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Abstract

:

In this paper, a series of field surveys were carried out along the Nestos River watershed (NE Greece) to assess the influence of two hydropower dams (Thissavros and Platanovrisi) upon the hydrology, hydrochemistry and nutrients stoichiometry of the river. Results showed that Nestos hydrology, downstream of the reservoirs, is entirely governed by the man-induced hydropower-driven dam retention/release policy. Dams’ operation increased the retention of dissolved inorganic nitrogen (DIN) and total suspended solids (TSS) significantly, affecting their downstream fluxes, even under water release regime. On the contrary, dams’ construction and operation did not seem to influence the downstream fluxes of dissolved inorganic phosphorus (DIP) and silica (DSi), although these elements also depended on the releasing policy. DIN retention, combined with the dependence of DIP to the water level of Thissavros, resulted in alteration of the N:P ratio at the downstream part. Almost all nutrients were stored at the bottom layer of Thissavros reservoir, especially under the summer stratification regime. Platanovrisi reservoir acts as a buffer zone between Thissavros and the Nestos downstream part. Anoxic conditions in the reservoirs favour the transformation of nitrates into ammonia and the remineralization of phosphorus from sediments, creating a degraded environment for freshwater fauna.
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1. Introduction


River runoffs are responsible for the transport of 95% of sediments [1], and the introduction of 232–483 × 105 tons of dissolved inorganic phosphorus (DIP) per year, worldwide, into the coastal ocean environment [2,3]. As for dissolved inorganic nitrogen (DIN), it is estimated that the average annual runoff from a relatively undisturbed riparian ecosystem is 100 kg N per km2 of catchment area, annually [4]. However, the pathway of these nutrients to the sea is interrupted by the construction of dams. Presently, about 50% of river water outflowing to the oceans is passing through dams, a percentage that is expected to increase to 90% by 2030 [5]. This accounts to more than 800,000 operational artificial reservoirs and lakes [6], 75,000 of which are considered large constructions with high storage capacity (surface area < 0.1 km2; [7]). According to Maavara et al. [8] around 12% of the total phosphorus loads transported through rivers are trapped inside reservoirs, a number expected to increase to 17%, while sediment flux retention from dams is estimated to 25–30% [9]. As for nitrogen (N), the removal from the aquatic environment caused by lakes and reservoirs (small and large) reaches 20% [10].



In the Mediterranean, water preservation inside reservoirs is a necessity due to the strong seasonality of the Mediterranean climate and the high water demand from the increased population. Dam construction is further widespread compared to regions with more humid conditions. The cumulative water storage capacity of the Mediterranean reservoirs is calculated to 237 km3, corresponding to 74% of the average annual riverine water of the region [11,12]. According to Sadaoui et al. [13], the sediment retention inside Mediterranean reservoirs reaches 35% of the total sediment transport. However, the effect of river impoundment behind dams may be more significant in the Mediterranean Sea due to the enclosed characteristics of the area and its oligotrophic nature [14].



A significant number of studies describe the adverse effects of dams on the hydrology, hydrochemistry, the biota and channel morphology of the downstream river part, the floodplains and the coastal zone [15,16,17,18,19,20]. Ward and Stanford [21] concluded that the increased resident time of the water inside the reservoir and the regular release of water from the hypocline could raise the downstream nutrient concentrations and produce eutrophication. Alteration was observed in terms of sediment transport [22], leading to bank erosion [23]. In many cases the downstream nutrient stoichiometry is affected, resulting to non-siliceous algal blooms in many occasions [24,25], while according to several authors [26,27,28], dams, small or large, have similarly negative effects not only upon water quality but to freshwater species as well.



The situation inside reservoirs is not ideal either. The hydrologic regime of the reservoirs is complex due to man-controlled flow, their levels are highly variable in an unnatural manner, and the ecosystems developed in reservoirs are simplistic and poor [29]. Eutrophication incidents are common inside reservoirs, due to high nutrient abundance and prolonged residence time [30,31]. Thermal stratification developed in reservoirs during summer produces anoxic condition at the bottom layer, degrading the water quality and endangering aquatic organisms. Anoxia leads to nutrient resuspension to the water column from sediments [32,33] and the thermocline breakdown occurring during winter is responsible for the transportation of these nutrients to the upper layer triggering primary production. Nutrient accumulation to bottom sediment is depended by various factors (pH, D.O. concentration, redox, organic matter and temperature) and according to Ammar [34], pollutants from the reservoir’s sediment can be redistributed to the water column during spill regimes, negatively affecting the quality of the hypolimnion and the water exiting the reservoir.



Of particular interest for the scientific community is the conditions at which reservoirs can act as nutrient sinks or sources for the downstream fluvial part. According to Teodorou and Werli [35], the Iron Gate I reservoir presented a slight increase in nutrient loads to the downstream compared to the upstream part. It is also proven that the nutrient release/retention function of reservoirs is proportional to water residence time and the retention capability is usually decreasing with nutrient loading [30,36]. The factors influencing the nitrogen and phosphorus transportation regarding their retention or release from reservoirs are different. For example, due to phosphorus binding to suspended sediments, its retention is depended mostly on hydraulic residence time (HRT, [8]), while on the other hand, the factors responsible for nitrogen storage apart from HRT are sedimentation, denitrification and uptake from aquatic flora [37]. Powers et al. [38] indicated that for a total of 186 reservoir outflow sites (99 for total phosphorus (TP) and 87 for total nitrogen (TN)) on agricultural landscapes of Midwestern US, all reservoirs acted as TN sinks but occasionally functioned as TP net sources for the downstream part. Other studies showed that the Three Gorges Reservoir (TGR) presented significant TP retention due to the considerable TGR efficacy of sediment trapping [39,40]. Reservoir use (storage, irrigation purposes and hydropower), size and location (upper/lower reaches, mountainous or plain) are essential features determining whether a reservoir will act as sink or source of nutrients. In some cases, small, deep release reservoirs are characterized as nutrient sources for the downstream part or do not play significant role regarding nutrient transportation along a river [41,42].



