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Abstract: The ecological water regime in lake water bodies refers to the water levels that enable the
fulfillment of the ecosystem’s multiple functions. Therefore, assessing the ecological water regime
necessitates the consideration of hydrological, economic, social, and ecological factors. The present
research is focused on the assessment of the ecological water level of four Mediterranean natural lake
ecosystems, considering their morphological and biological features. Initially, suggestions on the
ecological water regime of the studied lakes were made based on an analysis of the lakes’ morphometry.
Further, the ecological and biological requirements of the present fish fauna and aquatic macrophytic
vegetation were considered. For the latter, mapping was conducted by extensive sampling according
to international standards, in order to assess macrophyte composition, abundance, and chorology,
as well as species sensitivity to water level fluctuations. The above guided the proposals on the
optimal water level regime that should be met by each lake regarding the macrophytic and fish
communities’ sustainability, also taking into account the unique hydromorphological features of
each lake. The differences in the outcoming results revealed that hydromorphological and biological
approaches should be combined for assessing lakes’ ecological water regimes.
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1. Introduction

Lake water levels in the Mediterranean region vary seasonally, due to the clear presence of
two hydroperiods i.e., wet (winter) and dry (summer). During the wet period, the highest rate
of precipitation is recorded, while during summer, intense evaporation takes place [1]. Therefore,
with a lack of anthropogenic disturbance, the highest water level is normally recorded at the end of
the wet season (early spring) and the minimum at the end of the dry season (early fall) [2]. However,
this water level pattern may be disturbed due to human activities, which are conducted in the lake
catchment, related to urban development and growth of rural areas such as pumping water for
irrigation or power generation, flood prevention measurements, diverting streams, and several other
hydrological changes [3]. Specifically, human interventions can alter the natural intra-annual and
inter-annual amplitude of water level fluctuations as well as the seasonal hydroperiod pattern [2,4],
resulting in severe impacts on aquatic ecosystems’ functioning and consecutively affecting the biota
they support [2].
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Although the imposed pressures on lake ecosystems, owed to changes in their hydrological
regimes, have been acknowledged worldwide [2,5], research on their ecological impacts falls short
of research conducted for other anthropogenic disturbances, such as eutrophication increase [6].
Furthermore, limited information exists regarding the ways to recognize the alarm point/level beyond
which further amplitude changes should warn concern regarding the undertaking of restoration
measures. The above limitations are added to the severe difficulties stakeholders have to deal with
when making decisions in the face of trade-offs and conflicts of interest that arise from different
ecological, social, economic, and environmental needs in order to manage ecosystem functioning.

“Ecological/environmental water requirements” refer to the water amount required at certain
timings for maintaining the ecosystem’s diversity and its ecological characteristics, i.e., habitat
conservation, biodiversity protection, preservation of human activities, improvement of environmental
quality, and maintenance of ecosystem functioning [7]. For lake ecosystems, the ecological water
requirements can be easily described using the surface water level. Instead, water flow is used
for river systems, thus the counterpart term for describing their water ecological requirements is
“ecological flow” [8].

The first attempts for assessing water ecological requirements of aquatic ecosystems were based
on historical records (i.e., water level records of past decades) and the morphological features of water
bodies. The latter constitute important elements in determining the ecological water regimes of lake
ecosystems, which in turn, control water depth and surface area. Specifically, lake morphology is
described adequately, in most cases, by the lake level area–volume relationship [9–11]. Lake surface
area has also been used as an indicator of climate changes [12] quantifying lake size fluctuations,
which in turn may be reflected in habitat protection, assuming that biodiversity increases with the
increase in lake surface area [13]. On the other hand, a lake’s water volume can be utilized for estimating
the amount of water that could be available to fulfill the requirements of economic activities, such as
industry, agriculture, etc. Based on the above, the lake surface area method has been proposed by [14]
to define the minimum ecological lake level i.e., the level below which there should be no human
activities further decreasing the lake’s level. Maintaining this level can provide a certain safeguard
regarding both lake ecosystems’ protection and the fulfillment of anthropogenic needs. The method is
principally based on the assumption that lake surface area increases with lake volume, but the rate of
increase or the slope of the surface area–volume (S–V) relationship may increase or decrease with the
volume, depending on lake morphology that can vary considerably, from large/deep lakes with steep
banks to small/shallow ones with mild slopes at the bottom. Thus, a critical lake storage at which the
lake surface area does not change significantly may exist. The critical storage corresponding to the
breakpoint of the lake surface area–volume curve can be used to define the minimum water level in
lakes, similarly to the wetted perimeter method for determining the minimum environmental flow in
rivers [15].

Despite the fact that hydromorphological approaches are quite straightforward and easily
applicable, they do not implement any biological information, which weakens the ecological perspective
for conservation and management issues [8,16]. Most recent efforts are characterized by a more holistic
approach, aiming at the protection of water’s quality, wildlife, and in general, the sustainability of
ecosystem operations [7]. This requires cooperation among scientists of different fields, which is
generally of great importance for water resources management. For this framework, experts on aquatic
biological communities should play a critical role, as the fulfilling of biota’s ecological requirements
could be an important pillar in the assessment of the ecological water level [7] (Figure 1).

Changes in lake water regime may affect the whole ecosystem’s functioning, imposing (directly
and/or indirectly) changes in nutrient concentrations, water quality, habitats, and consequently,
the biological communities [2]. The severity of the resulting effects upon the last depends on the size
of the changes, their duration, and the time they occur [3,17], as well as on the ecological requirements
of the organisms and their physiological constitution [2]. However, predicting and quantifying the
responses of biological communities to changes in the water regime is rather difficult, posing a major
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constraint to the management of water bodies [18,19]. This is partially a consequence of the fact that
changes in biological communities may be a synergistic result of several interrelated causal mechanisms,
posing high uncertainty in determining the attributes responsible for altering the water regime [18,20].
Among the ecosystem biological components considered, it is widely acknowledged that diversity,
abundance, and distribution of both macrophytes and fish are mostly affected by changes in the water
regime in lake ecosystems [21–23].

Figure 1. Simplified schematic view of the factors the trade-offs among which should be considered
in assessing the ecological water regime of aquatic ecosystems.

