
INTRODUCTION

Over the past centuries accelerated land use change and
over-enrichment of nutrients mainly associated with urban,
agricultural and industrial activities have promoted eu-
trophication of freshwater ecosystems (Chamoglou et al.,
2014). Recent research suggests that eutrophication and cli-
mate change are two processes that increase rates of pri-
mary production, shifting algal community towards
bloom-forming and cyanobacterial species (O’Neil et al.,
2012; Papadimitriou et al., 2013; Gkelis et al., 2014).
Cyanobacterial Harmful Algal Blooms (or CyanoHABs)
represent one of the most conspicuous waterborne micro-
bial hazards to human and agricultural water supplies, fish-
eries production, and freshwater and marine ecosystems
(Codd et al., 2005; Paerl et al., 2011). This hazard results
from the production of cyanotoxins, harmful secondary
metabolites, such as microcystins (MCs), saxitoxin (STX),
anatoxin-a (ATX-a), and cylindrospermopsins (CYNs),

which can have deleterious effects within reservoirs and in
downstream receiving water systems during releases (Paerl
and Otten, 2013) and pose a threat for living organisms in-
cluding humans (Testai et al., 2016). 

Numerous factors such as water temperature, light at-
tenuation, vertical water mixing and turbidity, flushing
rates, residence time, nutrient levels and ratios affect phy-
toplankton assemblage and biomass composition (i.e., N2-
fixing vs non-fixing cyanobacteria) (Dokulil and Teubner,
2000; Reynolds et al., 2002; O’Neil et al., 2012; Pearl,
2014). The warm Mediterranean climate favors cyanobac-
teria blooms in eutrophic waters, which may start in
spring and last until December or even throughout the
year in hypertrophic lakes (Cook et al., 2004; Gkelis et
al., 2014). In Greece, extensive CyanoHABs dominated
by Microcystis, Dolichospermum (Anabaena), Cylindros-
permopsis, Aphanizomenon, Planktothrix, and Limnothrix
species occur at eutrophic freshwaters, producing MCs,
STX and CYN (Gkelis et al., 2005; 2014; 2015; Gkelis
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ABSTRACT
Lake Karla (Central Greece) is a unique example - at European scale - of a shallow lake ecosystem that was dried in the 1960s and

in 2009 started to be restored. The lake is listed in the network of the Greek protected areas as it is considered a vital aquatic ecosystem,
in terms of biodiversity. It has, however, already been adversely affected by both agricultural and industrial land uses in the surrounding
area, leading to eutrophication and shifting algal community towards bloom-forming toxic cyanobacterial species. After repeated heavy-
blooms, cyanotoxin occurrence and mass fish kills, the local ecosystem management authority has implemented a water quality moni-
toring program (July 2013 - July 2015) to assess environmental pressures and the response of aquatic biota in the lake. Microscopic,
immunological, and molecular techniques combined with physico-chemical parameters, complemented by liquid chromatography tan-
dem mass spectrometry (LC-MS/MS), were used to monitor cyanobacteria blooms and the associated cyanotoxin production from three
different sites in Lake Karla and from the adjacent Kalamaki Reservoir. Water quality was also assessed by the structure of benthic in-
vertebrate community on the sediment. Cyanobacteria were the main phytoplankton component, representing more than 70% of the
total phytoplankton abundance; dominant taxa belonged to Cylindrospermopsis raciborskii, Limnothrix redekei, Anabaenopsis elenkinii,
and Microcystis spp. Euglenophytes (Euglena), diatoms (Nitzschia), and chlorophytes (Scenedesmus) were also important phytoplankton
constituents. LC-MS/MS confirmed the co-occurrence of microcystins, cylindrospermopsin, saxitoxin, neo-saxitoxin and anatoxin-a.
The occurrence of cyanotoxins in relation to the persistent and dominant cyanobacteria and the impact of cyanobacterial harmful algal
blooms on the newly constructed lake along with the land uses and the emergent mitigation measures are discussed.
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and Zaoutsos, 2014). At present, prediction, prevention
and successful elimination of cyanobacterial blooms are
still difficult (Pearl, 2014; Cirés and Ballot, 2016) despite
the extensive studies and present knowledge on cyanobac-
teria ecology (Dokulil and Teubner, 2000; O’Neil et al.,
2012; Pearl, 2014). 

Lake Karla (Central Greece) is a unique example - at
European scale - of a shallow lake ecosystem that was
dried in 1960s and is currently undergoing its final re-con-
struction phase for establishing a ‘new’ ecosystem
(Sidiropoulos et al., 2012). Lake Karla is one of the most
important environmental projects in the region, possibly
in the whole country, that has been planned to reverse the
adverse environmental conditions, caused by the lake
drainage (Loukas et al., 2007). Its restoration was consid-
ered of high importance by the European Union as it
would offer multi-services i.e. social, economic and eco-
logical sustainable development to the region and not just
creating a new reservoir. Lake Karla is listed in the net-
work of the Greek protected areas (it is a Natura site
(GR1420004), a Ramsar site, and a Special Protected Area
site for birds). It has, however, experienced adverse ef-
fects already from the first year of its refilling, as toxin-
producing cyanobacterial blooms (Oikonomou et al.,
2012; Gkelis and Zaoutsos, 2014) and fish mortalities or
considerable amounts of MCs in fish species have been
detected (Papadimitriou et al., 2013). 

In this work our goal was to assess the water quality in
the Mediterranean, shallow, eutrophic Lake Karla and the
adjacent Kalamaki Reservoir (Central Greece) in relation
to critical environmental parameters using a multi-approach
methodology. Physico-chemical parameters combined with
biotic parameters (phytoplankton and benthic macroinver-
tebrates), immunological (ELISA), analytical (LC-MS/MS)
and molecular techniques (PCR) were used to monitor
cyanobacteria blooms and the associated cyanotoxin pro-
duction on a seasonal basis for two years.

