeding habits, including piscivorous, omnivore–benthi–piscivorous, omnivore–benthi–planktivorous and benthi–planktivorous [26].




2.3. Sample Analysis


Nutrient concentrations were estimated according to standardised methods: Mixed total phosphorus (TP) was determined as molybdate-reactive P [42] after persulphate digestion [43]. Total nitrogen (TN) was determined as nitrites + nitrates after potassium persulphate digestion [44]. Nitrites and nitrates were determined as nitrite on a Tecator 5012 flow-injection analyser supplied with a copper–cadmium reductor column. For chlorophyll-a analyses (Chl-a), 100 to 1000 mL water samples were filtered through Whatman GF/C filters (47 mm in diameter, UK) and spectrophotometrical determination after ethanol extraction [45].



For zooplankton, identification of organisms was made to species level, when possible, using specific keys [46,47,48,49]. Zooplankton larger than 140 µm were counted at 40× magnification using a stereomicroscope (Leica MZ12, Wetzlar, Germany), while subsamples between 20 and 140 µm were counted under an inverted microscope at 100× magnification (Leitz Labovert). At least 150 individuals of the dominant zooplankton species were counted in each sample. In periods when the suspended particulate content was high, it was necessary to dilute the samples five to tenfold before counting. Daphnia spp., Bosmina spp. and copepod biomasses were determined by using length–weight relationships [50,51,52]. When possible, 20 to 30 individuals of each taxon were measured in each sample.




2.4. Data Analysis


Zooplankton richness, abundance and diversity index [52] were calculated. Repeated measure (RM) ANOVA was used for testing significant differences in each parameter among years. Previous to this analysis, the normal distribution of data (Kolmogorov–Smirnov’s test), homoscedasticity (Levene’s test) and sphericity (Mauchly’s test) were verified. Such statistical tests are needed to ensure the goodness of fit of the selected RM ANOVA and inform whether data have normal distribution and equal variances. A PERMANOVA with 9999 permutations was also performed on the Bray–Curtis triangular matrix to determine taxonomic differences among years and between the first and second decade under study. The analysis between the first and second decade was performed because exploratory analyses suggested differences between the period 1990–2001 and 2002–2012 regarding the cycles of several species.



The Daphnia:Bosmina biomass ratio was calculated to verify species replacement throughout time. For Copepoda, nauplii:(nau+cop+adults), female:male and weight:density ratios were calculated to detect possible changes in the size structure and stage composition. To estimate the potential grazing rate of cladocerans and zooplankton, we used the ratio of cladocerans (Clad) and zooplankton to total abundance of phytoplankton biomass, calculated as follows: Clad:(Chl-a × 66) and Zoo:(Chl-a × 66), where 66 is considered a measure of algal dry mass [8]. To evaluate the relationships between nutrients and phytoplankton biomass, Chl-a:TN and Chl-a:TP ratios were calculated. Fish catch per unit effort (CPUE) was calculated as mean catch in kg/net per sampling.



The temporal trends of different biotic components and abiotic variables were tested. Significant temporal trends in air temperature, fish CPUE, size of planktivorous fish (roach, bream and rudd), Daphnia:Bosmina, nauplii:(nau+cop+adults), copepod female:male and weight:density ratios, grazing rates, Chl-a:TN and Chl-a:TP were tested using the non-parametric Mann–Kendall test (Z) on average values per year. If a significant linear trend emerged in a time series (pZ < 0.05), the Sen’s slope (Q) was estimated (Excel application MAKESENS 1.0, Finnish Meteorological Institute). Positive values of Q indicate increasing trends, while negative values of Q show decreasing trends. All the ratios were calculated using annual or the spring–summer average of each variable.



Temporal trends in the summer densities of small (<10 cm) and large fish (>25 cm) and their relation with temperature were analysed with generalized linear models (GLM) after checking for absence of autocorrelation with the Durbin–Watson test. G statistic was used as a measure of the goodness of fit of the models.



