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Abstract

:

Grazing potential (GP, in % day−1) was estimated for the plankton communities of 13 Greek lakes covering the trophic spectrum, in order to examine its sensitiveness in discriminating different classes of ecological water quality. Lakes with high GP values exhibited high zooplankton biomass dominated by large cladocerans or/and calanoids while lakes with low GP values had increased phytoplankton biomass and/or domination of small-bodied zooplankton indicating intensive fish predation. GP successfully distinguished among ecological water quality classes (estimated using the phytoplankton water quality index PhyCoI) indicating its potential use as a metric for ecological water quality assessment. As a next step, PhyCoI index was modified to include GP as a metric in order to enhance the phytoplankton-based ecological status classification of lakes incorporating zooplankton as a supporting factor. The PhyCoIGP successfully assessed the ecological water quality in accordance with PhyCoI classification whereas it was significantly correlated with the eutrophication proxy TSISD based on Secchi Depth. Thus, we propose to use the modified phytoplankton index PhyCoIGP for monitoring the ecological water quality of lakes.
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1. Introduction


Over the last two decades, different legislation acts such as the Water Framework Directive (WFD) and the Marine Strategy Framework Directive (MSFD) in Europe, the Water Act in Australia, the US Clean Water Act (CWA) and the South African National Water Act, all having as a main goal to maintain and enhance the ecological integrity of freshwater and marine ecosystems, focus on the assessment of the ecological water quality of water bodies [1]. In Europe, the Water Framework Directive 2000/60/EC [2] introduced the ecological status classification of water bodies based on biological quality elements (BQEs), i.e., phytoplankton, benthic macroinvertebrates, fish, aquatic macrophytes and phytobenthos. The EU Member States and other participating countries have developed and adopted legislation for the assessment of the ecological integrity of surface waters with the intercalibration of 230 evaluation systems and the development of numerous indices/metrics for each BQE (e.g., benthic macroinvertebrates: Lake Acidification Macroinvertebrate Metric (LAMM), ETO (Ephemeroptera, Trichoptera and Odonata) taxa richness and Chironomid pupal exuvial technique (CPET) index; fish: Abundance index of alien species, mean catch per unit effort in terms of number (NPUE) of the guiding species and in terms of biomass (BPUE) of the maximum length of dominant species; macrophytes: Lake Macrophyte Nutrient Index (LMNI), Percent Model Affinity Index (PMA) and Growth form metrics; phytoplankton: Mediterranean Phytoplankton Trophic Index (MedPTI), Phytoplankton Taxa Lake Index (PTSI) and Index Des Grups Algals (IGA); phytobenthos: Eutrophication/Pollution Index-Diatom (EPI-D) Diatom Assessment Of Lake Ecological Quality (DARLEQ) and Specific Pollution sensitivity Index (IPS) [1]). Surprisingly for most ecologists, zooplankton has not been included as a BQE in the WFD and no well-argued scientific explanation exists for its omission [3,4,5]. However, zooplankton is an important component of the pelagic food web, since it contributes to many ecosystem functions such as the transfer of primary production biomass to higher organisms [6], and the increase of water clarity through grazing of the available phytoplankton biomass [7,8]. Moreover, zooplankton communities, due to their quick response to changes resulting from trophic cascades either through bottom-up or top-down control [6], have been used in trophic state assessments [9,10,11], in aquatic ecotoxicology [12,13,14], and in providing information about water quality [15,16] and for discriminating anthropogenically disturbed lakes [17]. Thus, the knowledge of this part of the food web is essential for understanding the function and the structure of lake ecosystems and should be used in monitoring programs [5]. Zooplankton ratios have been included in one of the first schemes developed for the implementation of the WFD, the ECOFRAME [18] incorporating a holistic approach using all biological communities, even before the inclusion of zooplankton in the checklist for a holistic lake assessment [19]. The Common Implementation Strategy (CIS) acknowledging the need of monitoring the top-down control indicates zooplankton as a ‘supportive/interpretative parameter’ of fish ‘often/typically measured or sampled at the same time’ [20] and zooplankton grazing as ‘an additional lake specific factor’ for supporting environmental factor featuring the eutrophication impact [19].



