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Abstract

:

Eutrophication continues to be the most important problem preventing a favorable environmental state and detrimentally impacting the ecosystem services of lakes. The current study describes the results of analyses of 20 year monitoring data from two interconnected Anatolian lakes, Lakes Mogan and Eymir, receiving sewage effluents and undergoing restoration. The first step of restoration in both lakes was sewage effluent diversion. Additionally, in hypertrophic Lake Eymir, biomanipulation was conducted, involving removal of benthi-planktivorous fish and prohibition of pike fishing. The monitoring period included high (H) and low (L) water levels (WL) enabling elucidation of the effects of hydrological changes on lake restoration. In shallower Lake Mogan, macrophyte abundance increased after the sewage effluent diversion in periods with low water levels even at turbid water. In comparatively deeper Lake Eymir, the first biomanipulation led to a clear water state with abundant macrophyte coverage. However, shortly after biomanipulation, the water clarity declined, coinciding with low water level (LWL) periods during which nutrient concentrations increased. A second biomanipulation was conducted, mostly during high water level (HWL) period, resulting in a major decrease in nutrient concentrations and clearer water, but without an expansion of macrophytes. We conclude that repetitive fish removal may induce recovery but its success may be confounded by high availability of nutrients and adverse hydrological conditions.
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1. Introduction


Freshwater ecosystems provide a wide range of ecosystem services to society such as food, marketable goods, nutrient recycling, and recreation. Today, all of these services have been damaged to an unprecedented level due to an increase in land use and urbanization. The services are expected to deteriorate even further in the future due to the growing demands of the consumer society with an increasing population [1]. This calls for a much larger agricultural production with stronger needs for fertilization and irrigation in dry regions, which will likely result in further degradation of the quality and quantity of water bodies [2,3,4]. The demand for more water for irrigated crop farming in semi-arid to arid regions constitutes a major threat to the functioning of lake ecosystems as it alters the hydrological properties of lakes such as the hydraulic residence time and water level fluctuations (WLF), both of which are very significant for the functioning of freshwater ecosystems [3,4,5,6,7,8].



Climate warming may lead to changes in a variety of lake processes (e.g., decrease in oxygen concentrations, phosphate release from the sediment, and changes in nitrification/denitrification [9,10]) and may affect the trophic structure through changes in the size of various organisms as well as in community structure and composition [11,12]. As there is a strong linkage between climate and the hydrological cycle, warming can also create frequent periods of drought especially in the Mediterranean area [13,14], with strong negative implications such as water level reduction in lakes [7,15]. According to the existing climate models for the Mediterranean region, more dramatic changes in the freshwater availability are expected to occur due to a predicted decrease in precipitation [16,17]. Moreover, rising temperatures [16] and frequent drought periods will likely lead to a greater demand for water resources for irrigation and drinking water, with larger water diversions, consequent water level declines, and severe basin-wide water shortages [18]. Despite the fact that decreased precipitation may lead to a lower external nutrient input due to the reduced hydraulic loading, eutrophication may still be intensified owing to the declining lake volume caused by higher evaporation and lower precipitation [3,4,5,6,19]. Eutrophication may also be further exacerbated by internal nutrient loading under warmer, likely anoxic, conditions. In addition, salinization may also create serious complications during severe droughts [7,20].



Major efforts have been made to control eutrophication in many parts of the world by reducing the external nutrient loading. However, the eutrophic state along with algal blooms, especially cyanobacteria, has persisted due to chemical or biological resilience created by internal phosphorus (P) loading from the sediment [21], weaker top down control, as well as disturbance of the sediment by foraging plankti-benthivorous fish [22,23,24]. To overcome chemical and biological within-lake resilience and boost recovery, a number of biological and physico-chemical restoration methods have been developed [7,25,26,27,28]. In north temperate lakes, biomanipulation of the fish community has led to the recovery of lakes, but maintenance of the clear-water state requires a sufficiently extensive fish removal (about 1–2 years) and sustaining continuous low TP levels (<0.05 mg P/L and <0.02 mg P/L for shallow and deep temperate lakes, respectively) [26,29,30,31,32]. Otherwise, the impact of fish manipulation will be brief [3,26,33] as fish will quickly recover due to the reduction of the competition in the remaining population. However, it is debatable whether the fish manipulation approach used in northern temperate lakes can be used with similar success in warm and Mediterranean lakes with their distinctively different hydrology [33,34]. In Mediterranean lakes, omnivorous small fish with fast growth rates and longer duration of spawning are common along with weaker top-down control from piscivorous fish [35,36,37], rendering biomanipulation more difficult to provoke and to maintain a trophic cascade effect.



Hydrological management may also help to improve water clarity by providing favorable conditions for macrophytes. For example, dilution or flushing can be an effective technique to reduce the concentrations of nutrients and salt by adding nutrient- and salt-poor water [25]. Furthermore, it may reduce algal blooms by increasing the loss rate of the cells. Flushing has been very effective in temperate lakes [38], and it has a great potential as a restoration tool in Mediterranean lakes [19]. In addition to this, water level reduction may also allow extensive growth of macrophytes by increasing the littoral habitat [7,25,39]. Accordingly, mesocosm studies in Turkish shallow lakes have shown that macrophytes may persist under eutrophic to hypertrophic conditions due to significant evaporation-triggered water level reduction during summer, the positive effects of which may override the negative effects of the eutrophication-induced turbid conditions [40,41].