Aquatic macrophytes have evolved from terrestrial plants by developing adaptations that
help them survive in permanent or seasonally semi-permanent waters, enabling them to colonize
the littoral areas of aquatic ecosystems [24,25]. These littoral areas are often extreme habitats,
under continuous changes, where only the fittest can survive [26]. For example, under low slope
morphology, even small variations in the water level can lead to flooding or drying of large areas,
causing a great amount of pressure on sensitive species [17]. Therefore, water regime conditions and/or
interspecies competitiveness are important drivers of aquatic macrophyte colonization and succession
in littoral communities, which lead to the formation of distinct vegetation zones along the depth
gradient [27,28]. Lower water level fluctuations favor the establishment of high biomass dominant
plant species (e.g., Phragmites australis), leading to vegetation zones with low diversity, while higher
water level fluctuations can lower the biomass of dominant species and make space for smaller and
less frequent plant species, leading to higher biodiversity [29]. However, if changes in water level
fluctuations surpass the tolerance limits of the established macrophytic vegetation in these zones,
aquatic plant diversity may drop rapidly [30,31].

The main impacts of water level fluctuations on fish communities result from the impairments
posed on the littoral zone, which hosts important reproductive and feeding fields as well as
suitable shelters for fish [3,21,23]. The above are reflected in fish behavior, distribution, abundance,
and growth [3,23,32]. For example, the water level regime that enables the presence of dense aquatic
vegetation in the littoral zone favors the reproduction of phytophilic species, which prefer to deposit their
eggs on plants (i.e., Abramis brama (Linnaeus, 1758), Esox lucius Linnaeus, 1758, Perca fluviatilis Linnaeus,
1758) [33,34]. Other species, which also require plants as suitable substrate for their reproduction,
such as Rutilus rutilus (Linnaeus, 1758) and Cyprinus carpio (Linnaeus, 1758), may also be favored by
the rise in water level that floods terrestrial grassland, providing thus additional reproductive and
nesting grounds [35]. On the contrary, a decrease in water level may depress the littoral zone extremely
and restrict the number of biota as fish, which use the specific habitats for nourishing, reproduction,
and protection. Therefore, the knowledge of fish’s biological and ecological preferences (reproductive
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behavior, requirements for reproductive substrate, etc.) is obligatory for assessing the ecological water
level of lakes.

The present study targets the assessment of the optimal water level fluctuation in four lakes
that could ensure the protection and sustainability of their biological communities by applying an
analysis of hydromorphological features and expert judgment based on the ecological requirements of
macrophyte and fish species. The proposed ecological minimum water level is further discussed upon
the imposed changes in lake surface area and stored water volume.

2. Study Area

We studied four lakes (Zazari, Chimaditida, Petron, and Vegoritida), located in Northern
Greece (Figure 2, Table 1). The lakes have a catchment area of 2145 km2 and are connected
through a hydrographic network. Lake Zazari overflows into Lake Chimaditida above the altitude of
599.7 m.a.s.l., through a canal controlled by a weir. Similarly, the excessive water of Lake Chimaditida
overflows above 592.0 m.a.s.l. into a drainage canal, which is joined downstream with a natural stream
and ends up at Lake Petron. Finally, Lake Petron overflows above 573.1 m.a.s.l. through an artificial
tunnel into Lake Vegoritida (Figure 2).

Figure 2. Map of the four studied lakes (Zazari, Chimaditida, Petron, and Vegoritida).

The economic activities in the catchment, imposing pressures on their ecosystems, are mainly
related to urbanization, industry development (several steam-electric power plants exploit the lignite
deposits in the region, consuming water and augmenting the pollution load), and agriculture.
Lake Vegoritida has undergone great water level changes in recent decades (from 542 in 1956 to 525 in
the 1980s to 510 m.a.s.l. in 2000: [36]) as a result of water abstraction by the Public Power Corporation.
Consequently, the lake has lost 45% of its volume and 29% of its surface area. However, the water
abstraction ceased and nowadays, the water level is above 517 m.a.s.l (Figure 3).

The water level fluctuation in the four lakes for the period 2012–2015 is shown in Figure 3
(data provided by the Greek Biotope/Wetland Centre, EKBY). The maximum water level is observed
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between February and April and the minimum in September–October. The water level varies annually
about 1 m in Lake Zazari and 0.6 m in lakes Chimaditida and Petron. In Lake Vegoritida, the water
level rises for the aforementioned period but an annual variation can be recognized from 0.6 to 1 m.

Table 1. Hydromorphological characteristics of the four studied lakes. EU—eutrophic; ME—mesotrophic.

Hydromorphological Characteristics Zazari Chimaditida Petron Vegoritida

Max water level (m a.s.l.) 599.7 * 592.0 * 573.1 * 518.0
Surface area (km2) 2.0 10.1 12.6 47.2

Stored volume (106 m3) 9.7 14.7 40.8 1206.2
Mean depth (m) 5.0 1.5 3.5 26.0

Maximum depth (m) 7.6 4.8 5.5 52.6
Trophic level EU EU EU ME–EU

* overflow level.

Figure 3. Water level fluctuations in lakes Zazari, Chimaditida, Petron, and Vegoritida for the period
2012–2015 (data provided by the Greek Biotope/Wetland Centre, EKBY).

3. Materials and Methods

3.1. Assessing the Maximum Ecological Water Level

Setting a maximum water level was necessary in order to discuss the acceptable amplitude of the
water level fluctuations during a year and consequently, to make suggestions regarding the minimum
ecological water level. Therefore, for lakes Zazari, Chimaditida, and Petron the maximum water
level was set at their overflow level (599.7, 592, and 573.1 m.a.s.l., respectively). Considering the
water level fluctuations in Lake Vegoritida over recent decades, its water regime pattern is considered
highly unstable. However, the higher water level records in recent years (Figure 3) were very
promising, considering the eutrophication problems the lake faces. Based on the above and taking into
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consideration the water level fluctuations in recent years, the maximum water level for Lake Vegoritida
was set at 518 m.a.s.l. (Table 1).