METHODS

Study area 

The study was conducted in Lake Karla located in cen-
tral Greece (39°29΄02΄΄Ν, 22°51΄41΄΄Ε). Lake Karla is an
ancient lake known from the Homeric Epics as Lake Boe-
beïs (Iliad II.715), which was dried up in 1962 for re-
claiming agricultural land and fight floods and malaria.
Its refilling started at 2010 and the suggested plan pro-
posed the creation of a reservoir of about 38 km2. It has a
288-km perimeter and occupies ca. 1/4 of the old Lake
Karla which covered 180 km2. The hydrological basin of
Lake Karla covers 1660 km2 and the maximum water vol-
ume is estimated at 184,000,000 m3. Elevation ranges
from 50 m to more than 2000 m, and the mean elevation

of the region is about 230 m. It is a shallow lake with a
current (2013-2015) maximum water depth of 1-1.5 m.
The hydrological regime of the lake is determined by in-
puts (rainfall on the lake and tributary inflows) and the
outputs (evaporation). At present, the main water source
for Lake Karla is Pinios River. According to the revised
restoration plan, two main ditches transfer the flood runoff
of Pinios River to the reservoir, as it is located in the lower
part of Karla basin simulating the pre-disturbance condi-
tions. Also, four collector channels concentrate the surface
runoff from the higher elevation zones of the watershed
and directly divert it into the reservoir. The surface runoff
of the lower elevation areas will be pumped into the reser-
voir. So, the maximum allowable volume of the reservoir
will reach up to 180 hm3, but only the 60 hm3 will be
available to fulfill irrigation needs of the surrounding agri-
cultures because of the environmental restraints, as the
primary service of the reservoir will be the establishment
of a new wetland. The lake also receives the surface
runoff from the surrounding area - which is mainly agri-
cultural and stockbreeding - and the inflows of perennial
streams that drain from the surrounding mountainous land
(Sidiropoulos et al., 2012). The lake has no natural out-
flow and the constructed channel draining to the adjacent
Pagasitikos bay is closed for the present.

Kalamaki is the oldest and the largest reservoir in the
basin of Lake Karla. Today’s purpose of Kalamaki Reser-
voir is to keep water for irrigation of the surrounding agri-
cultural area. This reservoir is not included in National
Monitoring Program (EGY, 2013) and it is not charac-
terised as water body in the national inventory. However,
it is connected with Lake Karla with a complex irrigation
and drainage network and therefore directly affects the
physico-chemical and biological quality of Karla’s basin
because the water that circulates in the basin, remains for
a long time in Kalamaki Reservoir. 

Sample collection, preparation and chemical analysis

Sampling was taking place bimonthly for the warm pe-
riod of the year (May-September) and seasonally for the
cold period (November-May) during a two-year survey
(July 2013-July 2015). Water samples were collected from
the whole water column from three sampling stations in
Lake Karla (KL1, KL2, KL3) and from the surface of one
offshore station in Kalamaki Reservoir (KK) (Fig. 1) using
a 1m-long Niskin-type sampler and a plastic 10L vessel,
respectively. After August 2013, the water level fell in Lake
Karla (KL1, KL2, and KL3 stations) and varied between
0.8-1.2 m. In Lake Kalamaki (KK station) depth varied be-
tween 0.4-0.9 m. After the water level decrease in Karla no
vessel could enter the lake, therefore sampling was per-
formed by walking. While sampling, extra care was taken
to avoid sediment resuspension (after reaching the sampling
point researchers waited 10 min before collecting the sam-
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ple). Water transparency was measured using a 20-cm Sec-
chi disk. Temperature, pH, conductivity, turbidity, and dis-
solved oxygen were measured in situ using the AquaRead
AP-2000 probe (Kent, GB). Concentrations of Total Phos-
phorus (TP) in lake water and nitrate (NO3-N), nitrite (NO2-
N), ammonia (NH4-N), and soluble reactive phosphorus
(SRP) in filtrates were processed and analyzed in situ spec-
trophotometrically using AQUA NOVA 60A and MERCK
standards. Three sub-samples of 500 mL each (two fixed
with Lugol’s solution and formaldehyde and one retained
fresh) were collected in polyethylene bottles and used for
microscopic analysis.

Sub-samples (50-300 mL) were filtered through What-
man GF/C filters. Filter papers and filtrates were stored
at -20°C for subsequent cyanotoxin analysis and DNA ex-
traction. The Carlson Trophic State Index (TSI) was used
as an additional estimator of eutrophication based on abi-
otic characteristics of the freshwaters surveyed; it was cal-
culated based on TP using the simplified equation given
by Cooke et al., (1986): TSI=14.42*ln[TP]=4.15.

Benthic macroinvertebrates were sampled from the
soft bottom of Lake Karla in three replicates for each sam-
pling station (KL1, KL2, and KL3) with an Ekman-Birge
grab (225 cm2 sampling area). In Kalamaki Reservoir,

benthic macroinvertebrates were collected with a handnet
because the substrate was coarse: a 250 mm × 230 mm,
D-shaped pond net (0.9 mm mesh size, ISO 7828:1985;
EN 27828:1994) was used according to the semi-quanti-
tative 3-min kick/sweep method (Armitage and Hogger,
1994). Then, they were sieved with a 200-mm mesh and
fixed in 10% v/v neutralised formaldehyde.

Phytoplankton analysis

Fresh, Lugol and formaldehyde preserved samples were
examined using a Zeiss Axio imager z2 (Carl Zeiss, Jena,
Germany) microscope and an inverted microscope (Olym-
pus IX71). Phytoplankton species were identified using tax-
onomic keys (Komárek and Anagnostidis, 1999, 2005;
Komárek, 2013). Phytoplankton abundance was deter-
mined in Lugol samples with the Utermöhl method (Uter-
möhl, 1958). Mean cell or filament volume was calculated
using geometric formulae after measuring the dimensions
of at least 30 individuals (cells or filaments) of each species
with an Axio Cam MRc5 digital camera (Carl Zeiss). The
calculated biovolume concentrations were expressed as
biomass per liter (mg L–1) by assuming a specific density
of 1 g cm–3. Species and taxonomical groups comprising

Fig. 1. Map of Lake Karla and Kalamaki Reservoir showing the four sampling stations (KK, KL1, KL2, KL3). Insert, map of Greece
(solid square indicates the location of the two waterbodies).
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more than 10% (w/w) of the total phytoplankton biomass
were considered to be dominant. Phytoplankton species
were classified to functional groups according to Reynolds
et al. (2002). Cyanobacterial biomass was used to assess
the water quality by using: i) the two most relevant grades
(‘tolerable’ and ‘bad’ corresponding to >8 and >16 mg L–1

of phytoplankton biomass, respectively) given in Padisák
et al. (2006) for the big shallow lakes of Central Europe;
and ii) the Good/Moderate (G/M) grade (corresponding to
≤1 mg L–1 of phytoplankton biomass) given by the Mediter-
ranean Geographical Intercalibration Group (JRC European
Commission, 2009); cyanobacteria biomass accounted for
more than 80% of the whole phytoplankton biomass, thus
was considered representative. Cyanobacterial biomass was
also compared to the World Health Organization Guidance
Levels 2 and 3 for recreational waters (WHO, 2003), which
correspond to 10 and 200 mg L–1, respectively, after con-
verting cyanobacterial cell concentration (cells mL–1) to
biovolume (mg L–1) according to Bartram et al. (1999). 

Benthic macroinvertebrates 

Macroinvertebrates were sorted and identified to
genus or species level. Chironomids and oligochaetes
were slide-mounted prior to determination. For the iden-
tification of chironomids (larvae and pupae) and
oligochaetes the keys of Wiederholm (1983 and 1986) and
of Timm (2009) were used, respectively. Immature stages
were identified by the particular characters of the setae. 