Temporal trends all through the studied period and spring–summer period in Daphnia spp., Bosmina spp., nauplii and Cyclopoidae densities, and in Chl-a and nutrient concentrations, were assessed with generalized linear mixed models (GLMM) based on a Markov chain Monte Carlo (MCMC) algorithm. These models incorporate random effects and are adjusted for temporal autocorrelation structure. Time was considered as the fixed effect and months were included as the random effect to account for the possible effect of autocorrelation due to seasons. The models were run with R package MCMCglmm [53] under a Poisson distribution, the MCMC p-value (pMCMC) was calculated and the deviance information criterion (DIC) was used as the parameter-adjusted likelihood. Daphnia spp. and Bosmina spp. presented more zeros than the expected based on Poisson distribution, due to the absences of such species during some periods of time, hence a zero-inflated Poisson distribution with a log-link function was found to better adjust the GLMMs. The “zeroinfl” command in the R package “pscl” [54] was used, and the p-value (ppscl) was calculated. The log-likelihood was informed as goodness of fit of the model. Sinusoidal fit and GLM regression lines were used in the graphs to show, respectively, seasonal patterns and the general tendency of variables.



Multiple GLMM analyses were performed to find the model that best explained the variations in Daphnia spp., Bosmina spp. and Chl-a using the same distribution and statistical packages mentioned before. Independent variables were all the measured abiotic variables, categories of fish size (for the Daphnia and Bosmina models) and Bosmina, Daphnia and total zooplankton densities (for the Chl-a model). For Daphnia and Bosmina, the pscl models were made with summer data according to the available information on fish density, while for Chl-a the MCMCglmm model was based on data from all the years. All GLMM statistical analyses were performed with r version 3.1.3 (R Development Core Team).



A multivariate ordination method was applied to analyse the relationship between the abundance of zooplankton species and environmental variables (CANOCO 5 software). This method includes a set of techniques and analysis using several variables at once to explain or predict other dependent variables or phenomena that occur in nature. Detrended Correspondence Analysis suggested that a Redundancy Analysis (RDA) was appropriate since the gradient length of species did not exceed three standard deviations [55]. RDA is a linear method to extract and summarise the variation in a set of response variables that can be explained by a set of explanatory variables. Zooplankton species present in more than 10% of the samples were included as response variables. All the abiotic variables and the density of fish were used as explanatory variables. Response and explanatory variables (except pH) were Hellinger-transformed and standardised by norm. A subset of the more significant variables was selected using the forward selection option, and the significance of the first and of all axes was analysed using unrestricted global Monte Carlo permutation tests (999 permutations).





3. Results


3.1. Changes in Temperature, Fish Assemblage and Their Influence on the Zooplankton Community


The air temperature in the period from April to July during the years 1990 to 2012 in the lake region showed an increasing temporal trend (Q = 0.61, pZ = 0.150), April being the month with the highest temperature increase (Q = 0.314, pZ = 0.009; Figure 1).



The fish community in Lake Søbygaard included 11 species of which perch, roach, rudd and zander dominated. The mean size of fish was 22.7 cm (annual mean: 16 cm; maximum: 31.5 cm). Both capture per unit effort in kg/net (CPUE) and the sizes of roach, bream and rudd, which are considered mainly planktivorous, pooled together decreased with time (Q = −0.327, pZ < 0.001 and Q = −0.334, pZ < 0.001, for CPUE and size, respectively) (Figure 2). Similarly, the number of small fishes (<10 cm) increased (G = 7.015, p = 0.008), while the number of large fishes (>25 cm) declined in the same period (G = 59.672, p < 0.0001) (Figure 3). A positive relation was found between April air temperature and small fish (G = 4.752, p = 0.029) and a negative correlation was found between April air temperature and large fish (G = 3.91, p = 0.047) in the lake region.



A total of 71 zooplankton taxa were identified within the groups Rotifera (43 taxa), Cladocera (21 taxa) and Copepoda (7 taxa) (Table S1, Supplementary Materials). The diversity index (Shannon–Wiener) ranged between 1.68 (in 1993) and 0.87 (in 2003) without significant differences across years (RM ANOVA F = 2.172, p = 0.121). The abundance of zooplankton organisms did not differ among years (RM ANOVA F = 3.028, p = 0.077). Richness ranged between four and 27 taxa and statistical differences were revealed among years (RM ANOVA F = 6.591, p = 0.003). The structure of zooplankton differed significantly among years and between the first and second decade of the study (PERMANOVA, p < 0.0001 and p = 0.0002, respectively), only 13 taxa were responsible for 70% of these variations (Table 1).



Within the zooplankton community, Rotifera exhibited complex and continuous changes in composition and abundance (Figure 4). Their structure differed significantly among years, Polyarthra, Pompholyx and Keratella being the main genera responsible for the differences (Table 1).