3.2. Hydromorphological Analysis

The bathymetric Digital Elevation Model (Greek Biotope/Wetland Centre, http://nmwn.ypeka.
gr/en) of each lake was used to extract a high accuracy water level–surface area curve and a water
level–volume curve [37] (Appendix A, Figure A1). Based on the morphological features as expressed
by these two curves, the minimum water level for each lake was calculated from the multi-objective
optimization model [14,38]:

max z1 = s(v) = S(V)/Vmax (1)

min z2 = v = V/Vmax (2)

where z is the water level, and s and v are the dimensionless lake surface area and volume, respectively.
The first equation (Equation (1)) represents the maximization of lake surface area, taking into account
that biodiversity is favored as the lake surface area increases. The second one (Equation (2)) represents
the minimization of lake storage in order to meet the water requirements of economic activities to the
greatest possible extent. The solution of the optimization problem results in:

min {w1v + w2[1 − s(v)]} (3)

where w1 and w2 are non-negative weights. Weight w1 expresses the minimization of lake volume to
meet water requirements and w2 expresses the maximization of lake surface area to protect as much as
possible the habitats in the lake ecosystem. If the weights have the same value, i.e., w1 = w2 = 50%,
the two objectives of the optimization model are expressed equally. Three scenarios were tested
(by varying the weighted factors w1 and w2) to assess the minimum water level the: envScenario
(w1 = 30%, w2 = 70%), eqScenario (w1 = w2 = 50%), and wuScenario (w1 = 70%, w2 = 30%).

3.3. Macrophytes

Macrophyte monitoring was conducted in all studied lakes in 2016 (June–July) according to the
belt transect mapping method [39–42]. The number and location of transects were selected by the
Jensen method (1977) [43], bathymetric data, habitat maps, and land use maps for the lakes and their
catchment areas. Four different groups of riparian habitat types were distinguished around each lake,
using the classification scheme of XP T90-328 (2010) Standard. At least three transects were established
in each group (this number was higher in cases of high variability e.g., ecological, morphological,
and hydrological differences). Specifically, 20 transects were set in Lake Vegoritida, 16 in lakes Petron
and Chimaditida, and 12 in Lake Zazari. Transects were perpendicular to the lake shoreline and
represented a strip area (of 5 m width) extended from the shoreline to the maximum depth of plant
growth. Sampling was conducted in five depth zones: 0–1, 1–2, 2–4, 4–8, and >8 m [41,44] by means of
a double-headed rake with a scaled handle or attached to a rope, a bathyscope, and a geobathymetric
device. In each depth zone, five plots, evenly distributed along the increasing depth gradient,
were sampled. All angiosperms (helophytes, hydrophytes, amphiphytes, and aquatic forms of
land species), pteridophytes, bryophytes, charophytes, and other green filamentous macroalgae
(e.g., Cladophora spp.) were recorded in each plot and their abundance was estimated by using the
semi-quantitative five-point DAFOR (Dominant, Abundant, Frequent, Occasional, Rare) scale [41,45].
The taxa were determined at the species level by using suitable floras and identification keys [24,46–61].

Based on the vegetation sampling data, a detailed literature search for ecological and
physiological studies regarding the recorded macrophytic taxa was conducted (Appendix A, Table A1).
The information collected was necessary in order to reveal recorded species’ ecological and biological
requirements and assist the selection of indicator species, i.e., species whose survival and reproductive
abilities are sensitive to hydrological alterations during at least one stage of their biological cycle.

http://nmwn.ypeka.gr/en
http://nmwn.ypeka.gr/en
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A combination of the collected scientific information about the ecophysiological requirements of the
recorded taxa, along with expert judgment (based on our acquired experience about the survivability
of those macrophytic communities in various lakes with different water regimes across the country),
led to decisions about the optimal water depth for each indicator species, depicted by habitat suitability
curves. Finally, information about the optimal water depth for each indicator species and the chorology
of their rooted macrophytic communities, as recorded during sampling efforts in the studied lakes,
led to the final decisions on the minimum water level for each lake regarding the sustainability of the
macrophytic vegetation communities and the habitats they form.

3.4. Fish

Data regarding the fish community composition in the studied lakes and species biology and
ecology were derived from the published and “gray” (diploma, master, and doctorate theses, technical
reports) literature and Fishbase [62]. Species not confirmed in the lakes in recent decades were
considered as disappeared. Precisely, we gathered information regarding the species spawning
period and their preferences upon substrate, their diet, and habitat preferences. Thus, all species
were categorized in functional reproductive, habitat, and trophic groups. Consequently, as for their
preferences upon the reproductive substrate, fish were categorized as lithophilic (preferring gravels),
phytolithophilic (preferring plants and gravels), phytophilic (preferring plants), pelagophilic (preferring
water column for scattering their eggs), ostracophilic (preferring bivalves for depositing their eggs),
psammophilic (preferring gravels and fine material as breeding substrate), and ovoviviparous
(hatch eggs within female’s body). According to habitat selection, species were distinguished into
benthopelagic, which use the whole water column, and benthic that prefer habitats near the substrate.
Finally, regarding the diet preferences of adults, fish species were classified into five categories as
omnivores, invertivores, planktivores, herbivores, and piscivores. The above categorization aimed at
the identification of the feeding, reproductive, and refuge fields of the fish species whose protection
is of vital importance for their survival. Moreover, the above information aimed at the selection of
indicator species whose monitoring could help in the early detection of water level fluctuation impacts
on fish communities. Effort was provided in order for the selected indicator species to represent almost
all life history traits. Moreover, species economic importance and their abundance were among the
selection criteria used to aid species monitoring.

3.5. Ecological Water Level Assessment

The results of the morphological analysis, the water depth preferences of the indicator macrophytes,
in relation to their distribution and abundance along the depth gradient, and the need for protection of
those vital for fish fauna reproduction, feeding and refuge fields, which were revealed by examining
the biological and ecological requirements of fish species, guided the suggestions on the assessment
of the ecological water regime for each lake. More specifically, suggestions for each one of the four
studied lakes were made on the minimum water level for the wet and dry periods separately and/or
the water level amplitudes, in order to enable the enhancement of macrophytic diversity, and protect
the reproductive and nursery fields of the fish species, ensuring their sustainability. As those highly
important fields are located mainly in the littoral zone of the lakes, the results of the three examined
hydrological scenarios regarding the suppression of each lake area and consequently, of the littoral
zone were highly considered for suggesting the ecological water regime based on fish.