Zooplankton community structure can provide a surrogate, to some extent, for the top down control of fish communities and zooplankton grazing can further be used as a measure of the cascade effects to phytoplankton [18,21]. A commonly used measure of zooplankton grazing is the ratio of zooplankton (or crustacean zooplankton) dry biomass to phytoplankton dry biomass (BZoo/BPhyto). This ratio decreases across the eutrophication gradient [22] and it has been used for water quality assessment in ECOFRAME [18] and as a metric of the Ecosystem Health Index Methodology (EHIM) for lake ecosystem health assessment [23] and the Planktonic Index of Biotic Integrity (P-IBI) [24]. Another promising index reflecting zooplankton grazing is the grazing potential (GP, in % day−1) which is basically a measure of the potential top-down control of phytoplankton by zooplankton, showing the percentage of the phytoplankton biomass ingested per day [25]. GP was developed and later modified according to the theory of the functional characteristics of plankton communities, such as the size and the shape of phytoplankton which affect their susceptibility and edibility [26] and the feeding strategies of zooplankton groups [27]. In the original description of GP, only crustacean biomass was used assuming that cladocerans and copepods ingest phytoplankton corresponding to 100% and 50%, respectively, of their biomass per day; copepods especially cyclopoids are not only herbivorous eating algae and diatoms but also carnivorous [28,29]. Later, GP was modified twice, first by Arp & Deneke [30] with phytoplankton taxonomic groups getting weighting factors in order to estimate only the edible phytoplankton biomass and finally, by Arp et al. [31] with the addition of rotifers biomass in order for the whole zooplankton community to be represented.



GP was developed using data from Danish lakes [25] and it was modified later based on data from German lakes [30,31]. It shows seasonal variation with low values during summer and tends to decrease across the eutrophication gradient [25]. However, it should be taken into consideration that patterns established from the knowledge derived from the well-studied cold-temperate European lakes might be differentiated in other climatic zones, as the Plankton Ecology Group model (PEG-model) does for polar, tropical [32] and Mediterranean lakes [21]. Mediterranean lakes are differentiated from temperate lakes not only by morphometric (basin size/lake size) and climatic characteristics [33] but there are also biologically important differences due to the increased availability of solar radiation in winter months [21]. As a result, there is no biological winter (continuous increase of phytoplankton mainly during late-autumn and winter months) while strong fish predation leads to small-bodied zooplankton dominance, therefore lower grazing pressure on -phytoplankton [21].



Taking into consideration the above particularities of the Mediterranean climatic zone, various indices have been developed lately for the assessment of the ecological water quality of Mediterranean lakes using different biological elements; e.g., Greek Lake Benthic macroinvertebrate Index (GLBiI) based on benthic macroinvertebrates [34], QAELS 2010e based on microcrustaceans and insects, EQAT based on Chironomidae pupal exuviae [35] and Greek Lake’s Fish Index (GLFI) based on fish [36], all using data from Mediterranean ecosystems. Another recently developed index is the Phytoplankton Community Index (PhyCoI) [37] which is a multimetric index covering all the individual properties of phytoplankton community (diversity, composition, dominance, biomass, blooms). It is an easily calculated, ecologically sound and effective index for assessing the status and ecological integrity of Mediterranean lakes [37].



Acknowledging the importance of both phytoplankton and zooplankton in the ecological water quality assessment of lakes and the need for indices that interpret ecosystem function for water quality assessments of lakes and freshwaters in general, the aim of our study was two-fold. First to examine the sensitiveness of the GP in distinguishing between classes of ecological water quality and second to include and test the GP as a metric into an existing phytoplankton index so as to enhance the detection of phytoplankton-based food web functioning impact on the ecological status classification of lakes.



We hypothesized that GP can differentiate along the ecological water quality spectrum. In order to test this hypothesis, we examined the ability of GP in distinguishing among ecological water quality classes as estimated using the phytoplankton water quality index PhyCoI. We chose PhyCoI as the most appropriate index for the ecological water quality since it was developed using phytoplankton data from Greek/transboundary Balkan lakes [37]. As a next step, we proposed a modified index, namely PhyCoIGP, including the GP as a metric in PhyCoI. We hypothesized that this more functional phytoplankton community index incorporating zooplankton as a supporting factor, will improve the assessment of lake ecological water quality compared to PhyCoI. In order to test that we examined the PhyCoIGP and PhyCoI application in Greek/transboundary lakes and their relation to the eutrophication proxy TSISD index based on water transparency measured as Secchi Depth (TSISD) [38].