Macrophyte abundance and distribution are associated with the provision of several ecosystem functions or services that meet various societal needs [42]. Due to their fundamental structuring role, their re-establishment and protection characteristics are thus of key importance for the long-term recovery of shallow temperate lakes and, traditionally, restoration efforts in shallow lakes have focused on creating favorable conditions for the re-establishment of macrophytes [27,43]. However, macrophytes may potentially play a weaker role for water clarity in warm lakes by being a less effective refugium for zooplankton [44,45,46].



Furthering our understanding of the responses of lake ecosystems to the changing climate is of the utmost importance in being able to contribute to their conservation with adequate mitigation [47,48] and adaptation measures [49]. In this study, we explored 20 years of monitoring data, covering low water level (LWL) and high water level (HWL) periods, from two Central Anatolian lakes—Lake Mogan and Lake Eymir—located in cold dry steppe climate. Prior to the start of the monitoring, both lakes received sewage effluent from a nearby town, causing the lakes to become eutrophic. For the purpose of restoration the sewage effluent was diverged from both lakes, and Lake Eymir was biomanipulated for two distinct time periods. These two lakes provided an ideal opportunity to study the impacts of hydrological changes on lake ecosystem structure as well as on restoration efforts. We hypothesized that the success of biomanipulation as well as the stability of the recovery depend strongly on nutrient and hydrological conditions. Accordingly, we expected that: (i) low water levels and prolonged hydraulic residence times would enhance eutrophication and counteract the biomanipulation-induced recovery in hypereutrophic Lake Eymir; (ii) high water levels and flushing associated with the second fish removal would enhance recovery and thus the water clarity, enabling recolonization of submerged macrophytes; (iii) the maintenance of macrophytes in shallow Lake Mogan would depend largely on the hydrological conditions, low water levels might induce the expansion of macrophytes even in turbid water.




2. Materials and Methods


2.1. Study Sites


The study comprised one shallow and one relatively deep interconnected alkaline lakes (average alkalinity >6.5 meq·L−1 for both lakes), Lake Mogan (39°47′ N, 32°47′ E) and Lake Eymir (39°57′ N, 32°53′ E), situated 20 km south of Ankara at an elevation of 970 m on the Anatolian plateau in Central Turkey (Figure 1). Upstream Lake Mogan (area: 5.6–8 km2, mean depth: 2.4, max depth: 2.8–5.3 m) and downstream Lake Eymir (area: 1–1.3 km2, mean depth: 3.2 m, max depth: 3.4–6.5 m) are physically located within the Mediterranean climatic region. However, the high elevations of the Anatolian plateau (>1000 m) cause deviations from the typical Mediterranean climate. The lakes are predominately exposed to a Central Anatolian arid-cold steppe climate [50] with hot, dry, and long summers starting in June and lasting until November (as in the Mediterranean climate), but with cold-rainy and snowy winters. The average annual temperature is 12 °C, which has been slowly increasing (from 11.2 °C in 1980 to 13.2 °C in 2013), with a minimum of −8 °C and a maximum of 36 °C. In the catchment of the lakes, total precipitation averaged approximately 408 mm, alternating between dry and wet periods (<350 mm and >500 mm, respectively) [19,51] (Figure 2), and in the summers, evaporation has always been significantly higher than precipitation. This creates a distinctive hydrology associated with periodic droughts, leading to annual and inter-annual large water level fluctuations [52] as an inherited characteristic of Mediterranean lakes. Overall, our study lakes can be still classified as Mediterranean lakes due to their distinctive hydrological features associated with the hot summers, despite the cold winter conditions.



The catchment area of the lakes covers 1010 km2, and 68% of the catchment consists of agricultural land dominated by non-irrigated crops, mostly wheat. Although both lakes and their surroundings mainly fulfill urban housing and recreational needs, the wildlife and biodiversity value of the lakes are high. For instance, the area hosts more than 26 mammal species and 231 bird species, of which 76 are breeding [53,54], as well as the endemic plant species Centuarea tchihatcheffii. Both lakes are designated as “Specially Protected Areas”, and Lake Mogan has been declared an “Important Bird Area” by the Ministry of Environment and Urbanization.