DNA extraction and molecular analyses

In order to identify potentially toxic cyanobacteria,
different primer pairs, previously described in the litera-
ture, were used to detect different gene targets known to
be involved either in the biosynthesis of MC, CYN or

STX. DNA was extracted using the protocol described in
Atashpaz et al. (2010) for Gram negative bacteria, after
slicing the two offshore sampling stations (station 3 and
station 4) filters with a sterile scalpel. PCR was carried
out on the DNA extracts using the primer pairs shown in
Tab. 1 and PCR conditions described in detail by Gkelis
and Zaoutsos (2014). All primer pairs were specific for
the gene region each one amplifies. Thermal cycling was
carried out using an Eppendorf MasterCycler Pro (Ep-
pendorf). PCR products were separated by 1.5% (w/v)
agarose gel in 1X TAE buffer. The gels were stained with
ethidium bromide and photographed under UV transillu-
mination.

DNA extracted from Microcystis aeruginosa M6
strain was used as positive control for the amplification
of mcyA, mcyB and mcyE/ndaF gene targets; DNA from
Cylindrospermopsis raciborskii Aqs strain was used as
positive control for the amplification of the ps (peptide
syntethase) and pks (polyketide synthase) genetic deter-
minants; DNA from Aphanizomenon gracile A040 strain
was used as positive control for the detection of sxtI tar-
get gene (see Vasconcelos et al., 2010). DNA of control
strains was extracted as described earlier from
lyophilized biomass provided by Prof. Vitor Vasconcelos
(CIIMAR, University of Porto, Portugal). 

Cyanotoxin analysis

The Abraxis Microcystin (520011), Saxitoxin (52255B),
and Cylindrospermopsin (522011) Microtiter Plate Kits
were used to determine the presence of MCs, STXs, and
CYNs, respectively in sampling stations KL1, KL3, and
KK. Toxins from filters (i.e., representing the intracellular
fraction) were extracted by eight mL of water in glass tubes,
immersed in ice and sonicated for 10 min, after slicing the
filters with a sterile scalpel. After sonication, the mixture

Tab. 1. PCR primers used in the analyses of water samples collected from Lake Karla and Kalamaki Reservoir for the detection of
genes involved in MC, CYN and STX production.

Primer                    Target-gene                  Sequence (5’–3’)                                                                Size (bp)                           Reference

mcyA-Cd1F                 mcyA                        AAAATTAAAAGCCGTATCAAA
mcyA-Cd1R                                                  AAAAGTGTTTTATTAGCGGCTCAT                                 297                     Hisbergues et al., 2003
mcyB2959F                                                  TGGGAAGATGTTCTTCAGGTATCCAA
mcyB3278R                 mcyB                        AGAGTGGAAACAATATGATAAGCTAC                          320                 Nonneman and Zimba, 2002
PKEF1                          mcyE                        CGCAAACCCGATTTACAG
PKER1                                                          CCCCTACCATCTTCATCTTC                                             755                        Ouahid et al., 2005
HEPF                                                            TTTGGGGTTAACTTTTTTGGGCATAGTC
HEPR                      mcyE/ndaF                   AATTCTTGAGGCTGTAAATCGGGTTT                           472                  Jungblut and Neilan, 2006
psM13                             ps                           GGCAAATTGTGATAGCCACGAGC
psM14                                                           GATGGAACATCGCTCACTGGTG                                     597                      Schembri et al., 2001
pksK18                                                         CCTCGCACATAGCCATTTGC
pksM4                            pks                          GAAGCTCTGGAATCCGGTAA                                          422                  Fergusson and Saint, 2003
Sxt1-F                            sxtI                          GCTTACTACCACGATAGTGCTGCCG
Sxt1-R                                                           GGTTCGCCGCGGACATTAAA                                         1669                     Kellmann et al., 2008
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was stirred for 30 min at room temperature, centrifuged for
10 min at 13,000 g and the supernatant was collected. The
pellet was resuspended in eight mL of water and re-ex-
tracted. The resulting solutions were pooled together, dried
in an air stream, and the residue was dissolved in 1 mL
Milli-Q water; then, they were applied to the above men-
tioned ELISA kits following the manufacturer’s instructions.
Extracellular cyanotoxins were measured by applying the
filtrates to ELISA. All microtiter plates were read at 450 nm
and B/B0 values (%) were calculated. Samples with a coef-
ficient of variation percentage of >15% were not accepted.
Dilutions of extracts until they fit each kit’s standard curve
range were preformed when necessary. Results are given in
μg of toxin-equivalent (eq.) per L of water (e.g., eq. μg MC
L–1). The detection limits for MC, STX, and CYN assays,
are 0.10 μg L–1, 0.015 μg L–1, and 0.040 μg L–1, respectively. 

In order to confirm the ELISA results and verify the
identities of cyanotoxins, 13 out of the previously men-
tioned filter-extracts (intracellular toxins) were analyzed
without further pretreatment, using liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS). Determi-
nation was carried out on a Finnigan TSQ Quantum
Discovery Max triple-stage quadrupole mass spectrometer
(Thermo Fischer Scientific, Waltham, MA, USA),
equipped with electrospray ionization (ESI) source. Sep-
aration of target analytes was achieved with a Finnigan
Surveyor LC system, equipped with a Finnigan Surveyor
AS autosampler (Thermo Fischer Scientific). Detection
was performed in multiple reaction monitoring (MRM)
mode. Xcalibur software 2.1 SP 1160 was used to control
the mass spectrometer and for data acquisition.

The determination of CYN, ATX-a, and MCs ([D-
Asp3]MC-RR, MC-RR, MC-YR, MC-HtyR, [D-
Asp3]MC-LR, MC-LR, MC-HilR, MC-WR, MC-LA,
MC-LY, MC-LW, MC-LF) was carried out according to
the LC-MS/MS method described by Zervou et al. (2017).
The same extracts were also analysed for STX and
neoSTX with an in-house developed method (Moustaka-
Gouni et. al., 2016), using a SeQuant ZIC-Hydrophilic
Interaction Chromatographιc (HILIC) column (150 x 2.1
mm, 3.5 µm column) supplied by Merck. 

The method limits of detection (LOD) and method
limits of quantification (LOQ) for each cyanotoxin ana-
lyzed referring to 50 mL of water concentrated to a final
volume of 1 mL are given in Supplementary Tab. 1. A rep-
resentative chromatogram of Sample KΚ (26-7-2013) is
given in Supplementary Fig. 1. Cyanotoxin concentrations
are given in μg L–1. 