2. Materials and Methods


2.1. Data Collection


The present study comprised data from 13 natural Greek lakes of different altitude, surface area, depth and trophic state (Figure 1; Table 1). The dataset includes published (from 1984 to 2017) and new data from Lake Lysimachia (2016) (Table A1). The warm period was chosen because it is the period used for the lake ecological status assessment in Greece/Mediterranean region [36,37,39]. The number of collected samples per lake ranged from three to 12 (three samplings during the period June to September) (Table A1). The same sampling protocol for phytoplankton and zooplankton described by Mazaris et al. [40] and Moustaka-Gouni et al. [21] was followed for all lakes. Detailed information regarding the microscopic analyses of phytoplankton and zooplankton identification and biomass calculation is well described in Stamou et al. [11]. Phytoplankton wet biomass was converted to dry biomass according to Reynolds [41].




2.2. Grazing Potential


The modified GP (in % day−1) [25,30,31] was calculated according to Equation (1) based on weighted dry biomass of zooplankton and phytoplankton groups. The weighted phytoplankton groups comprise the edible phytoplankton biomass (BED) according to Equation (2).


GP=BROT+BCLAD+0.5 BCOPBED



(1)






BED=0.3 BCYANO+0.5 BCHLORO+0.5 BCHRYSO +1 BCRYPTO+1 BPRYMNESIO +0.7 BDIATOMS+0 BDINO+0.3 BCONJ



(2)




where: B is the dry biomass (mg L−1) of rotifers (ROT), cladocerans (CLAD), copepods (COP), cyanobacteria (CYANO), chlorophytes (CHLORO), chrysophytes (CHRYSO), cryptophytes (CRYPTO), prymnesiophytes (PRYMNESIO), diatoms (DIATOMS), dinophytes (DINO) and conjugatophytes (CONJ).



The relative edibility of the phytoplankton ranges from very good (1) to not at all (0) edible.




2.3. Water Quality Assessment


The assessment of the ecological water quality was made using the phytoplankton PhyCoI index according to Katsiapi et al. [37]. For this, five metrics/sub-indices (total phytoplankton biovolume (TB), cyanobacterial biovolume according to WHO (World Health Organization) Guidelines (WG), modified Nygaard sub-index based on the biomass of indicator taxonomic groups (NB), modified Nygaard sub-index based on species richness of indicator taxonomic groups (NS), Quality Group species Index (QG)) were calculated. PhyCoI was calculated as the sum of the scores of the five metrics/sub-indices as they are defined in Katsiapi et al. [37]; for the metric TB the classification scheme was updated according to expert judgment from coarse type-specific to site-specific reference values for the studied lakes and it is presented in Table A2.



PhyCoI ranges from zero to five. This index range is divided in five classes of ecological quality: 0–1: Bad, >1–2: Poor, >2–3: Moderate, >3–4: Good, >4–5: High/reference.




2.4. The PhyCoIGP Index


The PhyCoIGP index is a modified PhyCoI index incorporating as a metric GP, thus it is a phytoplankton community index incorporating zooplankton as a supporting factor including additional information on the lake plankton community for ecological water quality assessments. In particular, PhyCoIGP includes the five metrics/sub-indices (TB, WG, NB, NS, QG) originally included in PhyCoI and an additional sixth metric, the GP. It is calculated as the sum of the scores of the six metrics/sub-indices (Table 2; Equation (3)):


PhyCoIGP=TB+WG+NB+NS+QG+GP



(3)







In order for PhyCoIGP to follow PhyCoI values range and thus the same boundaries for ecological water quality assessment, the scores of the five metrics in PhyCoI were re-assigned in order to include in the same total score of PhyCoI the 6th metric of GP. The selected scoring system for PhyCoIGP is giving a specific weight to the different metrics/sub-indices according to their importance on detecting water quality changes [37]. Since GP is a food web metric combining the functional trait characteristics of both zooplankton and phytoplankton communities it was given 0.8 as a reference score, which is comparable to the corresponding ones of the rest of the metrics/sub-indices (0.5 to 0.8) except for the higher score (1.8) of the metric TB. The PhyCoIGP scores for WG, NB, NS and QG metrics/sub-indices were based on their calculation and the classification schemes as they are described in Katsiapi et al. [37]. In order to set the boundaries of the GP metric for the five quality classes, the studied lakes were classified into ecological water quality classes according to PhyCoI and then the GP mean values of each class was used as the lower boundary for each class of ecological water quality.