Upstream Lake Mogan is fed by both groundwater and surface flows, with four major streams that run throughout the year as the main inflows and several ephemeral streams [19]. The outflow of the lake, which has been regulated since 1974 [55], flows through a wetland and feeds downstream Lake Eymir through both surface and ground waters (Figure 1). In addition to the upstream inflow from Lake Mogan, Lake Eymir receives ephemeral inflow, which is active during the spring snow-melt [19]. The outflows of both of the lakes are regulated to control incidence of flooding to the low-lying areas of the capital city of Ankara. Using annual precipitation amounts generally agreed with changes in water levels (high/low) but it also failed. Although the annual precipitation amounts were higher in 2001 and 2005 than the long-term average, the lakes had LWL due to mismanagement of the water level through excessive release of water from the lakes to prevent the risk of flooding (Figure 2). Whereas in 2002, 2003, and 2004 when the annual precipitations were much lower than the long-term average, the lakes’ levels remained high or did not change (Figure 2). This was probably due to not letting water out during a drought period. Hence, we made a distinction between low water level (LWL) years and high water level (HWL) years based on the annual average water level rather than on total annual precipitation (Figure 2). This implies that the hydrological regimes are artificial even though both lakes are naturally formed [19]. Therefore, the water level classification is performed in comparison to the long-term average water level. For Lake Mogan, the LWL years were 1995–1996, 2000–2001, and 2005–2009, with water levels below 3.8 m, and the HWL years were 1997–1999, 2002–2004, and 2010–2013, with water levels above 3.8 m (Figure 2). In the LWL years, the hydrological residence time (HRT) varied between 11 years and theoretically infinite, while for the HWL years, the HRT varied between 1.14 and 17 years. For Lake Eymir, the LWL years were 1996, 2001–2002, and 2004–2009 with an average annual water level below 5.2 m (the long-term average water level) (Figure 2), and the HWL years were 1995, 1997–2000, 2003, and 2010–2013, with an average annual water level above 5.1 m [19]. In the LWL years, the HRT varied between 6.8 years and theoretically infinite, while for the HWL years, it was 0.2–6.25 years.



Lake Mogan was in a clear-water state with high macrophyte abundance in 1997, with dominance of Chara beds and pondweed (Stuckenia pectinata) with low chlorophyll a (Chl-a) (8.8 ± 2 μg·L−1) and moderate total phosphorus (TP) (63 ± 5 μg·L−1) levels [55]. Lake Eymir served as a drinking water supply for the Middle East Technical University before the 1990s, which hosts the lake and its catchment. However, between 1970 and 1995, the lake received input of raw sewage effluents from the nearby town of Gölbaşı, located between the two lakes. This resulted in deterioration of the water quality and the lake could no longer serve as a drinking water source [56,57]. In 1995, a sewage effluent diversion program was implemented to restore Lake Eymir, involving the control of the sewage disposal of a small number of restaurants and urban structures found in close proximity to Lake Mogan that resulted in a reduction of the external loading by 88% [56].




2.2. Fish Samplings and Biomanipulation


In Lake Mogan, fish sampling was initiated in 2007 and conducted annually until 2013, during the peak of the growing season. In Lake Eymir, fish sampling was carried out once in May 1998, prior to the biomanipulation, and once in 1999 during the biomanipulation. Furthermore, additional fish samplings were conducted annually from 2000 to 2013 (except 2006). Until 2005, fish samplings were conducted using multiple mesh-sized gill nets (length: 100 m, height: 3.5 m) and in 2005 three additional mesh sizes (between 50 and 90 mm) were added to the nets. From 2007 to 2013, fish surveys were conducted with 30 m long, 1.5 m high Nordic benthic multiple-mesh gillnets, containing 12 sections with different mesh sizes varying between 5.0 and 55.0 mm. For each survey, an equal number of nets were set parallel to the shore in both pelagic and littoral zones of the lakes and left overnight for 12 h [20]. In total, 8 sets of gillnets were used in Lake Eymir and 10 sets in Lake Mogan. Subsequent to collecting the nets, fish were identified to the species level according to Balık and Geldiay [58], Kuru [59], Alas and Solak [60], and weight was determined to calculate biomass per unit effort (BPUE) as catch per net per night.



In Lake Eymir, two periods of biomanipulations were conducted during the growing seasons (April to October) using multiple-mesh gill nets (50, 65, 80 mm) with a length varying between 750 and 1800 m to reduce the biomass of common carp (Cyprinus carpio) and tench (Tinca tinca). The first biomanipulation period was during 1998–1999 and the second period from late 2005 to late 2013.The nets were placed perpendicular to the shore in the littoral zone, left overnight, and retrieved the following morning. Fish removal was carried out during the weekdays by contracted local fishermen as the lake was used extensively for recreational activities by large numbers of visitors during the weekends. As part of the lake restoration effort, pike (Esox lucius) angling was banned to increase the piscivorous fish population [56].




2.3. Water Sampling


Samplings were conducted biweekly at the same sampling point during the growing season (March–November) and monthly during the winter. No samples were taken during the ice-covered periods in 1997–2013. Chemical data on the lakes from 1993 to 1995 are taken from Altınbilek et al. [57]. In situ measurements of physical variables, salinity and temperature were conducted using a YSI 556 MPS multi-probe field meter (YSI Incorporated, Yellow Springs, OH, USA), and Secchi depth was recorded using a white disc with a diameter of 20 cm. For the chemical and biological analyses, 40 L of water was retrieved, from the deepest points of the lakes from the whole water column using a water sampler (volume: 3.5 L, KC-Denmark, Silkeborg, Denmark). Water samples for chemical analysis were kept frozen until analysis. For cyanobacteria enumeration, a 100-mL unfiltered water sample was preserved in 2% Lugol’s solution. Twenty litres of water (from the same 40 L mixed water sample) was filtered through a 20 μm mesh size filter for zooplankton enumeration and preserved in Lugol’s solution (4%).