The aim of the present study is (1): to contribute to the global reservoir database with data regarding nutrient transportation along Thissavros and Platanovrisi hydropower dams of Nestos River (NE Greece) and to examine the response of the lower reaches to the construction of these dams, in terms of hydrology, hydrochemistry and stoichiometry, (2) to investigate the alterations of the water quality inside both dams due to seasonality and climatic conditions and (3) to determine the interactions between the freshwater bodies of Nestos River (main river route, tributaries and reservoirs). The attributes of the above water bodies are defining the hydro-chemical and stoichiometric balance of the water outflowing to the coastal sea, an area with significant economic and ecological importance.




2. Materials and Methods


2.1. Study Area


Nestos River has its source in Rila Mountains (southwestern Bulgaria), its total length is 230 km, and drains an area of approximately 5600 km2, of which 2800 km2 belong to Greece [43,44] (Figure 1). The population density in the drainage basin is low (33 inhabitants per km2), varying between 15 inhabitants per km2 in the Greek part and almost tripling in the Bulgarian part. The leading economic activity is agriculture, concentrated mostly at the lower deltaic zone (440 km2 [45,46]). River Nestos has approximately 50 tributaries. The biggest one, Despatis (catchment of 680 km2), originates from Bulgaria and meets the main Nestos riverbed in Greece, just upstream of Thissavros dam.



Nestos natural flow is interrupted by the construction of two dams since the late ’90s in the Greek part operating by the Public Power Corporation S.A.—Hellas (PPC) at the sites of Thissavros and Platanovrisi. Thissavros reservoir occupies an area of 18 km2 having an operational volume of 565 × 106 m3. Platanovrisi is a smaller gravity dam with service volume of approximately 11 × 106 m3 and surface coverage of 3 km2 [47]. Both sites are mountainous with gentle slope and low-density population.



Based on 1966–1996 natural river flow data recorded at the entry point to Greece, the mean pre-damming annual discharge was about 40 m3/s, characterized by substantial seasonal and inter-annual variability [48]. Koutroumanidis et al. [49] showed that the above pre-damming period could be divided into five different hydro-periods, with a gradually reduced mean annual flow. The hyrdo-period of 1986–2004 presented a reduced mean annual flow of 51.2%, compared to the corresponding flow of the first hydro-period (1966–1971). Such a reduction could be attributed to the Bulgarian Nestos River water use increase and climate change factors.




2.2. Reservoirs’ and Tributaries’ Water Influx-Outflux Estimation


Daily water volume inflows to Thissavros and outflows from Platanovrisi reservoirs were provided by PPC. These data were subsequently integrated at monthly level and used to understand the water balance of the dam complex and assess changes in the river’s hydrology. Moreover, dense measurements of discharge were being held at Despatis and Arkoudorema rivers in order to calculate the monthly fluxes of these tributaries to Nestos and inside the reservoirs. The water speed at each site was measured with the use of an RCM-9 current meter.




2.3. Water Sampling and Analytical Techniques


The physicochemical parameters along Nestos River, at the two mentioned tributaries (Despatis and Arkoudorema) and the two reservoirs (Thissavros and Platanovrisi) were monitored through nine field surveys July and October 2006 and March 2007 (three samplings each). For this reason, 11 monitoring sites were established covering the entire Nestos River basin within the Greek territory (Figure 1). Table 1 presents and describes the exact location of all sampling sites.



Freshwater physical characteristics (temperature, conductivity, density and dissolved oxygen) were measured in situ using a Seabird SBE 19plus CTD, equipped with an SBE43 oxygen sensor. Water samples were collected for the determination of five nutrients, TSS and chlorophyll-a concentrations. All river stations along Nestos and its tributaries were shallow (usually below 1 m depth); thus, only one water sample was taken from each sampling site. Inside reservoirs, the number of samples collected from the water column ranged between 2 and 6 per site, depending on station depth (from 15 to 65 m depth). For nutrient analyses, 500 mL of water samples were filtrated under vacuum pressure through 0.45 µM/L pre-weighted nitrocellulose filters and kept frozen at −20 °C. Nutrient determinations were achieved using the methods described by Parsons et al. [50]. The above “loaded” filters were used for the determination of TSS according to [51]. For chlorophyll-a analysis, 1000 mL of water sample were filtrated through 47 mm diameter GF/F glass fibre filters. Filters were diluted in 10 mL of 90% acetone, stored overnight in a dark place at 4 °C and analysed according to [51]. All analyses were accomplished using a HITACHI U-2001 spectrophotometer. Analytical precision was tested by analysing 40% of all samples in triplicates. Based on these samples, the standard error for all nutrients and chlorophyll-a concentrations was found relatively low (3.1–5.8%).




2.4. Nutrient Fluxes Estimation


The river discharge measurements at Nestos obtained from PPC, and the tributaries, as well as nutrient concentrations, were used to estimate the monthly nutrient fluxes at each site. All calculations were made on the assumption that both reservoirs are functioning as a single unit. To evaluate the role of the dams to the internal storage and transport of DIN, DIP, DSi and TSS, the mean monthly fluxes at the inlet and outlet of the reservoir system were estimated using field measurements at four sites: Stations 1 and 2, representing Thissavros influx through Nestos main river course and Despatis tributary; Stations 9 (Arkoudorema) and 10, representing the outflowing nutrient fluxes to the downstream part. For this reason, the following simple mass equation was used:


  F l u  x i  = (  Q  ( D )    C  i ( D )   +  Q  D e s    C  i ( D e s )   ) − (  Q P   C  i ( P )   −  Q  A r k    C  i ( A r k )   )  



(1)




where Q(D) and Ci(D) is the monthly freshwater influx and the mean monthly concentration of the element i into Thissavros reservoir upstream of Nestos main river course; QDes and Ci(Des) the corresponding parameters for Despatis tributary; Q(P) the monthly freshwater outflow from Platanovrisi Reservoir and Ci(P) the mean monthly concentration of element i at Station 10 (downstream); and QArk and Ci(Ark) the respective values for Arkoudorema tributary. Water and nutrient fluxes from Arkoudorema should be subtracted from respective station 10 values, as Arkoudorema tributary outflows between Platanovrisi and station 10.