Statistical analyses

A one-way ANOVA test was used to compare the
means of physical, chemical and biological parameters
among sampling stations, after check for normality
(Shapiro-Wilk test) and equality of variances (Levene sta-

tistic). Spearman’s rank correlation coefficient (r) was
used to determine correlation between variables. Analyses
were performed with SPSS 23.0 (IBM SPSS statistics).

RESULTS

Physical-chemical parameters

There was a strong seasonal cycle of water tempera-
ture ranging from 14°C to 31°C except in February 2015
where temperature fell to 5°C (Fig. 2a). The pH values
ranged from 7.1 to 9.5, with a maximum of 10.6 in Sep-
tember 2014 at KL1 station (Fig. 2b). Dissolved oxygen
varied noticeably in time and space, decreasing to <7 mg
L–1 at some stations during the warm months (Fig. 2c).
Conductivity was very high throughout the whole study
period, significantly higher (ANOVA, P<0.05) in Lake
Karla compared to Kalamaki Reservoir (Fig. 2d). Water
transparency was low (<35cm) throughout the whole
study period (Fig. 2e). Turbidity was relatively low until
mid-2014 where a sharp peak was recorded, after which
it stayed high for the rest of the study period (Fig. 2f). 

With regard to nutrient concentrations, nitrite nitrogen
(NO2-N) was very low and reached undetectable concen-
trations in all stations until May 2014, after which it rose
and reached a peak of 2.5 mg L–1 at May 2015 (Fig. 3a).
Nitrate (NO3-N) and ammonia (NH4-N) nitrogen were very
high and exhibited temporal and spatial variation (Fig. 3
b,c). Ammonia nitrogen was the most important form in the
DIN pool. DIN concentration ranged from 500 μg L–1 at
the beginning of the study to >15 mg L–1 (July-November
2015) (Fig. 2d). SRP and TP concentrations were high and
varied between undetectable concentrations (November-
May 2014) and 3 mg L–1 (in September 2013) (Fig. 3 e,f).
The DIN/SRP was generally low and below the 10 thresh-
old, except between July-November 2014 (Fig. 4a). 

Phytoplankton

A total of 44 phytoplankton species were identified in
the lake water samples during the study period (Tab. 2).
Cyanobacteria were the taxonomic group with the highest
number of species (23), followed by chlorophytes (13), di-
atoms (6), cryptophytes (1), and euglenophytes (1).
Cyanobacteria dominated the phytoplankton’s biomass
(Fig. 5). Phytoplankton blooms were observed in Lake
Karla and Kalamaki Reservoir almost throughout the whole
monitoring period with cyanobacteria consisting on aver-
age ca. 85% of the total phytoplankton biomass (Fig. 5). 

Total cyanobacterial biomass ranged from 15 to 230 mg
L–1 reaching its peak at September 2013 (KL1 and KK sta-
tions), February 2013 (KK) and July 2014 (KL1) (Fig. 6).
The biomass temporal variation was not the same in the
two years of monitoring: After the warm period of 2013
showed a decrease in November to reach high values dur-
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Fig. 2. Physical and chemical parameters in Lake Karla (KL1, KL2, KL3) and Kalamaki Reservoir (KK) from July 2013 to July 2015.
A) Temperature; B) pH; C) dissolved oxygen; D) conductivity; E) transparency; F), turbidity. 
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ing the cold period (February-May) of 2014. The rapid de-
crease of temperature in November 2014 combined with
the high turbidity coincided with the lower biomass values
(except KL1 station) in the warm period in 2014; biomass
remained low until the end of the monitoring program in
July 2015. Biomass was negatively but not highly corre-
lated with pH, DO, NO3-N, NO2-N, and conductivity (Sup-
plementary Tab. 2). The biomass was significantly higher

(P<0.05) in Kalamaki Reservoir (KK) and Lake Karla KL1
station compared to KL2 and KL3 stations. All biomass
values exceeded the Good/Moderate and Bad threshold for
ecological status, as well as the WHO Guidance Level 2;
during the warm period the biomass also exceeded the
WHO Guidance Level 3 (Fig. 4b).

In both waterbodies nitrogen-fixing Nostocales
cyanobacteria were dominant throughout the study period

Tab. 2. Phytoplankton taxa identified in Lake Karla and Kalamaki Reservoir during the study period.

Taxa 

Cyanobacteria (23)
Anabaenopsis elenkinii V.V.Miller 1923
Aphanizomenon sp.
Aphanocapsa sp.
Arthrospira sp.
Chroococcus sp.
Cuspidothrix issatchenkoi (Usacev) Rajaniemi, Komárek, Willame, Hrouzek, Kastovská, Hoffmann et Sivonen 2005
Cylindrospermopsis raciborskii (Woloszynska) Seenayya et Subba Raju 1972
Dolichospermum spp.
Gloeocapsa sp.
Gomphosphaeria sp.
Limnothrix redekei (Van Goor) Meffert 1988
Merismopedia sp.
Microcystis aeruginosa (Kützing) Kützing 1846
Microcystis flos-aquae (Wittrock) Kirchner 1898
Microcystis sp.
Planktolyngbya cf. limnetica
Planktothrix agardhii (Gomont) Anagnostidis et Komárek 1988
Pseudanabaena limnetica (Lemmermann) Komárek 1974
Pseudanabaena mucicola (Naumann et Huber-Pestalozzi) Schwabe 1964
Radiocystis geminata Skuja 1948
Snowella litoralis (Häyrén) Komárek et Hindák 1988
Sphaerospermopsis aphanizomenoides (Forti) Zapomelová, Jezberová, Hrouzek, Hisem, Reháková et Komárková 2012
Synechococcus sp.

Chlorophyta (13)
Chlamydomonas sp.
Chlorella sp.
Chlorococcum citriforme Archibald et Bold 1970
Coelastrum sp.
Desmodesmus communis (E. Hegewald) E.Hegewald 2000
Dictyosphaerium pulchellum H.C. Wood 1873
Gloeocystis sp.
Monoraphidium sp.
Pediastrum boryanum (Turpin) Meneghini 1840
Selenastrum sp.
Spirogyra sp.
Tetraëdron minimum (A.Braun) Hansgirg 1888
Tetrastrum komarekii Hindák 1977

Diatoms (6)
Aulacoseira granulatα (Ehrenberg) Simonsen 1979
Cyclotella sp.
Nitzschia acicularis (Kützing) W. Smith 1853
Nitzschia closterium (Ehrenberg) W. Smith 1853
Stephanodiscus sp.
Synedra sp.

Cryptophyta (1)
Rhodomonas sp.

Euglenophyta (1)
Euglena acus
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Fig. 3. Nutrient loads in Lake Karla (KL1, KL2, KL3) and Kalamaki Reservoir (KK) from July 2013 to July 2015. A) Nitrite nitrogen
(NO2-N); B) nitrate nitrogen (NO3-N); C) ammonia nitrogen (NH4-N); D) dissolved inorganic nitrogen (DIN); E) soluble reactive phos-
phorus (SRP); F) total phosphorus (TP).