2.4. Macrophyte Sampling


To estimate the aquatic plant coverage, submerged and floating-leaved plants were surveyed once a year from 1997 in Lake Eymir and from 2001 until 2013 in Lake Mogan. The estimation was done along parallel transects at 320 m and 200 m intervals in Lakes Mogan and Eymir, respectively, as described by Levi et al. [61]. The sampling points along each transect were located at 245 m and 120 m intervals and the average number of sampling points throughout the survey period were 90 and 70, in Lakes Mogan and Eymir, respectively. GPS coordinates, water depth, Secchi depth, species identity, and percent coverage of each species were recorded at each sampling point. The cover of each plant species was estimated in a quadrat at each point, and the average percent plant cover of each lake was calculated by dividing the total plant cover measured in the field by the number of sampling points. The plant species were identified using Davis [62], Seçmen, and Leblebici [63].




2.5. Laboratory Analyses


For determination of total phosphorus (TP) and soluble reactive phosphate (SRP) concentrations, the acid hydrolysis method was used [64]. For estimation of dissolved inorganic nitrogen (DIN), including the summation of nitrite–nitrate (NO2 + NO3-N) and ammonium (NH4), the Skalar Autoanalyzer method was applied (San++ Automated Wet Chemistry Analyzer, Skalar Analytical, B.V., Breda, The Netherlands). Chl-a was determined by using the ethanol extraction method [65], and the absorbance was measured at 663 and 750 nm.



Phytoplankton biomass was estimated from Chl-a [66] using a conversion factor of 1/66 (μg Chl-a, μg dry weight (DW)). Cyanobacteria biovolume was calculated according to appropriate geometric shapes [67,68]; at least 10 individuals from each species were measured and their mean volume was used for the biovolume calculations. Identification of species was performed using taxonomic reference books [69,70].



All zooplankton taxa were identified to genus or, whenever possible, to species level and counted until 50–100 individuals of the most abundant taxa had been identified. Counting was performed at 40× magnification (cladocerans and copepods) using a stereomicroscope (LEICA MZ 16) and 630× (rotifers) with an inverted microscope (LEICA DMI 4000). For taxonomical identification, the keys developed by Scourfield and Harding [71], Ruttner-Kolisko [72], Pontin [73], Einsle [74], Segers [75], Smirnov [76], Flöβner [77], and Smith [78] were used. For the calculation of dry weight of zooplankton from length, Dumont et al. [79], Bottrell et al. [80], McCauley [81], Malley et al. [82], and Michaloudi [83] were used.




2.6. Statistical Analysis


The relationship between water level and salinity was analyzed with linear regression. A generalized linear model (GLM) was applied to determine the drivers contributing to the change in Chl-a concentrations. The annual averages of the data were log-transformed prior to the analyses. Water temperature, zooplankton, and TP were chosen as predictor variables for the Chl-a concentration. R version 3.2.5 [84] was used to perform the GLM analysis and the linear regression.



To investigate the depth-area relationships of the lakes, hypsographic curves were generated by creating binned histograms using the Reclassify tool in ArcGIS 10.1 [85]. Furthermore, to investigate the impact of water level and clarity changes on aquatic plants, these generated hypsographic curves were examined together with maximum water depth, Secchi depth, and submerged plant coverage from 1995 to 2013 (note that the plant surveys started in 1997 in Lake Eymir and in 2001 in Lake Mogan).



A regression tree was constructed to reveal the relative importance of water level and Secchi depth as potential predictors of a response variable for macrophyte coverage in each lake [86]. In our study, we used conditional inference trees (CIT) [87] where data are recursively partitioned into smaller groups—branches—and binary splits are selected based on maximization of the homogeneity of the two resulting groups. The macrophyte data used in the regression trees covered the period from 2001 to 2013 for both lakes. The party (A Laboratory for Recursive Partitioning) R package [88] was used for analyses.





3. Results


3.1. Hydrology and Salinity


The water level in the two study lakes fluctuated markedly both inter- and intra-annually (Figure 3). Annual water level fluctuations (WLF) averaged ±0.60 m in Lake Mogan and ±0.65 m in Lake Eymir. The salinity levels in both lakes more than doubled from 1.0‰ to approximately 2.9‰ during the low water level conditions (Figure 3), the increase being largest in Lake Mogan, having a surface area six times larger than that of Lake Eymir. Regression analysis revealed that the water level change was a significant factor in explaining the variation in salinity of the two lakes (p: 0.006 and 0.025 for Lakes Mogan and Eymir, respectively).




3.2. Fish Community and Biomanipulation


In both lakes, the fish community was composed of carp, bleak (Alburnus alburnus), tench, and pike, as well as invasive species topmouth gudgeon (Pseudorasbora parva) (Figure 4a,b). Highest BPUE (dominated by bleak, carp, and tench) was recorded in 2008–2009 during the LWL period (Figure 4a,b). In Lake Eymir, after the first biomanipulation (1998–1999), BPUE was low; however, it later recovered (Figure 4b) and the increase in bleak biomass following the first fish removal was considerable (Figure 4b). The second biomanipulation (2005–2013) produced a temporary decline in the BPUE of carp, tench, and bleak (Figure 4b). However, there was a considerable increase in BPUE in 2008–2009 when the water level was the lowest. This also coincided with a peak in fish removal, with a total biomass of 18 tons of carp and 7 tons of tench per year removed.