3. Results


3.1. Reservoirs’ Water Balance


The variability of monthly water volume entering and exiting the reservoirs are shown in Figure 2. During the June–December 2006 period, the reservoirs’ system was emptying, since outflows exceeded inflows. For this period, the volume deficit was estimated at 248 × 106 m3, representing nearly 56.9% of the cumulative reservoirs’ volume. The maximum volume loss occurred in August (65 × 106 m3). The water released is directly related to dam operation, aiming to cover the increased energy demand and irrigation needs during the peak season (July–September; [52]). On the contrary, water retention occurred in May–June 2006 (cumulative: 57.9 × 106 m3) and January–March 2007 periods (cumulative: 56.1 × 106 m3).




3.2. Nestos River Hydrochemistry


The spatial distributions of all examined parameters along the main Nestos River course are illustrated in Figure 3 and Figure 4, while in Table 2 the spatially mean values for all Nestos stations (upstream and downstream) are presented. Intense temperature alteration occurred during summer 2006 (Figure 3a), since upstream of the reservoirs, waters’ temperature was measured at 23.2 °C, while at the downstream part was found lower by 8.4 °C. Colder water was recorded at the upstream part during fall (Figure 3a), due to the cooler climate at the mountainous part of the basin [43], while spring showed limited reservoirs’ inflow-outflow temperature difference (inflow: 7.6 °C; outflow: 9.0 °C). pH appeared slightly decreased downstream (Table 2).



Conductivity values presented similar distributions during summer and fall 2006 (Figure 3b). Nestos water appeared well-oxygenated (mean: 10.3 ± 1 mg/L). The highest concentrations of TSS were measured at the upstream part of Nestos River, during summer 2006 and spring 2007, respectively. Figure 3d clearly shows that suspended solids were entrapped by the reservoir system, with percentages ranging from 87.5 to 99.6% for these surveys.



Nitrate (N-NO3) showed limited seasonal variability (mean: 19.5, 20.4 and 21.8 µM/L for summer, fall and spring, respectively); however, its spatial distribution along the main river course depicted significant alterations (Table 2). Figure 4a shows that dam operation alters the nitrate concentrations to the downstream part. Nitrite (N-NO2) followed similar to nitrates pattern (Figure 4b) and presented higher values upstream (Table 2).



Ammonium (N-NH4) presented two peaks (Figure 4c), the first at the upstream and the second at the downstream part (Table 2; station 11). During fall, the maximum concentration was found upstream. Ammonium values were always lower at the reservoir exit (station 10). Phosphate concentrations (P-PO4) were equally distributed along Nestos river bed (Figure 4d) exhibiting the relatively limited impact of the reservoir complex on the downstream phosphate concentrations.



Silicates (SiO2) showed high values downstream of the reservoirs (Table 2), while another worth noticing point is the extremely low silicate values measured upstream during fall and spring (Table 2; Figure 4e). Chlorophyll-a presented its highest concentration at the upstream part (Figure 4f) and found lower downstream (Table 2).




3.3. Tributaries Hydrochemical Characteristics


The results of the physicochemical measurements at the tributaries are summarized in Table 3. Colder water was detected during fall in Despatis (Station 2) while at the same period the water appeared slightly warmer at Arkoudorema (Station 9). No differences were detected between these two tributaries for the other two sampling periods. Dissolved oxygen values were found at high levels for all the examined periods. TSS concentrations presented a maximum at Despatis, while almost negligible TSS levels were measured at Arkoudorema (Table 3).



Nitrates, nitrites and ammonium appeared to be most abundant in Despatis for all sampling periods. Nitrate and ammonium presented a maximum during spring in Arkoudorema. Phosphates equally distributed to all tributaries and silicates showed limited spatial variation during summer (mean: 212 µM/L; std: 40 µM/L). Finally, chlorophyll-a presented only two noticeable high concentrations at Arkoudorema (summer) and Despatis (spring), with the rest of the values measured below 1.5 μg/L.




3.4. Thissavros and Platanovrisi Reservoirs


Results on the physicochemical parameters of Thissavros and Platanovrisi reservoirs are summarized in Table 4. Strong thermal stratification was detected during summer, between 6 and 15 m and from 3 to 9 m depth, for Thissavros and Platanovrisi reservoirs, respectively (Figure 5). During fall, stratification was absent, and the water column at Thissavros was entirely mixed (Table 4). For the same season, Platanovrisis’ water temperature was found stable until 40 m depth, and stratification was recorded at 55 m depth. In spring (Figure 5c) the thermal stratification was absent in both reservoirs. pH demonstrated reduction at the bottom of Thissavros (by 0.2–1.5) and Platanovrisi (by 0.2–0.8) compared to the surface layer.



Dissolved oxygen demonstrated higher concentrations at the surface of both reservoirs and decreased towards the bottom during summer. In fall and under the water release regime, the bottom layer of Thissavros was gradually oxygenated (Table 4), while anoxic conditions prevailed at the bottom (>55 m depth) of Platanovrisi (DO: 0.3–0.4 mg/L). During spring, higher DO levels were detected in both reservoirs.



TSS showed similar behaviour for all the examined seasons in Thissavros, accumulating at the bottom of the reservoir (Table 4). On the contrary, it seems that Platanovrisi is characterized by TSS deficient. Nitrates, nitrites and phosphates presented similar bottom accumulation inside Thissavros (Table 4). Platanovrisi demonstrated lower nitrate and nitrite concentrations, while phosphate was found more abundant during summer and fall.