PhyCoIGP ranges from zero to five representing five classes of ecological quality: 0–1: Bad, >1–2: Poor, >2–3: Moderate, >3–4: Good, >4–5: High/reference.




2.5. Statistical Analysis


Linear Regression and Analysis of Variance (ANOVA) were applied to test the dependence of GP on ecological water quality as assessed by PhyCoI. Moreover, in order to evaluate the application of GP in assessing ecological water quality, we used the ecological water quality classification (high, good, moderate and poor; none of the lakes of the present study were classified as “bad”) for each sampling data based on PhyCoI. ANOVA and Bonferroni correction were applied to reveal if the GP differed among the four groups of ecological water quality. Weight cases for each parameter were used to reduce bias due to there being different number of lakes or samplings in each group.



We also tested how GP, PhyCoIGP and PhyCoI of the studied lakes are related to the eutrophication proxy TSI index based on Secchi depth. The respective TSISD values according to Stamou et al. [11] were used. Relationships between the PhyCoIGP index and the TSISD index were examined using Linear Regression and ANOVA.



All statistical analyses were performed using IBM-SPSS Statistics 25.





3. Results


3.1. Grazing Potential across Lake Trophic Spectrum and Ecological Water Quality


Grazing potential (GP) applied in the 13 Greek studied lakes ranged from 0.18% day−1 (Lake Voulkaria in July 2016) to 146.55% day−1 (Lake Kastoria in July 2016) (Figure 2). GP did not show a specific pattern along the trophic spectrum.



GP was significantly correlated according to linear regression with PhyCoI (GP = 28.405 PhyCoI − 46.711; R2 = 0.403 and p < 0.0001) (Figure 3a). GP detected different classes of ecological water quality as estimated by PhyCoI (ANOVA: F = 305.139, p < 0.0001) and the pairwise test also indicated significant differences among the categories (Bonferroni: p < 0.0001). However, range overlaps can be seen among the different ecological water quality classes with almost 28% of the cases being extremes and outliers. In particular, the extreme values were Lake Kastoria (July 2016) for good class, Lake Vegoritis (June 2017) for the moderate class and Lake Voulkaria (September 2016) for the poor class; high value outliers were lakes Vegoritis (July and August 2017) and Lysimachia (September 2016) for the good class, Lake Mikri Prespa (July and August 1992) for the moderate class and Lake Pamvotis (August 2016) for the poor class; and low value outliers were lakes Mikri Prespa and Megali Prespa (July 2016) for the good class, lakes Kastoria (August 2016), Volvi (July 1984) and Megali Prespa (June 2016) for the moderate class and Lake Voulkaria (July 2016) for poor class (Figure 3b).




3.2. PhyCoIGP Application versus PhyCoI


The PhyCoIGP index is a phytoplankton community index incorporating zooplankton as a supporting factor for ecological water quality assessment since it is a modification of the PhyCoI index incorporating GP. Both PhyCoI and PhyCoIGP indices were used to assess and classify the ecological water quality of the 13 studied lakes and their values are presented in Figure 4. The PhyCoI index ranged from 1.1 (Lake Voulkaria in July 2016) to 4.4 (Lake Amvrakia in July and August 2016). The PhyCoIGP index ranged from 1.1 (Lake Voulkaria in August 2016) to 4.5 (Lake Amvrakia in August 2016).



Both PhyCoI and PhyCoIGP classified the ecological water quality of the 13 lakes in the same category except for the cases of Lake Kastoria in August 2016, Lake Lysimachia in September 2016, Lake Megali Prespa in July 2016, Lake Paralimni in September 2017 and Lake Trichonis in September 2016. Both PhyCoI and PhyCoIGP values exhibited great variability within the same lake (Figure 4).




3.3. GP, PhyCoIGP and PhyCoI versus the Eutrophication Proxy TSISD


Based on the dataset of the studied lakes, the linear regression analysis revealed that GP, PhyCoIGP and PhyCoI had a significant negative relationship with the eutrophication proxy TSISD index (Table 3, Figure 5). All the sites were included within the prediction limits of the model except for the cases with high GP values (Lake Amvrakia in August 2016, Lake Vegoritis in July and August 2017 and Lake Lysimachia in September 2016); and for PhyCoIGP and PhyCoI the cases of Lake Lysimachia in September 2016, Lake Paralimni in July 2017 and Lake Volvi in August 1985. Both lakes Lysimachia and Paralimni are shallow with sediment resuspension affecting the TSISD as indicated by microscopy analysis of lake water; while in the cases of the deep lakes Vegoritis and Amvrakia, they have suffered from drastic water level changes within the last decade, which might also affect the TSISD.