3.3. Nutrients and Water Transparency


At the start of the study, the water transparency of the lakes differed substantially as Secchi depth was high in Lake Mogan and low in Lake Eymir (Figure 5a,b). In Lake Mogan, water transparency gradually decreased with an increase in SS concentrations, whereas in Lake Eymir, water transparency more than doubled during the first biomanipulation. Unfortunately, no SS data just prior to the first biomanipulation is available for Lake Eymir, except from 1995 to 1996 where SS concentration was very high. After the first biomanipulation Secchi depth gradually declined, but subsequently increased during the second biomanipulation, though it largely fluctuated afterwards (especially after 2009, coinciding with HWLs).



Data for the lakes before sewage effluent diversion are limited. However, a general reduction of concentrations of both P (TP and SRP) and DIN (NH4-N + NO3-N) was observed in both lakes following the diversion (Figure 6a–d). Following the sewage effluent removal in Lake Mogan, P concentrations varied substantially over the study period without exhibiting any clear pattern, peaking in 2000, 2004, and 2008, and then dropped. The highest peak, which occurred in 2008, coincided with the lowest water level (Figure 6a). DIN concentrations also varied substantially, with minor peaks in 2003 and 2012 (Figure 6c). The contributions of ammonium (NH4-N) and nitrate (NO3-N) to DIN were similar, yet an increase in NO3-N concentration appeared in recent years. DIN:SRP ratio varied around 15 following the sewage effluent diversion excluding the three lowest ratios occurring in 2008, 2010, and 2013 (Figure 6e).



In Lake Eymir, the concentrations of TP and SRP demonstrated a general decrease over a 20-year period reflecting the effect of sewage effluent diversion. The decline was especially prominent following the biomanipulations. However, there was a peak in TP concentration in 2004 just before the second biomanipulation, coinciding with the LWL period (Figure 6b). However, TP concentration showed a trend of decrease probably owing to the fish removal taken place during the second biomanipulation as well as high flushing rate, occurring during the subsequent HWL (2010–2013). The DIN concentrations increased between the periods of two biomanipulations, and then varied pronouncedly with a major contribution from ammonium especially during the lowest water level year, 2008 (Figure 6d). The DIN:SRP ratio remained very low throughout the study period except in 2002–2003 and 2012 (Figure 6f).




3.4. Macrophytes


Najas marina and Stuckenia pectinata (also known as Potamogeton pectinatus) dominated the submerged plant community in shallow Lake Mogan. Conditional inference tree (CIT) analysis carried out to determine the role of water depth and clarity on macrophyte coverage revealed that water depth defined the first splits, with the dataset including water depths ≥319 cm exhibiting an average plant coverage of 13% (Figure 7a). In addition, water depth ≤319 cm was further subdivided by water depth, with the second splits’ threshold being 197 cm. For the dataset with values below 197 cm, macrophyte coverage was estimated to be approximately 40%. The data group with water depths >197 cm was further split by Secchi depth (113 cm). When Secchi depth was larger than 113 cm, macrophyte coverage (44%) was two-fold higher compared to periods with less than 113 cm (21%) (Figure 7a and Figure 8a). As reflected in the CIT analysis, water level appears to be critical for the macrophyte coverage above 30%, observed in 2001, 2005, 2007, and 2008 when the lake water levels were low. Especially in 2008 when the water level was at its lowest, the growth of submerged plants was at its highest, namely 60% (Figure 8a) despite the lowest Secchi depth. No quantitative data on submerged plants are available from the period 1997–2000, but coverage was above 30% ([20], M. Beklioğlu, pers. obs.).



In Lake Eymir the plant community largely consisted of S. pectinata and Ceratophyllum demersum. The CIT analysis revealed the first split in the tree for water depth and the second for Secchi depth. A new branch was formed in the dataset with water depths >369 cm by Secchi depth. If the Secchi depth was >200 cm, the mean macrophyte coverage was 30%, and almost no plants were found below 200 cm. At water depth ≤369 cm, macrophyte coverage was 40% when Secchi depth was higher than 96 cm: if below 96 cm, coverage fell to 12% (Figure 7b and Figure 8b). Submerged plants responded to the significantly improved water clarity, increasing their coverage several-fold following the first fish removal (Figure 8b). This was in accordance with the CIT analysis result. The decrease in Secchi depth coincided with a reduction in plant coverage. Although the second biomanipulation undertaken between 2005 and 2013 led to enhanced water clarity, it remained low compared to the situation during the period after the first fish removal. Plant coverage also remained low, approximately 10% or less. Towards 2013 water level progressively increased, and the slight recovery in water clarity was probably not enough to allow for recovery of the submerged plant community (Figure 8b). This was in accordance with the results of the CIT analysis showing that macrophytes are unlikely to establish at high water depth.