Water quality and cyanotoxins in the reconstructed Lake Karla 41

(Figs. 5 and 6). In Lake Karla, the dominant cyanobacteria
were Anabaenopsis elenkinii, Sphaerospermopsis aphani-
zomenoides (functional group H1), Limnothrix redekei and
Planktothrix cf. agardhii (functional group S1), and Cylin-
drospermopsis raciborskii (functional group SN). During
the warm period Microcystis aeruginosa (functional group
M) was also dominant in KL2 and KL3, whereas in July
2015 in KL2 there was an almost 100% dominance of
Dolichospermum (Anabaena) cf. smithii (Fig. 6). In Kala-

maki Reservoir A. elenkinii, C. raciborskii, and Sph. aph-
anizomenoides were dominant from July 2013 to Septem-
ber 2014; in May 2015 D. cf. smithii became dominant
whereas in July 2015 Lyngbya sp. occurred and became
dominant for the first time (Fig. 6). Cyanobacteria domi-
nated Kalamaki Reservoir even in the cold period. A.
elenkinii, C. raciborskii, Sph. aphanizomenoides, and
Dolichospermum spp. accounted for the higher biomass in
KL1 and KK. Apart from cyanobacteria, the chlorophytes

Fig. 4. Dissolved inorganic nitrogen (DIN) to soluble reactive phosphorus (SRP) ratio (A) and cyanobacteria biomass (B) in water
samples collected in Lake Karla (KL1, KL2, KL3) and Kalamaki Reservoir (KK) from July 2013 to July 2015. Dotted lines represent
the thresholds for ecological status based on cyanobacterial biomass given by Padisák et al. (2006) and the Mediterranean Geographical
Intercalibration Group (JRC European Commission, 2009); long-dashed lines represent WHO Guidance Levels for cyanobacterial con-
centrations in recreational waters (WHO, 2003).
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Monoraphidium sp. (functional group X1) and Tetrastrum
komarekii and the diatoms Nitzschia acicularis and
Nitzschia closterium (functional group X1) were occasion-
ally dominant in both water bodies.

Benthic invertebrates

In Lake Karla, only four taxa (Annelida, Lymnaea sp.,
Chironominae, and Tanypodinae) were recorded; in Kala-
maki Reservoir 3 of the four taxa were found (Lymnaea
sp. was absent).

Molecular detection

PCR products indicating the presence of mcyA,
mcyB, and mcyE/ndaF genes were obtained for most of
the samples tested (Tab. 3). Only two of the assayed en-
vironmental samples gave positive PCR results for each
of the psM13/PSM14 and pksM4/PKSK18 primer pairs,
thus, suggesting the presence of CYN producing
cyanobacteria. Eight water samples, mainly from Kala-
maki Reservoir, dominated by A. elenkinii, Sph. apha-
nizomenoides, and C. raciborskii, gave a PCR product
of about 1500 bp using the sxt1F/sxt1R primer pair for
the presence of the sxtI gene (Tab. 3). 

Cyanotoxins

MCs were detected by ELISA in water samples col-
lected in the warm period, whereas in the cold period they
were below detection limit (Fig. 7 a,b). Intracellular MC-
LR eq. concentration ranged from 1 μg L–1 to 8 μg L–1

(Lake Karla) or 11.5 μg L–1 (Kalamaki Reservoir) (Fig.
7a) while extracellular MC concentrations exhibited sim-
ilar seasonal and temporal pattern with concentrations
ranging from 1 μg L–1 eq. to 4 μg L–1 (Fig. 7b). A maxi-
mum total (sum of intracellular and extracellular) MC
concentration of 14.4 μg L–1 eq. was recorded at KK sta-
tion on September 2013. The MC and CYN intracellular
concentrations were positively correlated with tempera-
ture and SRP (Supplementary Tab. 2).

CYN was found in the warm periods at stations KL1 and
KK and in November 2013 at KK (Fig. 7c). All those sam-
ples were dominated by A. elenkinii, Sph. aphani-
zomenoides, and C. raciborskii. STX was found in some
samples in the warm period in very low concentrations,
close to the detection limit, with the exception of July 2014
in Kalamaki Reservoir where it reached 0.17 μg L–1 eq. (Fig.
7d). In this sample, A. elenkinii, Sph. aphanizomenoides,
and C. raciborskii were also the dominant species. 

Fig. 5. Relative biomass (%) of cyanobacteria and other algae in water samples collected from Lake Karla and Kalamaki Reservoir be-
tween July 2013 and July 2015. Values represent means of the four sampling stations. 
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LC-MS/MS analysis confirmed the presence of CYN in
some cases, with concentrations ranging from 0.5 μg L–1 to
12.1 μg L–1 (Tab. 4). It also revealed the presence of ATX-a
in 3 out of 13 samples analyzed, with concentrations ranging
from 0.8 μg L–1 to 5.4 μg L–1 (Tab. 4). Again, in those sam-
ples A. elenkinii, Sph. aphanizomenoides, and C. raciborskii
were the dominant species. STX was found in all of the sam-
ples analysed, whereas neo-STX was found in 7/13 samples.
[D-Asp3] MC-RR, MC-RR, MC-YR, and MC-LR were
found in trace amounts during the warm periods at stations

KL1 and KK; in November 2013 at KK, MC-YR and MC-
LR were found in concentrations below the quantification
limit (Tab. 4). In July 2013 CYN, ATX-a, STX and/or neo-
STX, and MCs co-existed in KL1 and KK. 

Ecological classification 

According to the Water Frame Directive terminology,
the ecological status of modified lakes is expressed as
ecological potential and the goal is to achieve at least

Tab. 3. PCR amplification of regions targeting genes responsible for MC (mcyA, mcyB, and mcyE/ndaF), CYN (ps, pks) and STX (stxI)
production, in the water samples collected from Lake Karla (KL1, KL3) and Kalamaki Reservoir (KK). 

