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Abstract: The Prespa Lakes area in Greece—comprised partly of lake Great and lake Lesser Prespa
and the Vromolimni pond—has a global importance for biodiversity. Although the waters show
regular cyanobacteria blooms, assessments of water quality threats are limited. Samples collected in
2012 revealed scattered and low microcystin (MC) concentrations in Great Prespa (<0.2 µg MC L−1)
whereas considerable spatial heterogeneity in both total chlorophyll (2.4–93 µg L−1) and MC con-
centrations (0.04–52.4 µg MC L−1) was detected in Lesser Prespa. In 2013, there was far less spatial
variability of MC concentrations in Lesser Prespa (0.4–1.53 µg L−1), however in 2014, increased
concentrations were detected near the lakeshore (25–861 µg MC L−1). In Vromolimni pond the MC
concentrations were on average 26.6 (±6.4) µg MC L−1 in 2012, 2.1 (±0.3) µg MC L−1 in 2013 and
12.7 (±12.5) µg MC L−1 in 2014. In 2013, no anatoxins, saxitoxins, nor cylindrospermopsins were
detected in Lesser Prespa and Vromolimni waters. Tissue samples from carps, an otter and Dalmatian
Pelicans contained 0.4–1.9 µg MC g−1 dry weight. These results indicate that cyanotoxins could be a
threat to the ecosystem functions of particularly Lesser Prespa and Vromolimni.

Keywords: cyanobacterial toxin; LC-MS/MS; Prespa Lake; Microcystin; eutrophication; migrat-
ing birds

1. Introduction

The incidence and intensity of cyanobacterial blooms in freshwater systems are on the
rise worldwide [1,2]. There is broad consensus that cultural eutrophication, i.e., the over-
enrichment of surface waters with nutrients, is the prime driver of cyanobacterial bloom
formation (e.g., [3,4]) and that global warming may further stimulate their proliferation [2,5].
High densities of cyanobacteria in the water column are a threat to environmental health
and public safety as many cyanobacteria produce a variety of potent toxins [6,7] and may
produce undesirable musty odors, cause high turbidity, anoxia, fish kills and food web
alterations [5,8].

Like many other lakes worldwide, the water quality of the Prespa Lakes, has been
affected by unsustainable human activities such as discharge of communal waste water,
intensive agriculture and sedimentation of eroded matter. These events have negative
impacts on biodiversity [9]. The Prespa Lakes form a single high altitude (850 m.a.s.l)
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tri-border basin shared by Albania, Greece and North Macedonia and encompasses two
interlinked lakes; the deep lake Great Prespa (also known as Macro Prespa) and the
relatively shallow lake Lesser Prespa (also known as Mikri Prespa) [9]. Both lakes together
form one of the largest waterbodies and the first transboundary protected site within the
Balkan area (Southeast Europe) [9,10]. Lake Lesser Prespa, is protected as a Landscape
of Exceptional Natural Beauty, as a Ramsar Wetland of International Importance [11]
as well as a Special Protected Area due to its importance for rare and migratory birds
(Directive 79/409/EEC) [9]. The area is internationally recognized as a ”shelter” for
endemic biodiversity and migratory birds, especially for the rare piscivorous Dalmatian
Pelican (Pelecanus crispus) and Great White Pelican (Pelecanus onocrotalus), which have one
of their largest colonies worldwide in Lake Lesser Prespa [9,12,13]. Therefore, there is a
great need to prevent habitat deterioration, i.e., due to eutrophication and the development
of toxic cyanobacteria blooms, and to stimulate conservation of the aquatic habitats in the
Prespa area.