3.5. Plankton


During the study period in Lake Mogan, Chl-a concentrations were generally low. GLM analysis revealed no significant relationship between Chl-a and predictor variables of temperature, TP concentration, and zooplankton biomass. The phytoplankton community was largely dominated by cyanobacteria (Merismopedia sp., Anabaena sp.), whose contribution has increased markedly in recent years (Figure 9a,e). Phytoplankton yield, expressed as the Chl-a to TP ratio (Chla:TP), also remained low (Figure 9c). The zooplankton community mostly consisted of calanoid copepod Arctodiaptomus bacillifer and rotifers Filinia longiseta, Brachionus spp., Keratella quadrata and Hexarthra sp., while cladocerans such as Daphnia magna, D. pulex, Ceriodaphnia sp. and Diaphanosoma lacustris represented only a minor proportion (Figure 9g). Grazing pressure expressed as the ratio of zooplankton to phytoplankton biomass (zoop:phyto) was generally high and varied between 0.1 to 4 (mean: 1.21 ± 0.24) (Figure 9i).



In Lake Eymir, Chl-a concentration increased notably after the first biomanipulation until the second biomanipulation, but afterwards it varied substantially (Figure 9b). GLM analysis revealed that zooplankton top-down control was a major driver of the Chl-a concentration decrease, since the zooplankton community was mainly dominated by large-sized calanoid copepods and cladocerans (see below), along with a marginally significant positive bottom-up effect of temperature (p < 0.01). Before and two years after the first biomanipulation, Chl-a as well as the phytoplankton yield (Chla:TP) were low (Figure 9d), coinciding with a low DIN:SRP and an increased grazing ratio following the fish removal. However, Chl-a concentration and the phytoplankton yield (Chla:TP) (excluding 2004) exhibited an increase (especially before the second biomanipulation), coinciding with a low grazing potential. The relative abundance of cyanobacteria (Anabaena sp., Anabenopsis sp., Chroococcus sp.) also increased from 2002 onwards (Figure 9f). The second fish removal, which started at the end of 2005 resulted in a major reduction of Chl-a concentrations, though it largely varied from 2009 to 2013 (Figure 9b). Furthermore, the phytoplankton yield gradually increased, especially during the HWL period in 2009–2012 (Figure 9d). The grazing pressure increased from almost zero to approximately three and fluctuated significantly following the changes in zooplankton biomass induced through biomanipulation (Figure 9j). The zooplankton community dominated by large-sized calanoid copepods (A. bacillifer) and cladocerans (D. magna, D. pulex, D. brachyurum, Ceriodaphnia sp.), while rotifer contribution was low (Figure 9h). The total zooplankton biomass and the biomass of daphnids were very low before the fish removals and increased noticeably following the two periods of biomanipulations, but afterwards they varied largely. In 2008, when the water level was lowest, the zooplankton biomass was highest at the highest fish BPUE. The ratio of daphnid to cladoceran biomass remained higher during the two periods of biomanipulations, and it varied between 0.4 and 0.9 (Figure 9l).





4. Discussion


Twenty years of monitoring data from two interconnected Anatolian lakes, Lake Mogan and Lake Eymir, suggest that sewage effluent diversion led to an immediate reduction of nutrient levels, yet without triggering a corresponding recovery in water clarity. Biomanipulation of Lake Eymir to boost improvement of the environmental state resulted in a major recovery of water clarity and recolonization of macrophytes. However, the recovery was short-lived and conditions deteriorated three years after the biomanipulation, probably due to already high nutrient concentrations and a decline in water level (especially occurring in 2004–2005). Nevertheless, with the onset of the second biomanipulation, P concentration largely dropped especially during the period of HWL occurring with high flushing, being at its lowest during the 20-year monitoring period. Therefore, the outcome of biomanipulation in Mediterranean lakes probably depends on the existing hydrological conditions during and after the biomanipulation, as proposed in our first hypothesis. We partly accept and partly reject the second hypothesis since the second biomanipulation led to some improvement of water clarity but without expansion of macrophytes. The lack of macrophyte expansion is probably related to the water level being too high to favor macrophyte growth despite improved water clarity. On the other hand, shallower Lake Mogan benefitted from the LWL conditions under which macrophytes flourished, and the LWL probably overcame the turbid conditions by enabling more light to reach an enlarged littoral habitat. Thus, our third hypothesis can be largely confirmed since during the LWL years, the lake maintained its macrophyte community.