4. Results and Discussion

4.1. Morphological Analysis

The three scenarios examined in the analysis of morphological features result in the estimation
of minimum water level for the four lakes (Table 2). The environmental scenario (envScenario)
favors the lake’s biodiversity as it puts the goal to sustain the lake surface area as a higher priority.
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On the other hand, the water use scenario (wuScenario) targets meeting the water requirements of
anthropogenic/economic activities in the catchment as it puts the need to use the available water
stored in the lake’s volume as a higher priority. The equal scenario (eqScenario) lies among these two
scenarios and tries to compromise the conflict arising from the two objectives by setting the same value
for the two weighted factors, i.e., w1 = w2 = 50%.

The assessed minimum water levels (Table 2) depend strongly on the weighted factors w1 and w2.
In Lake Zazari, the minimum water level was 3.7 m below the maximum level (see Table 1) for the
envScenario, resulting in a decrease in the lake’s surface area by 26% and water volume by 66%. In the
case of eqScenario, the minimum level was 4.8 m below the maximum level, resulting in a decrease in the
lake’s surface area and water volume by 37% and 82%, respectively. In Lake Chimaditida, the minimum
water level was assessed 0.7 m below the maximum level for the envScenario, ensuing 17% reduction
in the surface area of the lake and 46% in its water volume. The eqScenario that also applied for the
same lake resulted in a minimum water level similar to the minimum level extracted from envScenario.
The minimum water level estimated in Lake Petron was 2 m below the maximum for the envScenario
and 2.8 m according to the eqScenario, resulting in a decrease in the lake’s surface area by 18% and 31%,
respectively, and by 56% and 75%, respectively, in the lake’s water volume. Finally, in Lake Vegoritida
for the envScenario (w1 = 30%, w2 = 70%), the minimum water level was estimated at 1.8 m below the
maximum level, thus leading to a 3% reduction in the lake’s surface area and 7% of its water volume.
In the eqScenario (w1 = w2 = 50%) and wuScenario (w1 = 70%, w2 = 30%), the minimum water levels
for Lake Vegoritida were assessed around 27 and 40 m below the maximum level, respectively. These,
non-realistic, minimum water levels correspond to a decrease in the lake’s surface area by 51% and
77%, respectively, compared to its maximum surface area. Furthermore, according to eqScenario,
the lake’s water volume is expected to be decreased by 933.4 million m3 (i.e., 77% decrease compared
to its maximum water volume). Accordingly, the minimum water level estimated by the wuScenario
(w1 = 70%, w2 = 30%) also tested for the other three lakes, corresponded to an exploitation of the
available water volume above 90% and a decrease in the lakes’ surface area between 50% and 90%,
which practically would lead to a severe disorder of the aquatic ecosystems, even their disappearance.

Table 2. Estimated minimum water level (Min WL) for lakes Zazari, Chimaditida, Petron, and Vegoritida
according to the morphological analysis scenarios.

Scenario of Morphological Analysis
Min WL (m.a.s.l.)

Zazari Chimaditida Petron Vegoritida

envScenario (w1 = 30%, w2 = 70%) 596.0 591.3 571.1 516.2
eqScenario (w1 = w2 = 50%) 594.9 591.2 570.3 490.9
wuScenario (w1 = 70%, w2 = 30%) 594.0 589.2 569.1 477.9

4.2. Macrophytes

In total, 42 taxa of aquatic macrophytes were recorded in the four studied lakes, 17 of which
were helophytes and 25 hydrophytes (Table 3). The largest number of taxa (24) was recorded in Lake
Vegoritida, while the smallest (9) in Lake Zazari. Fifteen out of the 42 recorded macrophytic taxa are
considered as sensitive to hydrologic alterations (Table 3). However, sufficient information regarding
their ecological preferences was available only for nine of them (Table 3), which were selected as
indicator species for the water regime preferences of the macrophytic communities. Their water depth
habitat suitability curves, which were developed by using the available information from the literature
(Appendix A, Table A1) and by expert judgement, are provided in Figure 4. The optimal water depth
for each species colonization and reproduction success is very narrow for the majority of the indicator
taxa, with the exception of Myriophyllum spicatum (Figure 4).
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Table 3. List of macrophytic taxa recorded in lakes Zazari (Z), Chimaditida (C), Petron (P), and Vegoritida
(V) in summer 2016. The taxa sensitive to hydromorphological alterations (HA) are also indicated.
Hel—Helophytes; Hyd—Hydrophytes.

Taxa Life Form Sensitive to HA Z C P V

Phragmites australis (Cav.) Steud. Hel YES * X X X X
Typha spp. L. Hel YES * X X X
Paspalum distichum L. Hel X X
Rumex palustris Sm. Hel X X
Lycopus europaeus L. Hel X
Chaerophyllum bulbosum L. Hel X
Mentha aquatica L. Hel X X X
Schoenoplectus lacustris (L.) Palla Hel YES * X X
Eleocharis mitracarpa Steud. Hel YES X
Schoenoplectus litoralis (Schrad.) Palla Hel YES X
Stachys palustris L. Hel X X
Rorippa amphibia (L.) Besser Hel X X
Alisma plantago-aquatica L. Hel YES* X
Carex pseudocyperus L. Hel YES X
Juncus subnodulosus Schrank Hel YES * X
Cyperus longus L. Hel YES X
Eleocharis palustris (L.) R. Br. Hel YES X
Cladophora spp. Kutz. Hyd X X X X
Ceratophyllum demersum L. Hyd X X X
Ceratophyllum submersum L. Hyd X X
Potamogeton perfoliatus L. Hyd X X X
Stuckenia pectinata (L.) Borner Hyd X X
Myriophyllum spicatum L. Hyd YES * X X
Vallisneria spiralis L. Hyd X X
Nitella furcata (Roxb. Ex Bruz.) Ag. Hyd X X
Chara tomentosa L. Hyd X X
Chara vulgaris L. Hyd X X
Lemna minor L. Hyd X X
Azolla filliculoides Lam. Hyd X X
Spirodella polyrhiza (L.) Scheid. Hyd X X
Ranunculus trichophyllus Chaix Hyd YES * X X
Lemna gibba L. Hyd X
Persicaria amphibia (L.) S. F. Gray Hyd X
Potamogeton trichoides Cham. & Schltdl. Hyd YES X
Alisma gramineum Lej. Hyd YES * X
Utricularia vulgaris L. Hyd X X
Najas marina L. Hyd X
Chara hispida L. Hyd X
Zannichellia palustris L. Hyd YES * X
Nitellopsis obtusα (Desv. In Lois.) J. Gr. Hyd X
Hydrocharis morsus-ranae L. Hyd X
Lemna trisulca L. Hyd X