Ammonium appeared evenly distributed throughout the water column of Thissavros during summer (Figure 6a) and Platanovrisi displayed higher values at the surface (0.8–1.3 µM/L). During fall, ammonium was dramatically increased at the bottom of both Thissavros and Platanovrisi, reaching 35.4 and 42.5 µM/L, respectively (Figure 6b). In spring, ammonium demonstrated lower levels in both reservoirs (Figure 6c; Table 4). Similar to other nutrients, silicates accumulated at the bottom of Thissavros during summer and distributed equally in the water column of Platanovrisi (Table 4). An opposite behaviour observed during fall. In Platanovrisi, silicates were found at steady levels up to the thermocline (124–147 µM/L), while at the deeper anoxic layer silicates were measured up to 191 µM/L. During spring, silicates allocated uniformly in both Thissavros (100–147 µM/L) and Platanovrisi (166–212 µM/L).



Chlorophyll-a was measured at very high levels at the bottom of Thissavros during summer (Table 4), related to natural plankton mortality and sinking. Lower chlorophyll values found in Platanovrisi during the same period (0.3–2 mg/L), probably attributed to the lower primary productivity related to limited nutrient abundance. During fall, high chlorophyll concentrations were detected at the surface as well as the bottom layer of Thissavros (Table 4), while in Platanovrisi chlorophyll-a levels appeared lower (0.1–2.1 mg/L). In the anoxic layer, chlorophyll concentrations were measured at 6.3 mg/L. Spring presented low concentrations at the entire water column of Thissavros. On the contrary, Platanovrisi displayed higher levels at the surface (5.1–9.3 mg/L).




3.5. Nutrient and TSS Fluxes


In order to evaluate the role of Nestos River dams on the storage and transport of DIN, DIP, DSi and TSS, the monthly fluxes entering and exiting these reservoirs were calculated using Equation (1). Results are presented in Table 5. It is evident that in most cases the fluxes exiting Platanovrisi are higher than those entering Thissavros. The higher downstream fluxes occurred due to the water release from the dam-system during July–October. In October, the only retention observed was that of DIN, while the system was releasing DIP and DSi. During spring, the retention of all nutrients and suspended solids were observed since Nestos water was kept inside the reservoirs. Suspended solids were permanently trapped inside the reservoirs, even under the water-release regime.




3.6. River Stoichiometry


The river N:P stoichiometric ratio was also affected by the hydropower management’s water spill/storage regime (Figure 7). For all the examined cases, the N:P ratio decreased downstream, while this reduction was more pronounced during fall 2006 (almost by 50%), where retention of DIN with a simultaneous release of the DIP was observed. Si:N ratio was found above unity in all cases (1.2–12.2), while Si:P ratio presented its minimum (~10) during fall at the upstream part due to low silicate concentrations.





4. Discussion


4.1. The Impact of Dams on Nestos River Hydrochemistry


In this paper, an attempt to reveal the dam impact on the hydrology and the nutrients, as well as on the suspended solids’ fluxes along Nestos main river course was carried out. The construction of Thissavros and Platanovrisi hydropower dams resulted in the segmentation of river basin into three parts, with different hydrological and physicochemical characteristics: the upstream part, the reservoirs system and the downstream part.



The temperature reduction downstream of reservoirs is a common phenomenon in temperate rivers, and it is attributed to the thermal stratification and waters’ residence time inside the reservoirs [53]. In Nestos, the water used by the turbines for energy production in both reservoirs comes from the hypolimnion, and therefore the temperature downstream is determined by the stratification or vertical mixing conditions occurring inside the reservoirs. For this reason, the temperature measured directly downstream of Platanovrisi dam was colder during summer and warmer during fall and spring compared to upstream. According to literature, temperature alterations may affect the distribution, physiology, behaviour and survival of migratory fish fauna to the downstream [54,55]; however, no such case has been investigated for Nestos River fish fauna, although, according to Koutrakis et al. [28], the Nestos riverbed segmentation caused harmful effects to some rheophilic species due to the prohibition of free movement as well as flushing events.



Present results indicate the significant concentration reduction found for nitrates, nitrites, ammonium and TSS at the water exiting Platanovrisi reservoir compared to the upstream part, while DSi and DIP demonstrated similar or even higher values downstream. Since human activities are almost absent at the northern part of the sparse populated Greek basin, it becomes clear that these nitrogen-based compounds were transported from the Bulgarian part of the watershed. According to Sylaios and Burnaski [46], most of Bulgaria’s agriculture activities are concentrated to the south, near the Greek border, explaining these higher nutrient concentrations. Additionally, it is reported that in most cases the dam operation is preventing the free passage of nutrients and TSS to the downstream part [32,56,57,58,59,60,61]. This case also applies for Nestos since it appears that the dam construction enhances the DIN and TSS trapping inside the reservoirs. On the contrary, DIP mobility is not primarily affected by the dams’ operation (Figure 4d). The selective trapping/release of N:P downstream due to river fragmentation by dams has been reported by many scientific works [37,38,62]. It is mainly depended by several parameters developed inside the reservoirs (thermal stratification, dissolved oxygen levels, water residence time) and it will be further analysed below in the Discussion section.



Low silicate values at the upstream can be explained through chlorophyll concentrations. A significant negative relationship was found at the main riverbed between chlorophyll-a and silicates for all the examined seasons (r = −0.63, p < 0.05). Conversely, positive relation presented with DIN (r = 0.64, p < 0.05) and weaker with DIP (r = 0.54, p < 0.05), indicating the higher chlorophyll dependence on DIN. Silica is a natural element originating mostly from the weathering of silicate minerals and rocks [58,63], and its uptake by diatoms may lead to the reduction of silicate concentrations in the water column [64]. On the other hand, DIN DIP intake can be balanced by their further introduction in the system from anthropogenic activities.