It is widely accepted that external nutrient loading is the key factor determining the nutrient concentrations in lakes. In Lakes Mogan and Eymir, sewage effluent diversion in the early 1990s led to an approximately 50% reduction of TP and DIN concentrations. Following effluent control, fish biomanipulation was undertaken, such manipulation being suggested as a successive step after diversion to promote recovery of eutrophic lakes. The success of biomanipulation is known to depend strongly on continued low nutrient concentrations [25,30,32,89,90,91]. Lake Eymir had higher nutrient concentrations than the suggested level to ensure recovery of a stratifying lake (0.02 mg P/L) [26]. In Lake Eymir, P remained high also owing to the low P retention capacity especially compared to Lake Mogan (on average 27% and 94%, respectively) most likely owing to the 25 years of raw sewage effluent discharge, and internal P loading especially in LWL years [19]. Coppens et al. [19] showed that during the LWL years with reduced precipitation and, increased evaporation, a 30%–85% reduction occurred in inflow discharge, resulting in a lake volume reduction of approximately 50% in both lakes. This led to a peak in nutrient concentrations via evaporative water loss as well as internal loading, especially in Lake Eymir, despite the absence of nutrient loading from the catchment [19]. Efficient flushing of lake water can help to dilute the nutrient concentrations, as suggested by Cooke et al. [25] and in accordance with this, HWL years in the recent period resulted in a high flushing rate and lower P concentrations. Our findings differ from results in Jeppesen et al. [33], showing that for most lakes a new equilibrium for TP can be expected after 15–20 years of sewage diversion and this was only marginally influenced by hydraulic retention time. Our results from Mediterranean lakes highlight that the recovery of lakes after a nutrient loading reduction as well as biomanipulation may be confounded by hydrological conditions. Furthermore, the ongoing global climate change is predicted to lead to even more frequent and intensive droughts [92] that may complicate the recovery efforts.



The recovery of the plank-benthivorous fish biomass soon after the fish removals likely contributed to the deterioration of the water quality through direct and indirect mechanisms. Such a fast recovery of fish biomass is not surprising as this was recorded earlier in other lakes at lower latitudes, including Mediterranean lakes where omnivorous small fish have fast reproduction cycles and longer spawning periods [47]. In warmer lakes, there is weaker top-down control of piscivorous fish as well as higher food availability in eutrophic conditions [34,35,36,37,47,93,94]. In Lake Eymir, although pike angling was banned after the first biomanipulation, no true recovery occurred, implying a lack of predator control of the plankti-benthivorous fish stock. In accordance with Jeppesen et al. [26] in Mediterranean lakes, maybe fish removal is not an as effective restoration method as in temperate lakes due to fast recovery of fish biomass that require repeated actions (see Jeppesen et al. [26] for a thorough discussion).



The macrophyte coverage in Lake Mogan appeared to be controlled significantly by the water level. When water level was low (ca. <2 m according to CIT analysis), it became the major driver of macrophyte colonization, and plant coverage was higher regardless of water clarity. This was likely the case in 2008 when the macrophyte coverage peaked despite the fact that the Secchi depth was at its lowest level due to the high phytoplankton biomass. Moreover, the simultaneous increases in both WL and Secchi depth in 2009 and 2013 may explain the lack of changes in macrophyte coverage. Our results corroborate those of previous monitoring and experimental studies in Turkish lakes, showing that the water level overrides the effects of the turbid water conditions [39,40,41,52]. The CIT analysis revealed that not only water depth but also water clarity are critical factors for determining macrophyte growth in Lake Eymir. Improvement of the light climate following the first biomanipulation led to an immediate increase of the macrophyte coverage in Lake Eymir. Although the water clarity in summer was relatively low in 2001 compared to the previous years, the low water level compensated for the reduced clarity so that the coverage was the highest. However, this was not the case in 2007 and 2008 when the water levels were the lowest, the coverage remained very low. This probably resulted from the underestimation of the plant coverage as the fieldwork was carried out late in September when the plants probably had already died back (M. Beklioğlu, pers. obs.). However in the subsequent years, the benefits of the higher water clarity for macrophyte growth was offset by the high water level (see Figure 8b). Although the second biomanipulation in Lake Eymir enhanced the top-down control of phytoplankton, leading to enhanced water clarity, the macrophyte coverage, however, remained low. Probably improvement in water clarity was not sufficient as the water level was too high (>6 m) to allow macrophyte recolonization, as it was revealed in the CIT analysis that high water depth itself is a control factor that eliminates the occurrence of macrophytes.



In Lake Mogan, Chl-a concentrations appeared to be lower when macrophytes were present (with the exception of 2011), which may be attributed to competition for nutrients as well as other stabilizing buffer mechanisms of macrophytes [42,95]. In addition to the bottom-up control of phytoplankton, the top-down control of zooplankters could also be important [96] as the zooplankton biomass was largely dominated by copepods, but daphnids were also present. In Lake Mogan, the phytoplankton biomass was also largely dominated by small colony-forming cyanobacteria (Merismopedia sp.) and N-fixing species (Anabaena sp. and Anabaenopsis sp.). During years when the DIN:SRP ratio was low (<13), cyanobacteria contribution to the phytoplankton biomass was important (Figure 6e and Figure 9e) implying cyanobacteria dominance at N-limited conditions [97].