Cladocera were particularly abundant during two periods: 1994–1999 and 2004–2011. Daphnia spp. and Bosmina spp. were the dominant species contributing most importantly to the zooplankton variation (Table 1). A general shift from initial dominance of Daphnia spp. to Bosmina spp. occurred (Figure 5a,b). Daphnia spp. decreased significantly with time during the 23 years (ppscl < 0.001), whereas Bosmina spp. (ppscl < 0.001) achieved a significant increasing trends (Table S2, Supplementary Materials). Accordingly, a statistically significant decrease in the Daphnia:Bosmina biomass ratio was observed both for annual data (Q = −0.05; pZ = 0.006) and summer (Q = −0.039; pZ = 0.004) (Figure 6). This trend concurs with changes observed in the fish community; thus, while Daphnia spp. was negatively related to the abundance of small fish and positively related to the Chl-a concentration (multiple GLMM, ppscl < 0.001), Bosmina spp. showed a negative relationship with large-sized fish (multiple GLMM, ppscl < 0.001) (Table 2). Despite the shift from Daphnia spp. to Bosmina spp. dominance, the total biomass of cladocerans increased from 994 µg·L−1 in the period 1991–2004 to 1438 µg·L−1 in the period 2005–2012. This increase was significantly correlated with the density of small fish (G = 8.487, p < 0.004).



Among the changes in other cladoceran species, the proportion of Chydorus sphaericus through the studied 23 years was particularly notable. This Chydoridae was almost absent at the beginning of the study period, but its density increased progressively, reaching the highest abundances between 2004 and 2009 (mean: 11.9; maximum: 43.2 ind. L−1).



Copepoda (cyclopoids only) also showed temporal changes in size and age structure. A significant increase occurred in nauplii density (all period pMCMC < 0.001; spring–summer period pMCMC = 0.004; Figure 5) as well as in the nauplii:(nau+cop+adults) ratio for the entire studied period (Q = 0.145; pZ = 0.026), but not for the summer (Q = −0.004; pZ = 0.101) (Figure 6). There was also an increase in the male:female ratio, significant for annual averages but not for the summer (Q = 0.332, pZ = 0.026 and Q = 0.285, pZ = 0.056, respectively) (Figure 6), and a decreasing, though not significant, trend in the weight:density ratio (Q = −0.217, pZ = 0.089).



The RDA analysis explained 25.1% of the total zooplankton density variation (Figure 7), and CPUE of large fish was the only explanatory variable contributing significantly to the variations (p = 0.007). Among the cladocerans, Daphnia spp. was positively related to large fish and Chl-a, whereas Bosmina spp. was negatively associated with these parameters. Most of the samples from the 1990s were positively related to this variable. On the opposite side of the graph, samples from the last decade of the study were strongly related to the increase in CPUE of small fish and water temperature. Bosmina spp. was positively related to these variables and negatively to large fish and Chl-a.




3.2. Changes in the Zooplankton Assemblage and Their Influence on Phytoplankton


Besides the observed changes in the zooplankton assemblage, phytoplankton biomass (measured as the Chl-a concentration) decreased with time (pMCMC < 0.001; Table S3, Supplementary Materials). This pattern applies both to annual data and to spring–summer seasons (Figure 8). The average Chl-a concentration during 1990–2000 was 192 µg·L−1, followed by a decrease during 2001–2012 to 112 µg·L−1. The concentrations of TN and TP had a similar decreasing temporal trend (pMCMC < 0.001 (Table S3, Supplementary Materials) and exhibited similar seasonal and periodical fluctuations as Chl-a (Figure 8). In the period 1990–2000, TN and TP average values were 2 and 0.5 mg·L−1, respectively, while for 2001–2012 they decreased to 1.4 and 0.3 mg·L−1, respectively. As regards the ratios Chl-a:TP and Chl-a:TN, only Chl-a:TP exhibited a significant decreasing trend for the entire study period (Q = −11,986; pZ = 0.001) (Figure 6). Multiple GLMM showed that TN and TP were the only significant variables explaining the variation in Chl-a (positively related) (Table 3). The grazing pressure of total zooplankton (zooplankton:Chl-a) and cladocerans (cladoceran:Chl-a) significantly increased for the summer period (Q = 0.061, pZ = 0.003 and Q = 0.593, pZ < 0.001, for zooplankton and cladocerans, respectively) as well as annually (Q = 0.010, pZ = 0.05 and Q = 0.005, pZ < 0.001, for zooplankton and cladocerans, respectively) (Figure 6).