Collection          Sampling                                                       Cyanotoxin genes
date                    station                          mcyA                   mcyB              mcyE/ndaF                PS                      PKS                      sxtI

26-07-13             KL1                                  +                          +                          +                           -                           -                           -
                           KL2                                  +                          +                           -                           -                           -                           -
                           KL3                                  +                          +                          +                           -                           -                           -
                           KL4                                  +                          +                          +                           -                           -                           -
11-09-13             KL1                                  +                          +                          +                           -                           -                           +
                           KL2                                  +                          +                          +                           -                           -                           -
                           KL3                                  +                          +                          +                           -                           -                           -
                           KK                                    +                          +                          +                           -                           -                           +
22-11-13             KL1                                  +                          +                          +                           -                           -                           -
                           KL2                                  +                          +                          +                           -                           -                           -
                           KL3                                  +                           -                           -                           -                           -                           -
                           KK                                    +                          +                          +                           -                           -                           -
21-02-14             KL1                                  +                          +                          +                           -                           -                           -
                           KL2                                  +                          +                          +                           -                           -                           +
                           KL3                                  +                          +                          +                           -                           -                           -
                           KK                                    +                          +                          +                           -                           -                           -
15-05-14             KL1                                  +                          +                          +                           -                           -                           -
                           KL2                                  +                          +                          +                           -                           -                           -
                           KL3                                  +                          +                          +                           -                           -                           -
                           KK                                    +                          +                          +                           -                           -                           -
04-07-14             KL1                                  +                          +                          +                           -                           -                           -
                           KL2                                  +                           -                           +                           -                           -                           -
                           KL3                                  +                          +                          +                           -                           -                           -
                           KK                                    +                          +                          +                           -                           -                           -
04-09-14             KL1                                  +                          +                          +                           -                           -                           -
                           KL2                                  +                          +                          +                           -                           -                           -
                           KL3                                  +                          +                          +                           -                           -                           -
                           KK                                    +                          +                          +                           -                           -                           -
07-11-14             KL1                                  +                          +                          +                           -                           -                           -
                           KL2                                  +                           -                           -                           -                           -                           -
                           KL3                                  +                          +                          +                           -                           -                           -
                           KK                                    +                          +                          +                           -                           -                           +
21-02-15             KL1                                   -                           -                           +                           -                           -                           -
                           KL2                                   -                           -                           -                           -                           -                           -
                           KL3                                   -                           -                           +                           -                           -                           -
                           KK                                    -                           -                           +                           -                           -                           -
15-05-15             KL1                                   -                           -                           -                           -                           -                           -
                           KL2                                  +                          +                          +                           -                           -                           -
                           KL3                                   -                           -                           -                           -                           -                           -
                           KK                                    +                          +                          +                           -                           +                          +
01-07-15             KL1                                   -                           -                           -                           +                           -                           +
                           KL2                                   -                           -                           -                           +                           -                           +
                           KL3                                   -                           -                           -                           -                           -                           +
                           KK                                    +                          +                          +                           -                           +                           -
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Good Ecological Potential. Considering the parameters:
i) very high phytoplankton biomass (Fig. 4b); ii) domi-
nance of cyanobacteria in phytoplankton (Fig. 5); iii)
functional groups dominating the phytoplankton (Fig. 6);
iv) low diversity of macroinvertebrate taxa; v) frequency
and intensity of water blooms; and vi) presence of multi-
ple cyanotoxins (Fig. 7, Tab. 4), the ecological potential
in Lake Karla and Kalamaki reservoir is classified as poor. 

DISCUSSION

This study presents the simultaneous investigation of
the phytoplankton, macroinvertebrate community, and the
presence of cyanotoxins in relation with key limnological
features (nutrients, temperature, pH, etc.) in a recently re-
stored, highly eutrophic to hypertrophic (Chamoglou et
al., 2014; Theologou et al., 2016) shallow Mediterranean
lake. In Lake Karla and Kalamaki Reservoir dense blooms
dominated by cyanobacteria were observed throughout
the year, in accordance with previous findings in other eu-
trophic freshwaters of Greece (Cook et al., 2004; Gkelis
et al., 2014). Mediterranean lakes are subjected to large
variations in water level, determined by naturally intra-
and inter-annual variations in rainfall and groundwater
discharge or recharge in alternating drought and wet pe-
riods (Beklioglu et al., 2007). Temperature variations may
have considerable further effects on the lake’s ecosystem
structure and dynamics; for example, their response to eu-
trophication seems to be quite different from that of the
cold temperate in Northern Europe: nutrients can limit
phytoplankton biomass throughout the year at low lati-
tudes (Moustaka- Gouni et al., 2014). Prolonged hy-

draulic retention time because of drought, results in in-
creased salinity with secondary effects on biota, ion tox-
icity and osmotic stress (Jeppesen et al., 2007). Such
conditions can significantly reduce the resilience of the
lake ecosystems affecting also their goods and services
(Kagalou, 2010).

Our results indicate that N and P inflows combined
with extremely high water retention time in Lake Karla
and Kalamaki Reservoir (Chamoglou et al., 2014) were
the main drivers of the phytoplankton succession and
dominance. The Nostocales dominance can be linked to
the nutrient availability: the DIN/SRP ratio was <10 for
the most part of the monitoring period, being close to zero
in the beginning of the monitoring, which probably trig-
gered the increase of nitrogen-fixing cyanobacteria that
dominate under such conditions (Villena and Romo, 2003;
Kagalou et al., 2008; Kolzau et al., 2014). The cyanobac-
teria that formed blooms belong to the functional groups
H1, S1, and SN (Reynolds et al., 2002; Mantzouki et al.,
2016). L. redekei, P. agardhii, and C. raciborskii (S1 and
SN species) are particularly tolerant in low irradiance
(Mischke and Nixdorf, 2003) and this could account for
their dominance in the turbid environment and during the
cold period. C. raciborskii, particularly, although gener-
ally considered to thrive in warm (>25°C) waters (see
Dokulil, 2016 and references therein), has been reported
to grow at 17°C in German waters (Mischke, 2003) and
recently Dokulil (2016) showed its ability to survive in
the vegetative form at water temperatures below 12°C. Its
presence in Lake Kalamaki in temperatures as low as
12°C may be further evidence of the wide tolerance spec-
trum of C. raciborskii, which enables it to survive and
thrive in novel environments (Rzymski and Poniedziałek,

Tab. 4. Cyanotoxin occurrence and concentration (intracellular) in water samples collected from Lake Karla (KL1, KL3) and Kalamaki
Reservoir (KK) as determined by LC-MS/MS analysis. 