The low Chl-a concentration, especially following the fish removals in Lake Eymir, was probably due to the large zooplankton grazing exerted by large cladocerans (see Figure 9j) indicating strong top-down control of phytoplankton biomass. During the second biomanipulation, the grazing pressure peaked in the lowest WL (2008), coinciding with a large decrease in Chl-a, though the fish biomass was also at its highest. This contradiction might have been due to the fish catch being more efficient in the low water levels as the lake lost half of its water volume and became shallower during 2008. The phytoplankton yield was low during the early period of the study implying a low TP to Chl-a transfer efficiency [72,98] (Figure 9). This low transfer efficiency may also be a result of N limitation at higher TP levels [99]. In Lake Eymir, the very low DIN:SRP ratios (2–7) indicate strong N limitation (Figure 6f) due to the input of raw sewage effluents for 25 years. Cyanobacteria contributed substantially to the phytoplankton biomass of Lake Eymir (Anabaena sp., Anabaenopsis sp.) (Figure 9) and N-fixing cyanobacteria species may have benefitted from the lower N concentrations during this period [97,100]. With the major drop in the TP concentration, the Chl-a:TP ratio increased, which may also be attributed to a balanced supply of N and P.



Shallow lakes located in arid to semi-arid regions may also suffer from salinization due to evaporative water loss resulting from the prolonged hydraulic residence time [101,102]. In our study the lakes’ salinity doubled in periods of LWLs when the HRT became longer than 100 years. This increase was probably not high enough to cause a major change, but it is worth noting that the doubling of the salinity occurred over a very short time period (2005–2009). Through global climate change, prolonged and more intensive drought periods may lead to even more severe salinization of freshwater lakes, which may reduce system resilience as saline lakes tend to be more eutrophic than freshwater lakes at similar nutrient levels [103].



To conclude, maintaining the ecological integrity and good ecological state of lakes, which are eutrophic to hypertrophic, located in semi-arid to arid climates during especially low water level periods is a huge challenge as nutrients may become up-concentrated through evaporative volume loss, a factor that is likely to reduce ecosystem resilience, as seen in Lake Eymir. In Lake Eymir, fish removal created immediate positive effects [20,56], but a long-lasting recovery appears to be difficult to achieve due to the high nutrient availability. In warm lakes, constraints of hydrology (e.g., low water level and high HRT) further preclude the success of biomanipulation. When fish removal was undertaken during wet periods with high flushing or dilution rates, the reductions of nutrient levels and phytoplankton biomass appeared to be likely, which may positively contribute to recovery. However, the recolonization of macrophytes depends on the lake morphometry as well as the water level. As in shallower Lake Mogan, macrophyte abundance increased in periods with low water levels even at turbid water. In the future, the global climate change and its expected warmer, prolonged, and intensified droughts will pose a challenge to lake managers. When introducing management/restoration measures, the rhythm of the hydrological cycle of freshwater ecosystems must be taken into account for success.
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Figure 1. Location of the study lakes and sampling sites. The map is modified from Coppens et al. [19]. 
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Figure 2. Changes in total annual precipitation and average water levels of Lakes Mogan and Eymir between 1995 and 2013. Red solid line indicates average annual precipitation, black dotted and black dashed lines indicate long term average water levels for Lake Mogan and Lake Eymir, respectively (data source for precipitation: Turkish State Meteorological Service [51]). 
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Figure 3. Changes in yearly mean (with ± SE) salinity and water level in (a) Lake Mogan and (b) Lake Eymir. Note the scale differences on the y-axes. 
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Figure 4. Biomass of the dominant fish species (g·net−1) in (a) Lake Mogan and (b) Lake Eymir (shaded periods indicating the first and second biomanipulation). Note the scale differences on the y and x-axes. 
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Figure 5. Changes in yearly mean (with ± SE) water transparency (Secchi depth) and concentrations of suspended solids (SS) from 1995 to 2013 for (a) Lake Mogan and (b) Lake Eymir (shaded periods indicate the first and second biomanipulations). Note the scale differences on the y-axes. 
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Figure 6. Changes in yearly mean (with ± SE) nutrient concentrations from 1995 to 2013 in Lake Mogan (left panels) and Lake Eymir (right panels); (a,b) total phosphorus and soluble reactive phosphate (TP-SRP); (c,d) Nitrogen compounds; (e,f) dissolved inorganic nitrogen: soluble reactive phosphate (DIN:SRP) (shaded periods indicate the first and second biomanipulation periods). Note the scale differences on the y-axes. 
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Figure 7. Conditional Inference Trees for (a) Lake Mogan and (b) Lake Eymir (Depth: water depth, Secchi: Secchi depth, n: number of sampling points, mean: mean macrophyte coverage). The data in the figure represent plant coverage and Secchi depth values measured at each transect point during the plant surveys each year. 
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Figure 8. Changes in maximum water depth (MWD), Secchi depth (SD), hypsographic curve and % submerged macrophyte coverage in (a) Lake Mogan and (b) Lake Eymir (shading indicates the first and second biomanipulation). 
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Figure 9. Changes in yearly mean (with ± SE); (a,b) Chlorophyll a; (c,d) Chla:TP (Phytoplankton yield); (e,f) cyanobacteria to total phytoplankton ratio; (g,h) zooplankton biomass; (i,j) zooplankton to phytoplankton ratio; (k,l) Daphnia to Cladocera ratio, in Lake Mogan (left panels) and in Lake Eymir (right panels) (shaded periods indicate the first and second biomanipulation). Note the scale differences on the y-axes. 
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