4.2. The Situation Inside the Reservoirs


In general, Thissavros reservoir is characterized by higher nutrient concentrations compared to Platanovrisi due to prolonged HRT of the water which favours nutrient trapping through gravity and biological action [65,66]. As Van Cappelen and Maavara [7] note, the HRT extension through water impoundment or water’s velocity decrease is an effective way to promote primary productivity and nutrient retention in reservoirs. The higher nutrient availability boosted primary production, resulted in nutrients depletion at the epilimnion (Table 4), mainly in the stratified water column during the summer spill regime. The newly formed organic material is decomposed and precipitated to the bottom, a process accompanied by re-dilution of nutrients at deeper layers [58]. The chemical stratification index e% [34] expressed as:


e% = (x hypolimnion − x epilimnion) × 100/x epilimnion



(2)




where x is the concentration of a chemical. e% values indicates the extreme stratification for all the examined parameters in Thissavros during summer (from 12% for ammonium to 2774% for TSS). Platanovrisi demonstrated lower concentrations of almost all nutrients, as most of them sunk into Thissavros. Hence, Platanovrisi is less eutrophic, and its primary production is lower, as shown by the lower chlorophyll-a concentrations. Nutrient uptake from the epilimnion was also observed in Platanovrisi but to a lesser extent (e% = 9.9–503 for silicates and TSS, respectively). More systematic sampling performed by Sylaios et al. [67] in Platanovrisi reservoir led to similar conclusion.



The high ammonium concentrations measured in both reservoirs during fall spill conditions (Table 4) result from limited vertical mixing due to summer thermal stratification developed in Thissavros, and the bottom anoxic conditions prevailed in Platanovrisi. Despite the relatively high DO values measured in Thissavros during fall 2006, the reservoir experienced a long stratification period from June to September 2006, characterized by limited bottom DO concentrations. The so-called near-bottom hypoxia (or anoxia) layer appeared in almost all temperate reservoirs as result of restricted vertical mixing due to thermal stratification and the decomposition of organic matter supplied by the surface layer [8,29,64]. According to [29], denitrification processes prevailed at low oxygen environments, and nitrates are transformed to organic nitrogen and ammonium, thus explaining the elevated bottom concentrations of ammonium in conjunction to the low nitrate levels. As Ludwig et al. [14] note, this unstable nitrogen compound stabilizes at anoxic environments. The vertical mixing caused by the thermal stratification breakdown during fall, combined with the water level decrease in Thissavros was crucial to the ammonium redistribution over the entire water column. As for Platanovrisi, thermal stratification persisted at 55 m depth, preventing ammonium homogenization (Table 4, Figure 4b). This condition, combined with bottom anoxia led to the ammonium increase in Platanovrisi. During spring 2007 vertical mixing processes resulted in ammonium reduction at the bottom of this reservoir (Table 4, Figure 4c).



DIP seem to be more abundant in Platanovrisi during summer and fall (spill regime) and less during spring (fill phase), indicating the dependence of Platanovrisi phosphates concentration on the Thissavros water levels. Paraskevopoulos and Georgiadis [68] reported that the water level fluctuation in the reservoir system occurs primarily in Thissavros, while Platanovrisi’s role apart from power production is the discharge stabilization to the downstream part. During the water release phase from Thissavros, phosphates are handily transported to Platanovrisi and from there to the downstream part. This incident is related to the decreased water residence time in Thissavros (progressively from 222 days in early summer to 91 days during fall) and the increased phosphate fluxes towards Platanovrisi. The maximum concentration found at 65 m depth in Platanovrisi during fall 2006 (7.2 µM/L) was related to bottom anoxia. As Soltero et al. [69] and Andersen [70] reported, the anoxic conditions manifested inside reservoirs during the summer-fall period under intense stratification favour the re-mineralization of particulate phosphorus. In contrast, the spring water retention regime led to phosphate trapping in Thissavros and resulted in the low concentrations in Platanovrisi reservoir (Table 4). The dependence of the dissolved phosphorus values on the water level was also observed by Tang et al. [71] for the Three Gorges Reservoir.



As for silicates, significant stratification was observed only in Thissavros during summer (e% = 1426), while Platanovrisi presented almost uniform silicate levels in the water column in all the examined cases (Table 4). As Skoulikidis et al. [72] note, Nestos water belongs to the silicate hydrochemical type category because of the silicate rocks that form its basin. Geologically, the wider area is formed from metamorphic rocks, mainly of gneisses, schists with marble intercalations, where granite penetrations and volcanic ouflows are encountered [46]. The above are enrich water in silica and for this reason silicate concentrations were found elevated in both reservoirs, as well as in the main river bed.




4.3. The Impact of Dams on Nestos River Nutrient Fluxes


As seen from the results, DIP concentration depicted almost similar values at the dams’ system entrance and exit; however, phosphate fluxes increased downstream due to the higher freshwater fluxes (Table 5). Downstream DIP fluxes appeared decreased only in spring, a period in which Nestos River water stored into the reservoir system. DIP mobilization throughout the dam system monitored in this work appears in agreement with the results presented by many authors. Wu and Huh [73] examined the behaviour of five reservoirs (two in Red River, two in Yangtze and one in Yellow River) and concluded that the removing mechanisms of DIP from the water column, such as uptake by organisms and clinging to suspended particles, do not affect phosphorus fluxes downstream. The same conclusion announced by Morais et al. [32] for Guadiana River (Portugal), while Teodorou and Wehrli [35] found no significant difference for DIP fluxes to and from the Iron Gate I dam in Danube River. Powers et al. [58] found that 4 out of 14 examined reservoirs in the US acted as phosphorus source, due to the mobilization of the stored phosphorus probably after the exceedance of internal P capacity. As can be seen in Table 4, DIP displayed equal distribution in both reservoirs for almost all the examined cases. DSi presented similarities with DIP, and trapped in the reservoir system only during the spring fill phase.



Simultaneously, all reservoirs presented DIN net losses by 20% compared to DIN-inputs due to denitrification or sink, leading to reduced downstream N-loading. TSS loads appeared always trapped inside the reservoirs, regardless of the man-regulated flow regime. According to several authors, TSS diminution downstream of the dams results from water speed reduction and increased resident time [35,74]. For this study, the water’s speed entering Thissavros marked an average reduction of 82.6%, compared to the upstream part, while additional reduction was measured inside Thissavros (96.4%). The concentrations of suspended solids downstream of Platanovrisi reservoir is nearly zero, and this retention may contribute to the erosion phenomena observed along the western part of the coastline west at the Nestos River mouth [75].