Until now, assessments of the water quality threats in the Prespa area have been
limited. Concerning Lake Great Prespa, relevant studies report the prevalence of anoxic
conditions (lack of oxygen) in the hypolimnion during summer stratification and the
coincident increase of in-lake phosphorus concentrations which may further supply the
surface layer of the lake during the mixing of the entire water column [14–16]. In addition,
average summer chlorophyll-a in 2001–2003 and 2008 indicate a mesotrophic to eutrophic
status [17] while more than 90% of dominance of cyanobacteria species such as Anabaena
affinis and Anabaena contorta or Aphanizomenon sp. has been documented in the summer
months [15]. On the one hand, progressive water losses due to furrow irrigation of the adja-
cent agricultural areas and the prolonged drought events on the other hand are presumed
to surpass the effect of eutrophication [14,16,18]. Studies conducted at Lake Lesser Prespa
classify the lake as an eutrophic one, where cyanobacteria such as Microcystis aeruginosa
and M. wesenbergii may dominate during the warmer periods of the year [19,20].

Several members of the genus Microcystis, might produce potent toxins, microcystins
(MCs), that are most frequently encountered in freshwater blooms all around the world [21].
MCs are non-ribosomally synthesized cyclic heptapeptides with a size between 909–1115
Da [21,22]. Their general structure is cyclo(-D-ala-L-X-erythro-β-D-methylaspartic acid-
L-Y-Adda-D-isoglutamic acid-N-methyldehydroalanine), where Adda is (2S,3S,8S,9S)-3-
amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid and X and Y are variable
L-amino acids [6]. MCs are potent inhibitors of protein phosphatases and tumor promot-
ers [23,24]. They have been implicated in human fatalities [25] and in animal mortalities,
for example in otters [26], turtles [27], dogs [28] and birds [29]. Nevertheless, despite a po-
tential risk of cyanobacteria and their toxins to aquatic- and avifauna in Lesser Prespa, only
few and very scattered data on MC concentrations are available. Two studies reported MC
concentration based on dry-weight in Lesser Prespa seston of around 1100 µg g−1 [30,31];
one study reported 3 µg L−1 in seston [32], and another study reported total MCs of around
2 µg L−1 on October 2001 and 101 µg L−1 in a sample collected on August 1999 [33].
Another study included one sample from Lesser Prespa, taken in 2014, and reported low
concentration of MC-RR (0.354 µg L−1 in seston, but relatively high concentrations of
MC-RR, MC-YR and MC-LR in filtered water, 41.4, 36.2 and 40.8 µg L−1, respectively [34].
A major limitation of these studies is that the MC values seem to be based on single sam-
ples, whereas the cyanobacterial flora might express considerable temporal and spatial
heterogeneity [28,35,36].

To obtain more insight in the heterogeneity of MC concentrations and thus the poten-
tial cyanobacterial risks in the Prespa area, water, scum and animal tissue samples were
taken at several sites (a) in the summer of 2012 from Lake Great and Lesser Prespa as well as
from Vromolimni Pond, (b) in early autumn 2013 from Lake Lesser Prespa and Vromolimni
Pond and (c) from July to November 2014 from Lake Lesser Prespa and Vromolimni Pond.
Inasmuch as dozens of MC variants have been identified that differ in their toxicity [24],
samples were analyzed on eight of the most prominent MC-variants and nodularin by
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LC-MS/MS rather than on MC-LR concentrations alone. In addition, tissue samples from
carp (Cyprinus carpio), Dalmatian Pelicans and a Common otter (Lutra lutra) were collected
and analyzed on MCs during 2013 and 2014.

In a preliminary inspection of algae species by using microscopic examination of 2012
samples, quite some Dolichospermum lemmermannii (formerly known as Anabaena) were
observed in water samples from Lake Lesser Prespa, which besides MCs might also produce
the neurotoxins anatoxin-a and saxitoxins [37]. Therefore, the collected samples in 2013
were also analyzed for cyanobacterial neurotoxins-(homo)anatoxin-a, four (homo)anatoxin-
a metabolites, saxitoxins, gonyautoxins- and for cytotoxins-cylindrospermopsin, 7-epi-
cylindrospermopsin and 7-deoxy-cylindrospermopsin to obtain a more thorough insight in
the potential risk of cyanobacteria and their toxins to aquatic organisms and avifauna in
the Prespa Lakes.