4. Discussion


4.1. Grazing Potential across Lake Trophic Spectrum and Ecological Water Quality


This is the first application of the functional index grazing potential (GP) in the Mediterranean region, a region quite different (climatic and biological differences) compared to temperate regions [21,33]. Moreover, it is a first attempt to evaluate its use for assessing the ecological water quality of lakes using at the same time the phytoplankton based PhyCoI index. So far, GP has been only correlated with eutrophication, in temperate lakes [25].



The GP in relation to PhyCoI classification using zooplankton and phytoplankton data from 13 Greek lakes revealed that it is significantly correlated with ecological water quality and it can distinguish among the different ecological water quality classes. However, since GP depends both on zooplankton and phytoplankton communities, it can exhibit high values either when zooplankton is dominated by large individuals (cladocerans or calanoid copepods) or when phytoplankton biomass is low (e.g., in the oligotrophic Lake Amvrakia) or is mainly dominated by non-edible species. In the studied lakes, high GP values were recorded in cases of good and moderate ecological water quality, such as Lake Kastoria, Lake Vegoritis and Lake Mikri Prespa. Particularly, in Lake Kastoria (July 2016) high GP values due to the domination of Daphnia (Daphnia) galeata Sars, 1864 (69% contribution to total zooplankton biomass) coincided with an extreme value of good ecological water quality. Lake Kastoria is an urban eutrophic lake under restoration and the assessment of good quality is restricted to a specific time period reflecting the restored lake plankton community [43]. Lake Vegoritis (2017) and Lake Mikri Prespa (1992) exhibited high values of GP due to either domination of calanoid copepods or their co-dominance with large bodied cladocerans (such as genera Diaphanosoma Fischer, 1850 and Daphnia O. F. Mueller, 1785). It is well known that domination of daphnids can lead to the spring clear water phase and when followed by increased zooplankton biomass dominated by daphnids and calanoids can maintain the increased water clarity even in summer [44,45]. This co-domination of large bodied zooplankton performs an affective grazing pressure on the entire phytoplankton size spectrum by complementary feeding on different size spectra of phytoplankton [46]. On the other hand, Lake Voulkaria (September 2016) and Lake Pamvotis (August 2016) had higher GP values (extreme and outlier, respectively) than the rest of the cases of the poor quality class due to high zooplankton biomass which was nevertheless dominated by small sized individuals of the genera Bosmina Baird, 1845 and Chydorus Leach, 1816 coinciding with cyanobacterial blooms. These lakes as the majority of the eutrophic Mediterranean freshwater systems can exhibit prolonged cyanobacterial blooms (up to eight months), with cyanobacterial domination up to more than 90% of the total phytoplankton biomass [47], as in the case of Lake Pamvotis [11]. In such systems with persistent cyanobacterial blooms, small and selective grazing taxa such as Bosmina, Chydorus, cyclopoid copepods, and rotifers can reach high abundances [48,49].



The low values of GP (<40) and thus the outliers of the low values of good ecological water quality class as well as the lower quality classes correspond to either increased phytoplankton biomass or low zooplankton biomass, indicating possible fish predation. Thus, the eutrophic and hypertrophic lakes were expected to have low GP values due to high phytoplankton biomass as it is also described for the GP pattern of the temperate lakes [25]. This was quite evident also in the studied hypertrophic lakes, which were of poor ecological water quality according to PhyCoI such as Lake Voulkaria (especially in July 2016), which exhibited the highest phytoplankton biomass recorded in the present study. As for the cases with low zooplankton biomass dominated by small-bodied species they could indicate the impact of planktivorous fish predation [50,51]. Planktivorous fish and their pressure on zooplankton community have been described in Greek lakes; for example, the case of Alosa macedonica (Vinciguerra, 1921) in Lake Volvi [52] and Atherina boyeri Risso, 1810 in Lake Trichonis [53] could explain the low values of GP in these two lakes. Moreover, in the Mediterranean lakes the increased fish predation to zooplankton even without planktivorous fish can be explained by the extended reproductive period of fish with high fecundity and more than one spawning bouts per year [21,54], due to the continuous numbers of fish larva, juveniles and species with ontogenetic shifts in fish diet [55]. Additionally, the predation of omnivorous species can be important especially in more eutrophic lakes [56] and lower latitudes [57] showing feeding plasticity by adapting their diet due to prey availability in each season [58]. Such cases with low GP values were lakes Megali and Mikri Prespa, which exhibit a high production of the omnivorous species Pseudorasbora parva (Temminck & Schlegel, 1846) and Lepomis gibossus (Linnaeus, 1758) [59]. The impact of P. parva on zooplankton has been described for Mikri Prespa [60] while fish predation has increased after the introduction of L. gibossus, a species with zooplankton preference depending both on body size and food availability [61,62]. Hence, the increase of fish predation may explain the lower GP values of the samplings of 2016.