4.4. The Impact of Dams on Nestos River Stoichiometry


The segmentation of Nestos River and the conditions prevailed inside the reservoir resulted to stoichiometric shifts in the downstream part. The most affected ratio was the N:P, while Si:N was usually above unity and Si:P above 24, thus silicates were always in excess with a single exception occurred during fall. It appears that Nestos release policy resulted in DIN limitation downstream. Stoichiometric alterations were also observed in other fragmented rivers [7,76,77] and regarded as a severe negative effect for riverine ecosystems since it usually results to trophic status and food web structure alterations [78,79]. However, in the case of Yarlung Tsangpo River no significant alterations in the community structure of bacterioplankton between upstream and downstream were observed, despite the retention of nutrients inside the reservoir [80]. The dominance of siliceous at the expense of non-siliceous algae depends on Si availability relative to N and P [81]. Fortunately, DSi was always found in excess throughout the main riverbed due to its silica-based hydrochemical nature [72].





5. Conclusions


We believe that this work is able to answer the questions that were placed initially regarding the examination of the response of the lower reaches to the construction of the dams in terms of hydrology, hydrochemistry and stoichiometry and the investigation of the water quality alterations inside both dams due to seasonality and climatic conditions. Thissavros and Platanovrisi hydroelectric dams’ operation resulted in Nestos River segmentation into three sections, the upstream lentic, the lotic environment of the reservoirs and the downstream lentic section. It appears that significant differences occur in the downstream part related to the upstream for DIN and TSS concentrations, as they are trapped into the reservoir system. DIP concentrations were not affected by the dams’ operation, while DSi was more abundant downstream because of the silicate hydrochemical nature of Nestos.



The fluxes examination, which includes the water release policy followed by the dam complex managing authority and the new hydrological regime based on energy production needs, is a more comprehensive approach to clarify the differences between the upstream and downstream parts. Ιt appears that DIN and TSS were retained in the reservoirs even under water release regime, while the downstream DIP and DSi fluxes reduction occurred only under the water retention regime during spring.



Inside the reservoirs, the thermal stratification detected in summer and fall induced anoxic conditions mainly at the bottom of Platanovrisi. Simultaneously, chemical stratification and bottom accumulation were observed in both reservoirs, but it was more pronounced in Thissavros, which is considered more eutrophic. Due to anoxic conditions, the conversion of nitrates to ammonia and DIP resuspension from the bottom sediment was observed. The abundance of DIP in Platanovrisi reservoir is affected by the water release policy and depended on Thissavros water level fluctuation.



Despite the information provided by this project, several gaps need to be filled in order to understand the extent of the problem adequately. For example, a large part of Thissavros reservoir has not been covered due to its large area. As we approach the dam itself, the situation may significantly change in the water column and at the bottom layer. Furthermore, more surveys are required throughout the year to assess the situation in the remaining months, and additional data is needed for the detailed description of the nutrient transportation through the dam complex in the future.
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Figure 1. Sampling sites locations at Nestos main riverbed, the tributaries and the reservoirs of Thissavros and Platanovrisi. 
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Figure 2. Monthly freshwater fluxes at the entrance of Thissavros and the exit of Platanovrisi during the period May 2006–March 2007. 
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Figure 3. Spatial distributions along Nestos riverbed for: (a) temperature, (b) conductivity, (c) dissolved oxygen and (d) TSS concentrations during summer 2006, fall 2006 and spring 2007. 
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Figure 4. Spatial distributions along Nestos riverbed for: (a) nitrate, (b) nitrite, (c) ammonium, (d) phosphate, (e) silicate and (f) chlorophyll-a concentrations during summer 2006, fall 2006 and spring 2007. 
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Figure 5. Temperature distribution along Thissavros and Platanovrisi reservoirs during (a): summer 2006, (b): fall 2006 and (c): spring 2007. The blank area indicates the absence of measurements. 
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Figure 6. Ammonium distribution along Thissavros and Platanovrisi reservoirs during (a): summer 2006, (b): fall 2006 and (c): spring 2007. The blank area indicates the absence of measurements. 
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Figure 7. N:P ratio fluctuation between the upstream and the downstream part of Nestos for all the examined seasons. 
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Table 1. Station types, locations and details.
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	Station ID
	Location
	Characteristics





	1
	Nestos bed
	Upstream of the dam system. Nestos entry from Bulgaria



	2
	Despatis
	Tributary. Upstream of the dam system



	3
	Reservoir
	Entrance of Thissavros reservoir



	4
	Reservoir
	21 km upstream of Thissavros dam



	5
	Reservoir
	17 km upstream of Thissavros dam



	6
	Reservoir
	10 km upstream of Thissavros dam



	7
	Reservoir
	6 km upstream of Platanovrisi dam



	8
	Reservoir
	Platanovrisi dam-crest



	9
	Arkouderma
	Outflows at Nestos 6 km downstream Platanovrisi



	10
	Nestos bed
	Downstream of Platanovrisi (12 km)



	11
	Nestos bed
	Downstream of Platanovrisi (34 km)
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Table 2. Average values (and standard deviation in parenthesis) of the physicochemical parameters in Nestos riverbed for all the examined periods.
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Summer 2006

	
Fall 2006

	
Spring 2007




	

	
Upstream

	
Downstream

	
Upstream

	
Downstream

	
Upstream

	
Downstream






	
T (°C)

	
23.2 (4.8)

	
14.8 (2.1)

	
7.8 (1.3)

	
17.1 (1.6)

	
7.6 (0.7)

	
9.0 (1.1)




	
Conductivity (mS/cm)

	
0.3 (0.0)

	
0.2 (0.0)

	
0.2 (0.0)

	
0.1 (0.0)

	
0.1 (0.0)

	
0.1 (0.0)




	
pH

	
8.0 (0.0)

	
7.9 (0.1)

	
7.5 (0.1)

	
7.3 (0.0)

	
7.4 (0.2)

	
7.1 (0.1)




	
DO (mg/L)