4. Discussion


Climate warming and nutrient loading reduction showed complex effects on the trophic chain of Lake Søbygaard from 1990 to 2012. The zooplankton assemblage underwent important changes, some of which coincided with expectations for lakes in a recovery after a nutrient loading reduction [33,56,57]. However, other changes are contrary to expectations, particularly those related to zooplankton composition and size structure, suggesting that warming and nutrient loading reduction have interactive rather than independent effects on zooplankton dynamics. Other studies have also reported complex interactions of temperature and nutrient decrease on different groups of zooplankton [35,58,59].



We found a decrease in fish biomass in terms of catch per unit effort (CPUE) along with an overall reduction in nutrient concentrations, especially total nitrogen (TN). This is in accordance with the expected responses of fish to nutrient loading reduction reported in other works [33]. Likely as a consequence of decreased biomass of fish and total zooplankton and, particularly, increased cladoceran biomass. This occurred despite a reduction in resources expressed as Chl-a and generally contrasts the findings from Danish lakes in recovery from eutrophication [33]. In turn, the decline in fish CPUE during recovery did not result in an increase in the proportion of large-bodied zooplankton as expected [37]. In fact, both annual and summer data traced a shift from a cladoceran community dominated by large-sized Daphnia spp. to one dominated by small-sized Bosmina spp. Moreover, the abundance of the small-sized Chydorus sphaericus, almost absent at the beginning of the study period, increased in the last decade. The shift from large to small species indicates enhanced fish predation on large-bodied zooplankton [13,60], which coincides well with the increased catches of small planktivorous fish in the lake. Less frequent surveys of other similar Danish shallow lakes have also pointed towards reduced fish size despite nutrient loading reduction and this has been implicated to multiple effects of warming [25]. Accordingly, we found that summer air temperatures, especially in April where fish are spawning, have become warmer in the region during the study period, and the changes were significantly correlated with the abundances of small (positive) and large fish (negative). Concurrently, field research undertaken in numerous European lakes has shown a significant decline in fish body size with decreasing latitude and thus higher temperatures [20,21,25,61]. The change in fish body size might be a result of improved recruitment of fish due to higher temperatures in spring and likely also as a result of increasing survival of young fish during winter due to a shorter ice cover period [29]. Enhanced fish predation on zooplankton in Lake Søbygaard is also evident from the strong negative correlation detected between Daphnia spp. and the abundance of small fish (<10 cm). This agrees with experimental studies in which the increasing density and dominance of smaller-sized fish due to warming have been observed to augment the predation pressure on large zooplankton species, favouring the development of small-sized species [12,62]. Therefore, a higher temperature-mediated size of the fish assemblage in Lake Søbygaard may have overruled the effect of nutrient loading reduction that usually results in an increase in fish size [37], causing a decrease instead of the expected increase in the size of cladocerans. This corresponds with findings in subtropical and tropical lakes in which small zooplankters dominate, even at low nutrient concentrations [12,63]. The increase in chydorids may perhaps be related to a shift in phytoplankton from dominance by green algae [41] to a higher share of cyanobacteria [64,65,66] and, potentially, also to improved conditions for benthic algae growth. For example, it has been reported that Chydorus sphaericus is able to take the colonies or filamentous algae between its carapace lobes and cling or clamber along them [67].



The changes in copepods followed the pattern observed for cladocerans, i.e., the abundance and proportion of nauplii increased throughout the study period and the weight:density ratio decreased. Field and experimental studies provide evidence that such changes also reflect alterations in the size-selective predation pressure [62,68,69]. The decrease in the weight:density ratio may also be related to a slight decrease in the dominance of C. vicinus and an increasing abundance of Mesocyclops sp. during last decade, which was generally smaller in size. In addition, rotifers exhibited changes in taxonomic composition during the study period, Polyarthra, Pompholyx and Keratella being the genera mainly responsible for the among-year differences. Despite this, the total biomass and size structure of rotifers exhibited no significant changes, which somehow contradict previous works in which the total biomass of rotifers and small size classes were found to increase as a consequence of warming [58].