Total 42 15 9 19 21 24

* taxa for which information regarding their tolerance in water level fluctuations is available.



Water 2020, 12, 2977 10 of 20

Figure 4. Habitat suitability curves in relation to water depth for the selected macrophytic indicator
taxa: (PA) Phragmites australis, (TY) Typha spp., (SL) Schoenoplectus lacustris, (AP) Alisma plantago-aquatica,
(JS) Juncus subnodulosus, (MS) Myriophyllum spicatum, (RT) Ranunculus trichophyllus, (AG) Alisma
gramineum, and (ZP) Zannichellia palustris.

In Table 4, we provide the abundances estimated per depth zone for each indicator species.
P. australis was recorded in all four lakes and was abundant in the littoral zone of the three shallower
lakes. In particular, the species dominated the depth zone 0–1.4 m in Lake Petron, while in lakes
Chimaditida and Zazari, the depth zones were 0–1.6 and 0–3.2 m, respectively (Table 4). In Lake
Zazari, macrophytic diversity was relatively poor in both species richness and abundance due to
eutrophication pressures, resulting in extremely low water clarity and high phytoplankton biomass.
However, the existence of the relatively sensitive to water depth changes species Ranunculus trichophyllus
indicates mild water fluctuations at least during recent years [63]. The same was also indicated by the
rich and robust helophytic vegetation found in Lake Chimaditida and the presence of P. australis reed
beds around Lake Petron along with the presence of taxa more sensitive to water level fluctuations
(e.g., Typha spp., Schoenoplectus lacustris, Schoenoplectus litoralis, Zannichellia palustris) in the shallow
areas of the littoral zone. These mild water level fluctuations resulted in the sustainment of constant
shallow water areas suitable for helophytic development.

4.3. Fish Fauna

A total of 22 fish species have been reported in the studied lakes, 9 of which were introduced in
the inland waters of Greece (Table 5). However, the species Oncorhynchus kisutch (Walbaum, 1792),
Oncorhynchus mykiss (Walbaum, 1792), Salvelinus fontinalis (Mitchill, 1814), and Salmo cf. trutta that
were introduced in 1950–1960 to enhance fisheries [64] did not establish permanent populations and
they are nowadays considered as extinct (personal communication with local professional fishermen).
Only the species Coregonus cf. lavaretus, which was also introduced in the same period, was established
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in Lake Vegoritida, where it is economically exploited. The native species E. lucius and C. carpio also
have economic importance as well as R. rutilus and P. fluviatilis (to a lesser extent).

Table 4. Abundance per depth-zone (1: 0–1 m; 2: 1–2 m; 3: 2–4 m; 4: 4–8 m) of the selected macrophytic
indicator taxa. D—Dominant > 75%; A—Abundant 25–75%; F—Frequent 10–25%; O—Occasional
1–10%; R—Rare < 1%.

Taxa
Zazari Chimaditida Petron Vegoritida

1 2 3 1 2 3 1 2 3 1 2 3 4

P. australis A A F A A R A F - O R O O
Typha spp. - - - O O - R R - O R - -
S. lacustris - - - O - - O R - - - - -
A. plantago-aquatica - - - R - - - - - - - - -
J. subnodulosus - - - R - - - - - - - - -
M. spicatum - - - - - - R R R R O F O
R. trichophyllus R - - - - - - - - R R R -
A. gramineum - - - - - - - - - R - - -
Z. palustris - - - - - - R - - - - - -

Table 5. Fish species reported in lakes Zazari (Z), Chimaditida (C), Petron (P), and Vegoritida (V).
Some characteristics of their life history traits are also presented.

Family/Species Z C P V Reproductive Substrate Trophic Guild Habitat
Reproductive Period

1 2 3 4 5 6 7 8 9 10 11 12

Centrarchidae
L. gibbosus I I I LITH INV WCOL + + +
Cyprinidae
A. thessalicus N N PHLI PLAN WCOL (+) (+) (+) (+)
B. balcanicus * N N N LITH INV WCOL + + +
C. gibelio I I I I PHYT OMNI BENT + + +
C. carpio N N N N PHYT OMNI BENT + + +
G. bulgaricus * N PSAM INV WCOL + +
P. macedonicum N N N N PHLI INV WCOL + +
P. parva I PHLI OMNI WCOL + + +
R. meridionalis N N N N OSTR OMNI WCOL (+) (+) (+ (+) (+)
R. rutilus N N N N PHLI OMNI WCOL + +
S. erythrophthalmus ** N PHYT OMNI WCOL + + +
S. vardarensis N LITH OMNI WCOL (+) (+) (+)
T. tinca N N N N PHYT OMNI BENT + + + +
Esocidae
E. lucius N N N N PHYT PISC WCOL + + + + +
Percidae
P. fluviatilis N N N N PHLI INV/PISC WCOL + + + + + +
Poeciliidae
G. holbrooki I I I OVI INV WCOL + + + + + + +
Salmonidae
C. cf lavaretus I LITH INV WCOL + + +
O. kisutch * I - - -
O. mykiss * I I - - -
S. fontinalis * I - - -
S. cf. trutta * I - - -
Siluridae - - -
S. glanis N PHYT PISC WCOL + + +

* The species is likely extinct. ** It is not clear that the species exists or if it is mistakenly confused with
R. rutilus. N—native; I—introduced; BENT—benthic; INV—invertivorous; LITH—lithophilic; OVI—oviviparous;
OMNI—omnivorous; OSTR—ostracophilic; PHLI—phyto-lithophilic; PHYT—phytophilic; PISC—piscivorous;
PLAN—planktivorous; PSAM—psammophilic; WCOL—benthopelagic. With (+) the reproductive months of
species based on closest relative. 1—January; 2—February; . . . , 12—December.