Considering the above, it is therefore important to identify how the GP values are derived and how differences in zooplankton community composition explain the outliers and extreme values of the ecological water quality classes.




4.2. PhyCoIGP Application versus PhyCoI


Recently, the use of functional traits has proven a promising and effective approach for studying the link between plankton communities’ structures and ecosystem functioning [26,63]; pointing to its use in environmental assessments [64]. However, functional metrics are rarely included in the indices used by the Member States for the ecological water quality assessment according to the WFD [1]. Such a metric is GP, a plankton community metric, combining the functional trait characteristics of both zooplankton and phytoplankton communities which was used in the present study for modifying PhyCoI, an index developed for ecological water quality assessment.



The integration of GP in the PhyCoI index and the restructuring of the latter so as to track besides eutrophication impacts, since both PhyCoIGP and PhyCoI had almost equally strong correlation with eutrophication, changes in the fish community resulted in the introduction of a modified plankton index, the PhyCoIGP index. PhyCoIGP may prove an initial plankton food web index effective and promising tool for the ecological water quality assessment of lakes as demonstrated by its application to the 13 Greek lakes of different trophic status. It successfully assessed the ecological quality of the studied lakes, since, it not only assessed the same ecological water quality as the PhyCoI index but also identified cases with particularities. For example, a) the improvement in the ecological water quality of Lake Kastoria in June and July 2016 after the implementation of the lake water flushing method [65] and b) the moderate quality of Lake Megali Prespa in July 2016 following a conspicuous cyanobacterial Dolichospermum (Anabaena) lemmermannii (Richter) P. Wacklin, L. Hoffmann & J. Komárek, 2009 bloom [66] while signs of its degradation have been reported in the last decade [67]. Another case was the moderate quality of Lake Paralimni in September 2017 (classified as good by the PhyCoI Index) that is in agreement with increased cyanobacterial biovolume and dominance of Microcystis aeruginosa (Kützing) Kützing, 1846 and Microcystis panniformis Komárek, Komárková-Legnerová, Sant’Anna, M.T.P. Azevedo & P.A.C. Senna, 2002 [66].



Even though, GP has a slightly significant correlation with eutrophication as indicated by TSISD, its combination with PhyCoI resulted in the PhyCoIGP having a strong correlation between PhyCoIGP and Secchi Depth (except for two lakes with high non-algal turbidity). This, allows the use of high frequency Secchi Depth measurements all over the year combined with low frequency phytoplankton and zooplankton samplings during the warm period. Considering that TSISD index is commonly used as a low-cost variable of measuring eutrophication even though it is influenced both by phytoplankton abundance and nonalgal particulate matter [38] and that phytoplankton biomass is considered as the more appropriate measure of eutrophication [68] ecosystem monitoring cannot be based only on Secchi Depth measurements. Thus, we propose low frequency of PhyCoIGP determinations, as proposed for PhyCoI [37], especially during the warm period in natural lakes combined with a high frequency Secchi Depth measurements especially in monitoring programs that encompass a multitude of water bodies.



The PhyCoIGP index continues to incorporate the potentials and limitations described in Katsiapi et al. [37] such as the combination of several metrics covering the composition and function of plankton communities reflecting complementarily the environmental changes. Even though it might seem that PhyCoIGP is a more complex and time-consuming index, further including data of zooplankton communites, it is worthy due to its sensitiveness in cases such as the eutrophic Lake Kastoria under restoration. This indicates the potential use of PhyCoIGP not only for monitoring purposes but also during the implementation of restoration measures to prevent further deterioration and protect lakes. The PhyCoIGP is in agreement with the ecological foundation of WFD as a useful tool for the associated remedial measures in restoring eutrophic lakes in the River Basin Management Plans. So far, PhyCoIGP has only been tested on 13 lakes in Greece. It would be desirable to expand testing to other lakes, both in the Mediterranean climate as well as in other temperate areas. A multimetric index as the PhyCoIGP, combining data of the plankton community, can be the base for the establishment of a fully functional plankton index balancing both communities’ importance in lake ecosystems in regard to metric/sub-indices weights and scores. For such a balanced index, more lake-year data are needed; moreover, the role of distinctive zooplankton features (e.g., morphological: The role of large bodied cladocerans/crustaceans, functional: The ratio of calanoids to cyclopoids) in explaining water quality deterioration in lakes needs to be further examined.