During recovery, we would expect an increase in grazing pressure on phytoplankton due to release of fish predation and higher resource control of phytoplankton [70]. Accordingly, we found a marked increase in the biomass ratios of cladoceran:Chl-a and zooplankton:Chl-a despite the size reduction of cladocerans and copepods. The capacity of the zooplankton to control phytoplankton seems therefore to have increased in Lake Søbygaard along with the nutrient loading reduction due to enhanced grazing. This behaviour is in line with experimental studies demonstrating that increasing temperatures enhance the zooplankton consumption rate [33,70], and as expected, consumers being more sensitive than producers to a temperature increase, the top-down control on primary production has been strengthened [71,72].



Concurrently with the enhanced grazing activity, the nutrient loading reduction has undoubtedly contributed importantly to the decrease in Chl-a. Our results showed that Chl-a followed the same decreasing pattern as TN and TP, which together were the only significant variables explaining the Chl-a fluctuations during the study period. A previous study in Lake Søbygaard [41] revealed that TN and TP decreased by 55 and 56%, respectively, from the period 1978–1987 to 1988–1995, whereas Chl-a decreased from 755 (average 1978–1987) to 216 µg·L−1 in the latter period. In turn, the values of TN and TP decreased by 20% and 37%, respectively, from the period 1978–1995 to the period 2000–2012 that our study covers; and Chl-a decreased by 48%, reaching an average value of 112 µg·L−1. While these values still qualify for a eutrophic lake according to OECD [73], they evidence a decline in the trophic state of the lake.



In conclusion, despite the overall recovery of Lake Søbygaard following the nutrient loading reduction, large-bodied zooplankton have not recovered similarly; rather they have exhibited a decline in size coinciding with a shift to dominance of smaller-sized fish in lake, attributed to warming. However, these effects have not prevented, but likely modulated, the positive cascading effects on phytoplankton through a diminished fish CPUE related to the nutrient loading reduction.
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The following are available online at www.mdpi.com/2073-4441/8/8/341/s1, Table S1: Zooplankton taxa identified within the groups of Rotifera, Cladocera and Copepoda in Lake Søbygaard from 1990 to 2012, Table S2: Statistics of the GLMMs based on Markov chain Monte Carlo method for the temporal trend of Bosmina spp and Daphnia spp. Estimate value, standard error (SE), p-value (ppscl), and log-likelihood are reported, Table S3: Statistics of the GLMMs based on Markov chain Monte Carlo method for the temporal trend in variables shown in Figure 8. The mean of the posterior distribution (post mean), lower and upper 95% credible interval (l-95% CI and u-95% CI), the MCMC p-value (pMCMC) and deviance information criterion (DIC) are reported.
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Figure 1. Mean values of air temperature (in °C) in the period April–July (a) and in April (b) in the Lake Søbygaard region during the 23 years of study (1990–2012). 
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Figure 2. Temporal trend of CPUE in kg/net (a) and fish size (b) when pooling together the abundance of roach (Rutilus rutilus), bream (Abramis brama) and rudd (Scardinius erythropthalmus) in the Lake Søbygaard region during the 23 years of study (1990–2012). 
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Figure 3. Temporal trend of small (<10 cm) (a) and large (>25 cm) (b) fish in the Lake Søbygaard region during the 23 years of study (1990–2012). 
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Figure 4. Relative abundance of rotifers for the period 1990–2012 in Lake Søbygaard. Averages for the spring–summer period are used for calculation of proportions. Only species accounting for more than 3% of total abundance are shown. 
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Figure 5. Temporal variations in Bosmina spp., Daphnia spp., nauplii and adult Cyclopoidae in Lake Søbygaard region during the 23 years of study (1990–2012). Sinusoidal fit (grey) (a) and GLM (b) regression lines are shown. 
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Figure 6. Interpolated mean annual (a) and summer (b) values of Daphnia:Bosmina, Copepod nauplii:(nau+cop+adults), copepod female:male, zooplankton:Chl-a, cladoceran:Chl-a, Chl-a:TP and Chl-a:TN ratios during 1990–2012 in Lake Søbygaard. 
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Figure 7. First two axes of the RDA based on zooplankton species density. The ordination of samplings is indicated with open circles (a) and references of months and years are given (e.g., 7/05: July 2005). Species scores are indicated with grey arrows, and environmental variables with black arrows (a,b). Temp: water temperature; Kert.coch: Keratella cochlearis; Chyd.spha: Chydorus sphaericus; Gastr.sp: Gastropus sp.; Cylp.spp: Cyclopoidea spp.; Bosmn.spp: Bosmina spp.; Nauplii: nauplii; Pomp.sul: Pompholix sulcata; Kert.quad: Keratella quadrata; Polya.spp: Polyarthra spp.; Brac.ang: Brachionus angularis; Filn.term: Filinia terminalis; Alona.sp: Alona sp.; Noth.acum: Notholca acuminata; Colur.sp: Colurella sp.; Brac.urce: Brachinus urceolaris; Synch.spp: Synchaeta spp.; Daphn.spp: Daphnia spp.; Trich.spp: Trichocerca spp.; Brac.calc: Brachionus calyciflorus; Filn.long: Filinia longiseta; Conoc.sp: Conochilus sp. 
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Figure 8. Temporal variations in Chl-a, TN and TP concentrations in Lake Søbygaard region during the 23 years of study (1990–2012): Sinusoidal fit (grey) (a) and GLM (b) regression lines are shown. 
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Table 1. Zooplankton species account for 70% of the taxa difference across years and between the first (1990–2000) and second decade (2001–2012) in Lake Søbygaard. Results of PERMANOVA analysis (p < 0.0001 in both cases).
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Taxa