	
9.1 (0.7)

	
10.9 (0.4)

	
9.9 (0.3)

	
9.0 (0.6)

	
11.5 (1.2)

	
11.4 (0.9)




	
TSS (mg/L)

	
12.4 (1.4)

	
2.3 (0.2)

	
0.7 (1.4)

	
2.6 (0.3)

	
26.1 (2.2)

	
0.3 (0.2)




	
N-NO3 (µM/L)

	
18.9 (4.6)

	
19.8 (1.8)

	
30.0 (3.5)

	
15.6 (2.9)

	
38.3 (4.8)

	
13.6 (3.3)




	
N-NO2 (µM/L)

	
0.6 (0.1)

	
0.1 (0.0)

	
0.7 (0.1)

	
0.1 (0.0)

	
1.1 (0.2)

	
0.1 (0.0)




	
N-NH4 (µM/L)

	
1.2 (0.3)

	
2.0 (0.5)

	
3.8 (0.4)

	
1.5 (0.2)

	
4.8 (0.4)

	
3.4 (0.3)




	
P-PO4 (µM/L)

	
3.3 (0.3)

	
3.3 (0.4)

	
4.1 (0.4)

	
3.9 (0.3)

	
3.5 (0.6)

	
1.3 (0.3)




	
SiO2 (µM/L)

	
194 (25)

	
204 (31)

	
41.0 (13)

	
159 (24)

	
93.7 (18)

	
196 (34)




	
Chl-a (μg/L)

	
2.2 (0.3)

	
2.0 (0.5)

	
4.0 (0.3)

	
1.7 (0.3)

	
6.4 (0.9)

	
1.3 (0.2)
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Table 3. Average values (and standard deviation in parenthesis) of the physicochemical parameters in tributary rivers for all the examined periods.
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Despatis

	
Arkoudorema




	

	
Summer 2006

	
Fall 2006

	
Spring 2007

	
Summer 2006

	
Fall 2006

	
Spring 2007






	
T (°C)

	
20.4 (2.1)

	
5.1 (1.6)

	
6.1 (1.1)

	
22.6 (1.7)

	
11.3 (1.4)

	
7.4 (1.2)




	
Conductivity (mS/cm)

	
0.27 (0.0)

	
0.20 (0.0)

	
0.09 (0.0)

	
0.15 (0.0)

	
0.11 (0.0)

	
0.09 (0.0)




	
DO (mg/L)

	
10.2 (1.4)

	
11.2 (1.2)

	
11.5 (1.7)

	
11.0 (0.9)

	
11.1 (1.4)

	
9.7 (1.1)




	
TSS (mg/L)

	
7.4 (1.3)

	
4.4 (0.6)

	
13.4 (0.4)

	
2.8 (0.3)

	
0.6 (0.2)

	
0.6 (0.4)




	
N-NO3 (µM/L)

	
30.4 (3.1)

	
41.2 (5.3)

	
44.7 (4.4)

	
4.2 (2.3)

	
7.1 (2.9)

	
8.4 (1.7)




	
N-NO2 (µM/L)

	
0.16 (0.1)

	
0.21 (0.1)

	
0.65 (0.1)

	
0.07 (0.0)

	
0.07 (0.0)

	
0.08 (0.0)




	
N-NH4 (µM/L)

	
1.1 (0.2)

	
10.6 (6.9)

	
2.7 (1.1)

	
0.7 (0.3)

	
1.0 (0.2)

	
2.0 (0.1)




	
P-PO4 (µM/L)

	
4.3 (0.6)

	
5.0 (1.1)

	
2.6 (0.4)

	
2.5 (1.5)

	
4.2 (0.4)

	
1.3 (0.2)




	
SiO2 (µM/L)

	
239 (12)

	
49 (13)

	
89 (24)

	
207 (27)

	
179 (14)

	
281 (19)




	
Chl-a (μg/L)

	
1.5 (0.3)

	
0.8 (0.1)

	
3.6 (1.3)

	
4.6 (0.5)

	
0.1 (0.0)

	
0.3 (0.0
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Table 4. Average seasonal values (and ranges) of the physicochemical parameters at the surface and bottom layer of Thissavros and Platanovrisi reservoirs.
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Summer 2006

	
Fall 2006

	
Spring 2007




	

	
Thissavros

Surface

	
Thissavros

Bottom

	
Thissavros

Surface

	
Thissavros

Bottom

	
Thissavros

Surface

	
Thissavros

Bottom






	
Temperature (°C)

	
24.4

(24.0–24.9)

	
8.8

(5.7–12.8)

	
11.7

(10.6–12.3)

	
8.5

(7.7–9.8)

	
9.0

(8.9–9.1)

	
8.0

(7.5–9.3)




	
Conductivity (μS/cm)

	
162

(144–181)

	
152

(126–298)

	
168

(156–184)

	
182

(174–186)

	
143

(130–164)

	
139

(108–167)




	
pH

	
8.5

(8.5–8.5)

	
7.0

(6.95–7.03)

	
7.0

(6.96–7.16)

	
6.8

(6.6–6.9)

	
7.1

(7.0–7.1)

	
6.8

(6.7–6.8)




	
D.O. (mg/L)

	
10.2

(8.2–11.0)

	
4.6

(3.9–6.3)

	
7.5

(5.0–10.6)

	
6.9

(5.9–7.9)

	
9.6

(9.2–10)

	
8.2

(4.8–10.6)




	
TSS (mg/L)

	
2.0

(1–2.7.0)

	
58.8

(1.3–169)

	
22.5

(4.0–58.3)

	
58.8

(27.6–88.1)

	
7.8

(5.9–9.7)

	
31.5

(17.6–45.6)




	
N-NO3 (µM/L)

	
3.0

(2.2–4.2)

	
37.0

(26.5–43.8)

	
16.1

(8.2–31.7)

	
27.5

(21.0–40.6)

	
39.3

(35.0–44.5)

	
50.7

(45.3–56.0)




	
N-NO2 (µM/L)