5. Conclusions


In this study, we have shown that the grazing potential (GP) index applied to zooplankton and phytoplankton communities of lakes can identify different classes of ecological water quality based on the functional traits of both plankton communities weighting copepods as partially inefficient grazers and some phytoplankton groups of poorly edible algae. Lakes with high GP values have high zooplankton biomass dominated by large cladocerans or/and calanoids while lakes with low GP values are characterized by increased phytoplankton biomass and/or by small bodied zooplankton indicating intensive fish predation. Thus, grazing potential may prove to be a useful metric for indices developed for ecosystem monitoring combined with other zooplanktonic or/and phytoplanktonic metrics, since it can provide critical information on food web functioning (phytoplankton and zooplankton communities and fish) in an easy (low identification skills—GP relies on group level) and cost-effective way (inexpensive to sample zooplankton and phytoplankton at the same time). Based on the above, GP was included in a modified version of PhyCoI, the PhyCoIGP index. The PhyCoIGP successfully assessed the water quality of the studied lakes evaluated by PhyCoI appearing more sensitive in some cases. At this end, PhyCoIGP through the combination of different plankton metrics covering various aspects of the structure and function of the plankton community aims to capture the complexities of the lake ecosystem yet remain simple enough to be easily and routinely used. Thus, we propose PhyCoIGP to be used in ecological water quality assessment and restoration monitoring programs where it can be also combined with high frequency monitoring of water clarity.
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Table A1. Year and number of samplings for the studied 13 Greek lakes and the literature of phytoplankton and zooplankton data.






Table A1. Year and number of samplings for the studied 13 Greek lakes and the literature of phytoplankton and zooplankton data.





	Lake
	Year
	Number of Samplings
	Phytoplankton Data Literature
	Zooplankton Data Literature





	Amvrakia
	2016
	3
	[11]
	[11]



	Doirani
	2004
	3
	[69]
	[11]



	Kastoria
	2016
	3
	[11]
	[11]



	Lysimachia
	2016
	3
	Present study
	Present study



	Megali Prespa
	2016
	3
	[70]
	[70]



	Mikri Prespa
	1990–1992; 2016
	12
	[70,71]
	[70,72]



	Pamvotis
	2016
	3
	[11]
	[11]



	Paralimni
	2016
	3
	[11]
	[11]



	Petron
	2010
	3
	[73]
	[73]



	Trichonis
	2016
	3
	[11]
	[11]



	Vegoritis
	2017
	3
	[11]
	[11]



	Volvi
	1984–1986
	9
	[74]
	[75]



	Voulkaria
	2016
	3
	[11]
	[11]
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Table A2. Class boundaries for total phytoplankton biovolume for studied Greek lakes.






Table A2. Class boundaries for total phytoplankton biovolume for studied Greek lakes.





	
Type

	
Lake

	
Reference Values and Class Boundaries for Total Phytoplankton Biovolume (mm3 L−1)