Collection          Sampling                                                                           Toxin concentration (µg L–1)
date                    station                              CYN             ATX-a             STX           Neo-STX       [D-Asp3]         MC-RR         MC-YR         MC-LR
                                                                                                                                                            MC-RR

26-07-13             KL1                                    2.6                  0.8               <LOQ            <LOQ              n.d.               <LOQ              n.d.               <LOQ
                           KK                                    10.1                 5.4               <LOQ              n.d.                 n.d.               <LOQ              n.d.               <LOQ
                           KL3                                   n.d.                 n.d.               <LOQ            <LOQ            <LOQ              n.d.               <LOQ            <LOQ
11-09-13             KL1                                   n.d.                 n.d.               <LOQ              n.d.                 n.d.                 n.d.               <LOQ              n.d.
                           KL3                                   n.d.                 n.d.               <LOQ            <LOQ              n.d.                 n.d.                 n.d.                 n.d.
                           KK                                     0.5                 n.d.               <LOQ            <LOQ              n.d.                 n.d.                 n.d.               <LOQ
22-11-13             KL1                                   n.d.                 n.d.               <LOQ            <LOQ              n.d.                 n.d.                 n.d.                 n.d.
                           KK                                     1.0                 n.d.               <LOQ              n.d.                 n.d.                 n.d.               <LOQ            <LOQ
21-02-14             KL3                                   n.d.                 n.d.               <LOQ            <LOQ              n.d.                 n.d.                 n.d.                 n.d.
04-07-14             KL1                                   12.1                 2.2               <LOQ              n.d.                 n.d.               <LOQ              n.d.               <LOQ
                           KK                                  <LOQ              n.d.               <LOQ            <LOQ              n.d.                 n.d.                 n.d.                 n.d.
04-09-14             KK                                  <LOQ              n.d.               <LOQ              n.d.                 n.d.                 n.d.                 n.d.                 n.d.

07-11-14             KL1                                   n.d.                 n.d.               <LOQ              n.d.                 n.d.                 n.d.                 n.d.                 n.d.
LOQ, limit of quantification; n.d., not detected.
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2014). Furthermore, S1 and SN species are only sensitive
to flushing (Mantzouki et al., 2016), which never occurred
during the monitoring period or earlier (Chamoglou et al.,
2014). In shallow Mediterranean lakes, cyanobacterial
blooms and their long persistence are more expected at
low flushing rates (Romo et al., 2004). A. elenkinii and
Sph. aphanizomenoides (H1 species) are only sensitive to
low light, low phosphorus and mixing (Reynolds et al.,
2002; Mantzouki et al., 2016), conditions rarely met in
Lake Karla and Kalamaki Reservoir, enabling them to
dominate phytoplankton. L. redekei, P. agardhii A. elenk-
inii and Sph. aphanizomenoides were found dominant also
during previous short-term studies (Papadimitriou et al.,
2013; Gkelis and Zaoutsos, 2014). Microcystis species,
usually forming blooms in freshwater of Greece (Gkelis
et al., 2005, 2014, 2015), also present in Lake Karla’s
phytoplankton, never dominated a bloom during the mon-

itoring period, although such blooms have been reported
previously (Gkelis and Zaoutsos, 2014). The high salinity
in Lake Karla could also have affected Microcystis and/or
other species as it is known that has a negative impact on
the diversity of different biota (Padisák et al., 2006). Since
Microcystis species are favoured by high irradiance, high
temperatures, and they are tolerant to dark anoxic condi-
tions (Šejnohová and Maršálek, 2012), being sensitive
only to flushing (Reynolds et al., 2002) or mixing (Visser
et al., 2016), it possible that Microcystis-dominated
blooms will occur in the future in Lake Karla. Apart from
phytoplankton, only four and three benthic macroinver-
tebrate taxa were recorded in Lake Karla and in Kalamaki
Reservoir, respectively, compared to the 12 taxa which
had been recorded in the-sole macroinvertebrates’ study
existing- by Ananiadis (1956), showing a serious deteri-
oration of the water quality. A comparison of the benthic

Fig. 6. Biomass of each phytoplankton taxon per sampling period in water samples collected from Lake Karla and Kalamaki Reservoir
between July 2013 and July 2015. Only taxa contributing >2% to the total biomass are shown. 
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macroinvertebrate diversity with Lake Paralimni, another
shallow lake that dried up several times because of the
drought (Lakes Network, 2016), using the Shannon-
Wiener index (Shw) showed that Lake Paralimni (Shw =
1.59) has higher biodiversity than Lake Karla (Shw =
0.73) and Kalamaki Reservoir (Shw = 1.25) (Ntislidou,
unpuplished data).

Concerning the cyanotoxin production, the main find-
ing of our study was the occurrence of multiple cyanotox-
ins in several samples of Lake Karla and Kalamaki
reservoir. It is known that multiple types of cyanotoxins

can be produced by individual cyanobacterial strains and
can co-occur in environmental populations, e.g. MCs plus
ATX-a, MCs plus ATX-a(S), and nodularin plus MCs (see
Codd et al., 2005). Co-occurrence of MCs and CYNs has
been found in France (Brient et al., 2009) whereas co-oc-
currence of MCs and STXs in Brazil (Costa et al., 2006).
In Lake Karla, however, we found that MCs, STX, neo-
STX, and ATX-a can co-occur, and to the best of our
knowledge, this has been reported only once in freshwaters
from the Midwestern United States (Graham et al., 2010).
The CYN concentrations we found here are within the

Fig. 7. Cyanotoxin concentrations detected by ELISA in water samples collected from Lake Karla and Kalamaki Reservoir between
July 2013 and July 2015. A) Intracellular MCs; B) extracellular MCs; C) CYN; D) STX.
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range obtained in previous studies (Brient et al., 2009;
Kokociński et al., 2009; Berry and Lind, 2010), although
a value similar to the maximum concentration detected in
Lake Karla has only been reported in Germany (Rücker et
al., 2007) as dissolved CYN. Studies suggest that CYN is
dominantly extracellular (Bormans et al., 2014) therefore
the intracelullar concentrations found here may be an un-
derestimation of the total CYN present in the lakes. STXs,
generally reported to occur more rarely in freshwaters,
have been found in several countries (Testai et al., 2016).
STX concentrations in Lake Karla are similar to those re-
ported by Clemente et al. (2010) and previously found in
the lake (Gkelis and Zaoutsos, 2014), however the neo-
STX/ STX frequency (100% of the samples analysed by
LC-MS/MS) is one of the highest ever reported. ATX-a
occurrence was reported for the first time in a Greek fresh-
water in a previous study by Dimitrakopoulos et al. (2010)
although it did not specifically report which freshwaters
were sampled. The ATX-a concentrations we found here
are similar to those recently reported by Toporowska et al.
(2016). MC concentrations during the monitoring period
were in the range reported previously (Papadimitriou et
al., 2013), much lower than the ones found at off-shore
stations (Gkelis and Zaoutsos, 2014). 