	
Contribution %




	
among Years

	
between Decades






	
CLADOCERA

	

	




	
Bosmina spp.

	
16.15

	
15.32




	
Daphnia spp.

	
3.083

	
3.083




	
COPEPODA

	

	




	
Cyclopoidae spp.

	
7.27

	
7.196




	
Nauplii

	
5.153

	
5.161




	
ROTIFERA

	

	




	
Polyarthra spp.

	
7.065

	
6.862




	
Keratella cochlearis

	
4.216

	
4.167




	
Keratella quadrata

	
3.251

	
3.257




	
Pompholyx sulcata

	
4.143

	
4.056




	
Conochilus sp.

	
3.452

	
3.229




	
Brachionus calyciflorus

	
2.468

	
2.478




	
Rotatoria sp. 1

	
4.108

	
4.623




	
Asplanchna spp.

	
2.39

	
2.325
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Table 2. Multiple GLMMs based on Markov chain Monte Carlo method showing the predictors for the changes in the abundance (ind. L−1) of Bosmina spp. and Daphnia spp. for the summer period. Estimated value, standard error (SE), p-value (ppscl), and log-likelihood.
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Estimate

	
SE

	
ppscl

	
log-likelihood






	
Bosmina spp.

	

	

	

	




	
intercept

	
73130

	
0.0063

	
<0.001

	
−27,270




	
large fish

	
−0.0071

	
0.0000

	
<0.001

	




	
Daphnia spp.

	

	

	

	




	
intercept

	
44700

	
0.0443

	
<0.001

	
−1291




	
small fish

	
−0.0005

	
<0.0001

	
<0.001

	




	
Chl-a

	
0.0010

	
0.0002

	
<0.001
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Table 3. Multiple GLMMs based on Markov chain Monte Carlo method showing the predictors for chlorophyll-a concentrations (Chl-a) during the entire study period and the spring–summer period. The mean of the posterior distribution (post.mean), lower and upper 95% credible interval (l-95% CI and u-95% CI), the MCMC p-value (pMCMC) and deviance information criterion (DIC) are reported.
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post.mean

	
l-95% CI

	
u-95% CI

	
pMCMC

	
DIC






	
Chl-a (all period)

	

	

	

	

	




	
intercept

	
3.4927

	
3.0223

	
4.0609

	
<0.001

	
1479




	
Daphnia spp.

	
−0.0015

	
−0.0025

	
−0.0003

	
0.004

	




	
TN

	
0.0034

	
0.0019

	
0.0049

	
<0.001

	




	
TP

	
0.0075

	
0.0029

	
0.0125

	
0.004

	




	
Chl-a (spring-summer)

	

	

	

	

	




	
intercept

	
3.6550

	
3.3707

	
3.9376

	
<0.001

	
958




	
Daphnia spp.

	
−0.0014

	
−0.0021

	
−0.0007

	
<0.001

	




	
TN

	
0.0056

	
0.0039

	
0.0072

	
<0.001

	




	
TP

	
0.0066

	
0.0031

	
0.0094

	
<0.001
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