	
1

	
Megali Prespa

	
1. Reference: 0.6




	
2. Good-Moderate: 1.7




	
3. Moderate-Poor: 5.0




	
4. Poor-Bad: 12.0




	
2

	
Vegoritis

	
1. Reference: 0.7




	
2. Good-Moderate: 2.2




	
3. Moderate-Poor: 7.0




	
4. Poor-Bad: 19.0




	
3

	
Trichonis, Amvrakia

	
1. Reference: 0.9




	
2. Good-Moderate: 2.8




	
3. Moderate-Poor: 8.8




	
4. Poor-Bad: 23.0




	
4

	
Volvi

	
1. Reference: 1.1




	
2. Good-Moderate: 3.2




	
3. Moderate-Poor: 9.0




	
4. Poor-Bad: 27




	
5

	
Mikri Prespa

	
1. Reference: 1.1




	
2. Good-Moderate: 3.5




	
3. Moderate-Poor: 10.5




	
4. Poor-Bad: 28.5




	
6

	
Kastoria, Pamvotis, Lysimachia

	
1. Reference: 1.1




	
2. Good-Moderate: 4.5




	
3. Moderate-Poor: 13.5




	
4. Poor-Bad: 40.5




	
7

	
Doirani, Petron, Paralimni

	
1. Reference: 1.34




	
2. Good-Moderate: 6.0




	
3. Moderate-Poor: 18.0




	
4. Poor-Bad: 54.0




	
8

	
Voulkaria

	
1. Reference: 2.3




	
2. Good-Moderate: 12.0




	
3. Moderate-Poor: 36.0




	
4. Poor-Bad: 108.0
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Figure 1. Map of Greece showing the location of the 13 studied lakes. Abbreviations are according to Table 1. 
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Figure 2. Grazing potential values of the studied lakes in the various dates (lake abbreviations according to Table 1 followed by month and year of sampling) across the trophic spectrum (Oligo: Oligotrophic, Meso: Mesotrophic, Meso-Eu: Meso-eutrophic, Eu: Eutrophic and Hyper: Hypertrophic). 
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Figure 3. (a) Scatter plot of grazing potential (GP) against PhyCoI, solid line indicates the linear regression line and dashed lines indicate 95% prediction limits of the model; (b) box plot of grazing potential based on data of plankton communities from the 13 Greek lakes grouped into ecological water quality classes according to PhyCoI. i, ii, iii indicate significant differences (Post-hoc Bonferroni correction). 
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Figure 4. PhyCoI (black) and PhyCoIGP (grey) values for the studied lakes in the various sampling dates (lake abbreviations according to Table 1 followed by month and year of sampling). 






Figure 4. PhyCoI (black) and PhyCoIGP (grey) values for the studied lakes in the various sampling dates (lake abbreviations according to Table 1 followed by month and year of sampling).



[image: Water 11 01274 g004]







[image: Water 11 01274 g005 550]





Figure 5. Scatter diagram of the (a) GP, (b) PhyCoIGP and (c) PhyCoI index compared to trophic state index (TSISD) for the studied lakes (n = 54). The solid line indicates the linear regression line. The dashed lines indicate the (95%) prediction limits of the model. 






Figure 5. Scatter diagram of the (a) GP, (b) PhyCoIGP and (c) PhyCoI index compared to trophic state index (TSISD) for the studied lakes (n = 54). The solid line indicates the linear regression line. The dashed lines indicate the (95%) prediction limits of the model.



[image: Water 11 01274 g005]







[image: Table]





Table 1. Topographic, morphological data and the trophic state for the 13 studied Greek lakes.
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	Lake
	Abbreviations
	Latitude
	Longtitude
	Surface Area (Km2)
	Altitude (m a.s.l.)
	Mean Depth (m)
	Max Depth (m)
	Trophic State 1





	Amvrakia
	Amv
	38°45′15.60″
	21°10′55.09″
	14.5
	25
	22
	53
	Oligo



	Doirani
	Doi
	41°12′55.52″
	22°44′48.34″
	34.8
	142
	3
	8
	Hyper



	Kastoria
	Kas
	40°31′09.59″
	21°17′36.13″
	30
	629
	4
	9
	Eu



	Lysimachia
	Lys
	38°33′38.09″
	21°22′22.59″
	13
	14.5
	3.9
	9
	Meso



	Megali Prespa
	MgP
	40°52′03.87″
	21°01′29.31″
	256.8
	844
	18
	55
	Meso-Eu



	Mikri Prespa
	MkP
	40°46′22.80″
	21°05′05.96″
	39.2
	850
	4
	9
	Eu



	Pamvotis
	Pam
	39°39′45.57″
	20°53′27.68″
	22
	470
	4.3
	9.2
	Hyper



	Paralimni
	Par
	38°27′53.70″
	23°20′55.50″
	10
	51
	4
	8
	Meso



	Petron
	Pet
	40°43′38.79″
	21°41′49.60″
	11
	572
	3
	6
	Eu



	Trichonis
	Tri
	38°32′47.10″
	21°35′12.70″
	97.2
	16
	30
	59
	Eu



	Vegoritis
	Veg
	40°45′11.06″
	21°47′13.76″
	46
	524
	25
	52
	Eu



	Volvi
	Vol
	40°40′37.57″
	23°28′50.61″
	68