The majority of the fish species are reproduced mainly in the riparian zone during spring,
except C. cf. lavaretus, which spawns from December to February (Table 5), also using the riparian
zone (personal communication with local fisherman). Most fish species, regarding their preferences
upon the reproduction substrate, are phytophilic (33.3%). When their diet preferences are considered,
the majority (44.4%) are omnivorous, while 83.3% of the species use the whole water column as a habitat
(Table 5).
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4.4. Ecological Water Level

Morphological analysis revealed that only the scenario envScenario (w1 = 30%, w2 = 70%),
according to which biodiversity conservation is favored against water use, provided reliable and
realistic estimates regarding the minimum ecological water level, thus it is the preferred scenario among
the three tested for all studied lakes (Figure 5, Table A2). Adopting the eqScenario or wuScenario
scenarios would lead to shrinkage or disappearance of the studied lakes, without the possibility of
their replenishment with water by their catchment area.

Figure 5. Proposed minimum water level based on the morphological analysis and the requirements of
macrophytes and fish in Lakes Zazari, Chimaditida, Petron, and Vegoritida.

The newly developed seedlings (of perennial and annual aquatic species) need a water level rise of
some decimeters during springtime, in order to continue developing in the water column. This, along
with the lakes’ water regime, guided the suggestions concerning the lakes’ minimum water level based
on macrophytes (Figure 5, Table A2). These suggestions would allow the creation of semi-permanent
shallow water areas that would consequently allow the establishment of more helophytic and shallow
water hydrophytic species, raising the biodiversity that the lakes sustain. This in turn is expected
to result in the creation of broader reproductive fields for fish and in general, to keep the number of
shoreline microhabitats high, allowing the sustainment of greater biodiversity.

In more detail, the proposed minimum water level based on macrophytes’ requirements during
the dry season (June to January) for Lake Zazari was set at 598.7 m.a.s.l. and during the wet period
(February to May) at 599.2 m.a.s.l. (Table A2). This water level would allow the conservation of the
P. australis reed beds which would remain in depths between 0 and 2.7 m during the dry period, as well
as the protection of the shallow water areas where R. trichophyllus was present.

During macrophyte sampling, the biggest proportion of Lake Chimaditida had a water depth
of less than 1 m. Exposing this area outside the water column would provoke rapid changes to the
lake’s macrophytic vegetation and consequently, to the biodiversity that the lake sustains. Therefore,
based on macrophytic vegetation’s requirements, the lake’s minimum water level during the dry
season should be higher than 591 m.a.s.l. (Table A2) and consequently, higher than 591.5 m.a.s.l. during
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the wet period. Initially, these water levels would allow the maintenance of the lake’s continuity in its
shallow areas and the presence of open water areas. In addition, they would allow the conservation
of the P. australis reed beds, which will remain in depths up to 0.7 m during the dry period, and the
robustness of Typha spp. and S. lacustris individuals in water depths a little above 0.3 m, which is
in the boundaries of desirable habitat suitability for these species. Moreover, these water levels in
Lake Chimaditida would allow the protection of shallow water areas between dense reed beds and
the lake’s embankment, where A. plantago-aquatica and J. subnodulosus are present. A drop in the
lake’s water level of 0.5 m would allow at least a 10 cm water depth in these areas, permitting the
species’ development.

As mentioned above, the seedlings of the macrophyte indicator species (previous year’s perennial
species and present year’s annual species) require approximately 0.5 m water depth during early
springtime. Therefore, a minimum water level of 572.4 m.a.s.l. during the wet period and of 571.9 m.a.s.l.
during the dry period should be maintained in Lake Petron. These water levels would allow the
conservation of the P. australis reed beds (assuring their presence in a water depth of up to 0.6 m during
the dry period) and of the robust individuals of Typha spp. and S. lacustris, by ensuring their presence
in an optimal water depth considering their requirements (a little above 0.2 m). Moreover, they would
allow the unobstructed development of M. spicatum beds, which were recorded in depths of 1.8 to
3 m. These beds (under the proposed water regime) would be found at a depth between 1 and 2.2 m
during the dry period, which is more desirable for the species. Finally, this water regime would protect
the shallow areas by maintaining at least a 10 cm water depth during spring for the development of
Z. palustris.

The minimum water level for Lake Vegoritida, based on macrophytic requirements, should be
around 517 m.a.s.l. in the dry period and around 517.5 m.a.s.l. in the wet one (Table A2). These water
levels would allow the conservation of the healthy P. australis reed beds (found between 1.6 and 3 m
water depth during samplings) by maintaining a water depth between 0 and 1.4 m for them during
the dry period, which is the optimal water depth considering species’ habitat suitability. Moreover,
these water levels would ensure the survival and reproduction of the robust individuals of Typha spp.
(recorded in depths from 1.2 to 1.8 m during samplings) by maintaining a water depth above 0.2 m
during summer for them, which is an acceptable water depth considering species’ habitat suitability.
In addition, optimal growth and reproduction of the species R. trichophyllus would also be conserved in
the more suitable water depth of less than 0.5 m during the spring period (in contrast to the 0.8–1.6 m
water depth that was recorded during samplings) and of M. spicatum (recorded in depths of 1.8 to
5.2 m), as under the proposed water regime, the species is expected to be found at depths of 0.2 to 3.6 m.
This range is quite close to that of the species’ optimal habitat. Last, these levels would ensure the
sustainable survival of the hydrophytic species A. gramineum, since at least some individuals would
remain during spring at depths less than 1 m.