	
0.04

(0.0–0.09)

	
0.14

(0.1–0.2)

	
0.44

(0.21–0.88)

	
0.7

(0.5–1.0)

	
0.8

(0.4–1.1)

	
1.13

(1.10–1.16)




	
N-NH4 (µM/L)

	
1.3

(0.7–1.8)

	
1.4

(1.3–1.5)

	
11.5

(2.9–24.2)

	
23.6

(11.4–35.4)

	
3.3

(2.6–4.0)

	
5

(4.2–5.8)




	
P-PO4 (µM/L)

	
0.37

(0.35–0.38)

	
3.5

(3.3–3.9)

	
2.3

(1.7–3.5)

	
3.1

(2.3–3.8)

	
2.7

(2.1–3.4)

	
3.6

(3.1–3.9)




	
SiO2 (µM/L)

	
14.2

(11.9–18.5)

	
217

(184–240)

	
135

(94–189)

	
144

(114–179)

	
117

(108–125)

	
125

(100–147)




	
Chl-a (μg/L)

	
1.5

(1.3–1.6)

	
19.4

(0.8–56.3)

	
10.1

(4.3–16.3)

	
12.2

(5.7–18.4)

	
1.6

(1.3–1.7)

	
2.6

(1.6–3.6)




	

	
Platanovrisi

surface

	
Platanovrisi

bottom

	
Platanovrisi

surface

	
Platanovrisi

bottom

	
Platanovrisi

surface

	
Platanovrisi

bottom




	
Temperature (°C)

	
24.0

(22.4–25.3)

	
9.2

(7.2–11.2)

	
16.6

(16.5–16.7)

	
14.8

(13.2–15.6)

	
9.1

(8.9–9.3)

	
7.1

(6.9–7.3)




	
Conductivity (μS/cm)

	
210

(194–223)

	
129

(126–144)

	
145

(141–147)

	
150

(145–157)

	
150

(148–152)

	
137

(135–140)




	
pH

	
8.0

(7.95–8.13)

	
7.2

(7.04–7.38)

	
7

(7.0–7.03)

	
6.8

(6.7–6.8)

	
7.4

(7.3–7.4)

	
6.7

(6.6–6.8)




	
D.O. (mg/L)

	
10.2

(9.0–11.3)

	
3.1

(2.6–4.5)

	
5.1

(4.1–8.9)

	
0.6

(0.3–1.1)

	
9.2

(8.7–9.5)

	
7.6

(6.4–8.4)




	
TSS (mg/L)

	
0.5

(0.4–0.5)

	
2.8

(1.9–3.6)

	
0.7

(0.6–0.9)

	
4.2

(1.1–7.4)

	
1.3

(1.0–1.4)

	
1.5

(0.6–2.4)




	
N-NO3 (µM/L)

	
1.5

(1.3–1.7)

	
21.3

(18.3–24.2)

	
10.7

(10.0–11.5)

	
10.3

(1.7–18.9)

	
6.9

(5.9–7.8)

	
15.5

(13.4–17.3)




	
N-NO2 (µM/L)

	
0.04

(0.03–0.04)

	
0.13

(0.12–0.13)

	
0.11

(0.09–0.13)

	
0.14

(0.11–0.17)

	
0.34

(0.31–0.37)

	
0.53

(0.11–0.98)




	
N-NH4 (µM/L)

	
1.0

(0.8–1.3)

	
0.6

(0.2–0.9)

	
2.0

(1.8–2.1)

	
23.3

(4.2–42.5)

	
1.4

(0.8–2.1)

	
2.4

(1.1–3.7)




	
P-PO4 (µM/L)

	
2.2

(2–2.5)

	
3.0

(2.6–3.3)

	
4.1

(3.7–4.4)

	
6.0

(5.1–7.2)

	
0.6

(0.6–0.7)

	
1.4

(1.2–1.5)




	
SiO2 (µM/L)

	
184

(182–187)

	
203

(196–209)

	
128

(124–132)

	
159

(127–191)

	
176

(166–185)

	
184

(178–191)




	
Chl-a (μg/L)

	
1.3

(1–1.5)

	
0.7

(0.2–1.1)

	
2.6

(2.1–3.2)

	
3.2

(0.2–6.3)

	
7.2

(5.1–9.3)

	
1.1

(1.0–1.3)
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Table 5. Balance of freshwater, nitrogen, phosphorus, silicate and suspended solids upstream and downstream of the reservoir system. Positive values are indicating retention inside the reservoirs.
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	Summer 2006
	St 1
	St 2
	St 9
	St 10
	Balance





	Freshwater flux (×106 m3)
	62.0
	3.0
	2.9
	100.1
	−32.2



	DIN (t)
	17.9
	1.3
	0.2
	27.0
	−7.6



	DIP (t)
	6.2
	0.4
	0.2
	10.1
	−3.3



	DSi (t)
	337.5
	19.8
	16.9
	571.7
	−197.5



	TSS (t)
	0.8
	0.0
	0.0
	0.2
	0.6



	Fall 2006
	St 1
	St 2
	St 9
	St 10
	Balance



	Freshwater flux (×106 m3)
	49.2
	2.2
	3.1
	84.2
	−29.7



	DIN (t)
	23.8
	1.6
	0.4
	18.2
	7.5



	DIP (t)
	6.2
	0.3
	0.4
	10.4
	−3.2



	DSi (t)
	56.5
	3.0
	15.5
	361.3
	−286.3



	TSS (t)
	0.1
	0.0
	0.0
	0.0
	0.1



	Spring 2007
	St 1
	St 2
	St 9
	St 10
	Balance



	Freshwater flux (×106 m3)
	118.1
	23.6
	7.4
	50.1
	99.0



	DIN (t)
	73.2
	15.8
	1.1
	11.3
	78.8



	DIP (t)
	12.9
	1.9
	0.3
	2.1
	13.0



	DSi (t)
	309.9
	58.7
	58.5
	274.4
	152.6



	TSS (t)
	3.1
	0.3
	0.0
	0.0
	3.4
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