In our study CYN and STX was detected in blooms
consisting of mixed populations of A. elenkinii, Sph. aph-
anizomenoides, and C. raciborskii, in line with our previ-
ous findings in Lake Karla (Gkelis and Zaoutsos, 2014).
Recently it was shown that Aphanizomenon seems to be
the main cyanobacterial genus responsible for the produc-
tion of CYN in Polish lakes (Mankiewicz-Boczek et al.,
2012). Evidences point to Aph. gracile as the STX pro-
ducer in Europe (Ballot et al., 2010; Cirés et al., 2014).
Gkelis and Zaoutsos (2014) suggested that C. raciborskii
and Aphanizomenon (Aph. cf. flos-aquae) could be the
possible STX producers in Greece. ATX-a has been found
in Dolichospermum (Anabaena) and Aphanizomenon
populations worldwide (Testai et al., 2016). The suspected
CYN or ATX-a production of Aph. flos-aquae or MC pro-
duction of Sph. aphanizomenoides is still uncertain (Cirés
and Ballot, 2016). Further studies involving strains and/or
cyanotoxins gene sequences are needed to identify the
cyanotoxins in Lake Karla and Kalamaki Reservoir, as in
all cases mixed cyanobacteria populations co-occurred
with a mixture of cyanotoxins. 

It has been well documented that environmental factors
such as temperature, pH, dissolved oxygen, and nutrient
availability play an important role in regulating the struc-
ture and distribution of phytoplankton communities in
lakes (Dolman et al., 2012; Paerl and Paul, 2012), whereas,
their influence on cyanotoxin production is more complex
(Boopathi and Ki, 2014). Our results indicated that the in-
tracellular MC and CYN concentration was linked to water
temperature and SRP concentrations. The positive corre-

lation of MCs to temperature, and SRP, found also recently
in Lake Pamvotis (Gkelis et al., 2014) can be explained
by the fact that in high concentrations of phosphorus (O’
Neil et al., 2012), or nitrogen or joint nitrogen-phosphorus
(Dolman et al., 2012) hepatotoxic strains produce more
MCs. However, given the very high level of SRP through-
out the study we cannot conclude that SRP has been a de-
termining factor. To date, very few studies have
investigated the relationship between CYN concentration
and environmental factors potentially affecting its produc-
tion. Experimental studies were focused, e.g., on effects
of temperature (Saker and Griffiths, 2000), nitrogen (Saker
and Neilan, 2001), or light (Dyble et al., 2006; Bormans
et al., 2014). Our work showed a positive correlation of
CYN to temperature in line with Kokociński et al. (2013);
earlier experimental studies by Saker and Griffiths (2000)
and Preußel et al. (2009) found a reduction of CYN pro-
duction at temperatures over 20°C and 25°C, respectively.
These somewhat contrasting results could be due to the
different CYN producers examined and different regula-
tory mechanisms of CYN-producing strains involved as
Wiedner et al. (2008) point out.

In the present study, the phytoplankton biomass (dom-
inated by cyanobacteria) and the MCs concentrations
were well above the WHO Guidance Level 2 (WHO,
2003) for recreational waters, posing a moderate health
risk throughout the year. In some cases (warm period in
Lake Karla and February 2013 in Kalamaki Reservoir),
biomass values exceeded also the Guidance Level 3, with-
out, however, the MCs concentration being equally high.
Nevertheless, given the co-occurrence of multiple cyan-
otoxins in Lake Karla, documented in our study, and the
fish mortalities (Oikonomou et al., 2012) and MCs accu-
mulation in fish (Papadimitriou et al., 2013) it should be
considered that Guidance Level 3 health risks (WHO,
2003) are possible. Therefore, the recommended actions
(WHO, 2003), including possible prohibition of water-
contact activities, public health follow-up investigation,
and informing of the relevant authorities, should be taken.
It should be noted that the frequency of recurrent water-
bloom phenomena, especially during the warm period,
could be much higher than the sampling of this monitor-
ing program, thus a quick and efficient water-bloom early
warning system should be implemented. 

An overall assessment of the monitoring in Lake Karla
and Kalamaki Reservoir indicates that, as in other Greek
lakes (Latinopoulos et al., 2016), multiple stressors act
synergistically in degrading their ecological status. While
the diffuse pollution from agriculture is the single most
important source of pollution in most European lakes
nowadays, Greek lakes still face point pollution, particu-
larly by nutrients (Latinopoulos et al., 2016). In Lake
Karla, nutrient load combining both diffuse and point pol-
lution is 8200 kg day–1 for N and 870 kg day–1 for P, re-
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spectively (EGY, 2013). Thus, a drastic reduction of nu-
trient load should be achieved ‘at source level’ and before
entering the riparian zone. Controlling nutrients remains
the basis for managing blooms, no matter which phyto-
plankton functional type dominates (Mantzouki et al.,
2016), therefore the decrease of fertilizer level and the
control of the point pollution sources are considered as
the only feasible measures. Furthermore, in Lake Karla
the continuous water level decline from the suggested
‘lower ecological water level’ (i.e., 46.4 m asl) causes ac-
cumulation of nutrients which is strengthening the eu-
trophication. We have not evidence yet about the extent
of the nutrient’s re-suspension effect through the sediment
but it is likely to happen (Scheffer, 2004; Christophoridis
et. al, 2006) since the bottom experienced a long fertil-
ization period during the dryness time. 

According to the present nutrient and phytoplankton
biomass levels, it becomes clear that Lake Karla is a eu-
trophic system, with apparent signals of hypertrophication
during the warm period (Chamoglou et al., 2014; Theolo-
gou et al., 2016). The absence of any outlet, and thus of
any flushing process, leads to a high-water residence time,
strengthening the eutrophic conditions. In shallow
Mediterranean lakes, nutrient inputs from the catchment
occur mainly in winter-spring due to high precipitation,
whereas when there is no outflow, they act as ‘nutrient
sinks’ (Chamoglou et al., 2014). The reduction of the res-
idence time by regulating the annual timing of the inflows
and outflows could certainly aim at the improvement of
water quality in Lake Karla. This is considered as an emer-
gent issue concerning the future management process.

CONCLUSIONS

The ecological potential of Lake Karla and Kalamaki
Reservoir was less than good based on the biological qual-
itative elements (benthic macroinvertebrates and mainly
phytoplankton) and the co-occurrence of multiple cyan-
otoxins, implying an intense deterioration of the lake
water quality. Our first observations for this deterioration,
subject to further investigation, point to: i) the quality of
water inflowing from the ditches to both systems, con-
nected to Pinios River; ii) the quantitative management
of the lake water (i.e., the irrigation/drainage system of
Karla’s basin via complex networks and interaction with
fields under intensive agriculture); and iii) perhaps the ab-
sence of management of the reed bed in the littoral zone
of the lake.

The new lake is in the first stage of water filling and
its wetland systems are not yet fully functional in order
to act as an artificial outflow and reduce incoming organic
load by abducting part of the lake’s water through the ir-
rigation network. A permanent quality and quantity mon-
itoring system to ensure immediate intervention when

incoming pollution loads are large will help habitat pro-
tection in Lake Karla and Kalamaki Reservoir. According
to the National management plan (EGY, 2013), the com-
pletion of works rendering the hydraulic balance of Karla
and the rationalisation in the consumption of irrigatory
water would help the improvement of the water quality
and further the ecological status.
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