Fish fauna conservation in the studied lakes necessitates the protection of species’ reproductive
and nursery fields. Since most fish species that are present in the studied lakes are phytophilic,
areas with dense macrophytic vegetation should be present and accessible by fish during spring,
for ensuring their successful reproduction. However, 22.2% of the species are lithophilic, which reveals
that areas with gravel, rocky, and sandy substrate should also be available for their reproduction.
For this framework, the protection of the littoral and riparian zone habitats is of critical importance for
the sustainability of lakes’ fish fauna. Therefore, excessive water level fluctuations should be avoided
mainly during the species’ reproductive period (ensuring accessibility to the reproductive fields and
avoiding eggs’ exposure to air).

Based on the above, a maximum water level fluctuation of up to 0.5 m is acceptable for the three
shallower lakes during species reproduction (Figure 5, Table A2). However, in Lake Zazari, an even
smaller water level fluctuation would be preferred during this period (i.e., the minimum water level
should be around 599.6 m.a.s.l., Figure 5, Table A2). This would allow a water depth of about 20 cm to
be retained in the reed beds that cover a large area in the North East part of the lake, funcioning as
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a valuable reproductive and nursery field for fish. A smaller water depth would excessively reduce
the use of reed beds by fish which may result in a reduction in many cyprinid larvae survival as was
observed after an extensive reduction in reed beds in a Chinese lake [32].

Similarly, in Lake Chimaditida, the water level should remain above 591.2 m.a.s.l. (Figure 5,
Table A2) during the fish species’ reproductive period for ensuring at least a small water depth in the
shallowest western part of the lake, which is of significant importance for fish reproduction.

In Lake Petron, considering the reproductive period of the hosted fish, the water level should
keep relatively stable during spring to mid-summer and above 572.5 m.a.s.l. all year long (Figure 5,
Table A2).

Finally, in Lake Vegoritida, the water level should remain above 515 m.a.s.l. (as was achieved in
recent years) with a desirable maximum water level up to 518 m.a.s.l. (Figure 5, Table A2). However,
a relatively stable water level (maximum fluctuation amplitude of about 1–1.5 m) should be retained
during both spring (for the reproduction of fish species majority) and winter (especially from December
to February) to ensure the reproductive success of C. cf. lavaretus. During these months, the species
should have access to shallow areas of about 1.5–3 m depth with gravel substrate.

Due to its distinct reproductive period, the species C. cf. lavaretus could serve as an indicator,
the monitoring of which would allow the relatively early detection of water level alterations that would
probably affect fish. Based on fish traits and regarding their abundance and economical importance,
E. lucius and C. carpio could also be used as indicator species. The three species represent almost
all reproductive patterns (phytophilic, lithophilic), diet (omnivorous, piscivorous, inventivorous),
and habitat preferences (C. carpio prefers to remain near the substrate (benthic), while the other two use
the whole water column). Moreover, their reproductive period lasts from December to August, covering
thus the crucial period when the largest water level fluctuations are observed. However, as a lag
effect in the response of the biological communities to the water regime alteration is expected [18],
the impacts of the water regime on species reproduction would probably be revealed years later, based
on recruitment results. Therefore, a fish fauna monitoring program conducted every 3 years using
multi-mesh gillnets as proposed by [65] for sampling the fish fauna of lake water bodies would be
efficient in detecting the imposed effects. In addition, since these species are of economic importance,
information regarding their reproductive success, recruitment, and abundance could also be provided
by local fishermen and commercial landing data.

5. Conclusions

The differences observed in the results of the morphological analysis and the analyses of both
fish and macrophyte requirements in the studied lakes revealed the necessity for a holistic approach
regarding the assessment of the ecological water level of the complicated lake ecosystems that has
to incorporate all available parameters, which describe their function. The morphological analysis
highlighted the unique characteristics of each lake regarding the water depth (shallow or deep lake)
and the bottom slope (mild or steep) but this should be carefully used as it can lead to unrealistic or
misleading assessments of minimum water level. In addition, even though the morphological analysis
is straightforward, it does not reflect the biological function of the lake. Therefore, the methodology
followed here could provide useful guidance for assessing the ecological water regimes of lake
ecosystems. However, further research should take place targeting the development of tools that
would be able to provide quantitative forecasts of the impacts that the water regime deviations from
the natural pattern would have on biological communities. In this framework, model scenarios could
be used to study the trade-offs between biocommunities and different water regimes, guiding the
management measures in manipulating the water level throughout the year in order to manipulate the
fish fauna community, as has previously been proved for river systems [66].

Author Contributions: O.P.: investigation, validation, visualization, writing—original draft preparation; D.Z.:
investigation, validation, writing; C.D.: project administration, conceptualization, visualization, writing—review



Water 2020, 12, 2977 15 of 20

and editing; D.B.: conceptualization, writing—review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This work is based on the project “Improving the knowledge in determining the minimum water level
and flow of water bodies” (http://eordaia-nestos.gr/en), which was financed by the European Economic Area
Financial Mechanism 2009–2014 and the Public Investment Program.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Figure A1. Water level surface area–volume curves of Lakes Zazari, Chimaditida, Petron, and Vegoritida.

Table A1. The literature used for the determination of water depth preferences of macrophyte plant
indicator species.

Phragmites australis

• Batriu, E.; Ninot, J.M.; Pino, J. Interactions between transplants of Phragmites australis and Juncus acutus in Mediterranean
coastal marshes: The modulating role of environmental gradients. Aquat. Bot. 2015, 124, 29–38.

• Blanch, S.J.; Ganf, G.G.; Walker, K.F. Tolerance of riverine plants to flooding and exposure indicated by water regime.
Regulated Rivers: Research & Management: An International Journal Devoted to River Research and Management, 1999, 15, 43–62.

• Coops, H.; Geilen, N.; van der Velde, G. Helophyte zonation in two regulated estuarine areas in the Netherlands:
Vegetation analysis and relationships with hydrological factors. Estuaries, 1999, 22, 657–668.

• Coops, H.;van der Velde, G. Impact of hydrodynamic changes on the zonation of helophytes. Neth. J. Aquat. Ecol. 1996,
30, 165–173.

• Coops, H.; Vulink, J.T.; van Nes, E.H. Managed water level and the expansion of emergent vegetation along a lakeshore.
Limnologica, 2004, 34, 57–64.

• Deegan, B.M.; White, S.D.; Ganf, G.G. The influence of water level fluctuations on the growth of four emergent
macrophyte species. Aquat. Bot. 2007, 86, 309–315.

• Greet, J.; Rees, P. Slashing may have potential for controlling Phragmites australis in long-inundated parts of a
Ramsar-listed wetland. Ecol. Manag. Restor. 2015, 16–3, 233–236.

• Mauchamp, A.; Blanch, S.; Grillas, P. Effects of submergence on the growth of Phragmites australis seedlings. Aquat. Bot.
2001, 69, 147–164.

• Poulin, B.; Lefebvre, G.; Mauchamp, A. Habitat requirements of passerines and reedbed management in southern France.
Biol. Conserve. 2002, 107, 315–325.

• Qi, M.; Sun, T.; Zhan, M.; Xue, S.F. Simulating dynamic vegetation changes in a tidal restriction area with relative stress
tolerance curves. Wetlands, 2016, 36, S31–S43.

• Sutherland, W.J.; Hill, D.A. Managing habitats for conservation. Cambridge University Press, The Pitt Building,
Trumpington Street, Cambridge, United Kingdom, 1995.

• Weisner, S.E.B.; Ekstam, B. Influence of germination time on juvenile performance of Phragmites australis on temporarily
exposed bottoms–implications for the colonization of lake beds. Aquat. Bot. 1993, 45, 107–118.
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flooded Mediterranean wetland. Plant Ecol. 2007, 189, 71–85.

Schoenoplectus lacustris
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Juncus subnodulosus

• Richards, P.W.; Clapham, A.R. Juncus subnodulosus Schrank (J. obtusiflorus Ehrh.). J. Ecol. 1941, 29, 385–391.

Alisma plantago-aquatica

• Keddy, P.A.; Ellis, T.H. Seedling recruitment of 11 wetland plant species along a water level gradient: shared or distinct
responses? Can. J. Bot. 1985, 63, 1876–1879.

• Moravcova, L.; Zakravsky, P.; & Hroudova, Z. Germination and seedling establishment in Alisma gramineum, A.
plantago-aquatica and A. lanceolatum under different environmental conditions. Folia Geobot. 2001, 36, 131–146.
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Myriophyllum spicatum
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• Strand, J.A.; Weisner, S.E. Morphological plastic responses to water depth and wave exposure in an aquatic plant
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• van den Berg, M.S.; Joosse, W.; Coops, H. A statistical model predicting the occurrence and dynamics of submerged

macrophytes in shallow lakes in the Netherlands. Hydrobiologia, 2003, 506-509, 611–623.
• Wang, P.; Zhang, Q.; Xu, Y.S.; Yu, F.H. Effects of water level fluctuation on the growth of submerged macrophyte

communities. Flora, 2016, 223, 83–89.

Ranunculus trichophyllus

• Hartog, C.; Segal, S. A new classification of the water-plant communities. Acta Bot. Neer. 1964, 13, 367–393.
• Hong, D.Y. A biosystematic study on Ranunculus subgenus Batrachium in S Sweden. Nor. J. Bot. 1991, 11, 41–59.
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Zannichellia palustris

• van Vierssen, W. The ecology of communities dominated by Zannichellia taxa in western Europe. II. Distribution,
synecology and productivity aspects in relation to environmental factors. Aquat. Bot. 1982, 13, 385–483.

• Vogiazakis, I.N.; Kazakis, G.; Ghosn, D. Macrophyte community structure and species occurrence in relation to
environmental determinants in the ephemeral aquatic habitats of Gavdos, Greece. Hydrobiologia, 2009, 630, 127–138.

• Watt, S.C.L.; Garcia-Berthou, E.; Vilar, L. The influence of water level and salinity on plant assemblages of a seasonally
flooded Mediterranean wetland. Plant Ecol. 2007, 189, 71–85.

Table A2. Minimum suggested water level (WL) and corresponding surface area and stored volume,
based on morphological analysis, macrophytes, and fish requirements in lakes Zazari, Chimaditida,
Petron, and Vegoritida.

Parameter Altitude (m.a.s.l.) Surface Area (km2) Volume (106 m3) Surface Area (%) Stored Volume (%)

Lake Zazari

Max WL 599.7 2.03 9.71
Min WL—fish fauna—April–June 599.5 1.98 9.31 −2.5% −4.1%
Min WL—fish fauna—July–March 599.5
Min WL—macrophytes—June–January 598.7 1.83 7.79 −9.9% −19.8%
Min WL—macrophytes—February–May 599.2
Min WL—morphological analysis 596.0 1.51 3.31 −25.6% −65.9%

Lake Chimaditida

Max WL 592.0 10.08 14.70
Min WL—fish fauna—April–June 591.5
Min WL—fish fauna—July–March 591.2 8.10 7.45 −19.6% −49.3%
Min WL—macrophytes—June–January 591.0 6.79 5.97 −32.6% −59.4%
Min WL—macrophytes—February–May 591.5
Min WL—morphological analysis 591.3 8.36 7.95 −17.1% −45.9%

Lake Petron

Max WL 573.1 12.56 40.83
Min WL—fish fauna—April–June 572.7
Min WL—fish fauna—July–March 572.5 11.68 33.58 −7.0% −17.8%
Min WL—macrophytes—June–January 571.9 11.13 26.74 −11.4% −34.5%
Min WL—macrophytes—February–May 572.4
Min WL—morphological analysis 571.1 10.34 18.14 −17.7% −55.6%

Lake Vegoritida

Max WL 518.0 47.15 1206.16
Min WL—fish fauna—April–June * 515.0 44.27 1068.14 −6.1% −11.4%
Min WL—fish fauna—July–March * 515.0
Min WL—macrophytes—June–January 517.0 46.45 1159.37 −1.5% −3.9%
Min WL—macrophytes—February–May 517.5
Min WL—morphological analysis 516.2 45.89 1123.81 −2.7% −6.8%

* the water level should remain above 515 m.a.s.l. with a desirable maximum water level up to 518 m.a.s.l. but the
maximum fluctuation amplitude should be restricted to 1–1.5 m during species reproduction period.
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