2. Materials and Methods
2.1. Sample Origin
2.1.1. Water Sampling

Most of Lake Lesser Prespa lies in Greece (4841 ha) close to the border with North
Macedonia, but a small section (500 ha) stretches into Albania (Figure 1). It is linked
through a narrow channel to the larger Lake Great Prespa. Lake Lesser Prespa is situated
853 m above sea level, has an average depth of 4.2 m with a maximum depth of about
8.8 m [9]. It is a typical cyprinid lake well known for its bird fauna [38].
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Figure 1. Sampling sites in Lake Great Prespa, Lake Lesser Prespa and pond Vromolimni in 2012 (Panel a) and 2013 (Panel 
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Figure 1a). In addition, on 30 August 2012 in Great Prespa five additional sites were sam-
pled (indicated by 1–5 in Figure 1a), while 16 sites were sampled on 31 August 2012 in 
Lesser Prespa (indicated by 6–21 in Figure 1a). Furthermore, on 26 September 2012 three 
samples were taken from the Vromolimni pond, where most pelicans breed, and two from 
sites nearby in Lesser Prespa (indicated by red dots in Figure 1a). On 24 September 2013 
again three samples were taken from the Vromolimni pond, while on 3 September 2013 
ten sites in Lesser Prespa were sampled (Figure 1b). 

On 4 August 2014 a surface scum sample was collected near Mikrolimni village at 
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On each site the total chlorophyll-a and cyanobacterial chlorophyll-a were deter-
mined using an AlgaeTorch (bbe Moldaenke GmbH, Schwentinental, Germany). Water 
temperature was measured by using an IntelliCAL™ LDO101 Rugged Luminescent/Op-
tical Dissolved Oxygen probe (Hach Lange GmbH, Düsseldorf, Germany). 

  

Figure 1. Sampling sites in Lake Great Prespa, Lake Lesser Prespa and pond Vromolimni in 2012 (Panel a) and 2013 (Panel
b) and 2014 (Panel c).

Samples were collected directly in high-density polyethylene (HDPE) bottles five times
in the period from 3 July 2012 until 14 August 2012 at five different sites, of which two
were located in the Greek part of Great Prespa (i.e., at I Psarades bay and II near the outlet
of the river Agios Germanos) and three in Lesser Prespa (i.e., III Aghios Achillios village,
IV waterway near pumping station and V near Mikrolimni stream outlet; Figure 1a). In
addition, on 30 August 2012 in Great Prespa five additional sites were sampled (indicated
by 1–5 in Figure 1a), while 16 sites were sampled on 31 August 2012 in Lesser Prespa
(indicated by 6–21 in Figure 1a). Furthermore, on 26 September 2012 three samples were
taken from the Vromolimni pond, where most pelicans breed, and two from sites nearby
in Lesser Prespa (indicated by red dots in Figure 1a). On 24 September 2013 again three
samples were taken from the Vromolimni pond, while on 3 September 2013 ten sites in
Lesser Prespa were sampled (Figure 1b).

On 4 August 2014 a surface scum sample was collected near Mikrolimni village at
Lake Lesser Prespa (indicated by I in Figure 1c). Later on, during 4, 8, 12, 20 September
2014 and 21, 30 October 2014 regular algal bloom sampling took place in a lakeshore site
at the north part of Lake Lesser Prespa (indicated by II in Figure 1c). On 6 November
2014 algal bloom samples were collected near Agios Achillios village at the north part of
Lesser Prespa (indicated by III in Figure 1c). Moreover, water samples were collected from
Vromolimni Pond on 25 July 2014 and 21 October 21 2014.

On each site the total chlorophyll-a and cyanobacterial chlorophyll-a were determined
using an AlgaeTorch (bbe Moldaenke GmbH, Schwentinental, Germany). Water temper-
ature was measured by using an IntelliCAL™ LDO101 Rugged Luminescent/Optical
Dissolved Oxygen probe (Hach Lange GmbH, Düsseldorf, Germany).
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2.1.2. Animal Tissue Samples

In September 2013, the liver from a deceased young Dalmatian Pelican was removed
for cyanotoxin analysis. This pelican had been released back into Vromolimni after having
been treated for an injury. It weighed only 3.75 kg at the time of dissection, while it was
reported to weigh 6.5 kg at its release. It had been dead for no more than two days, having
probably died of exhaustion considering its weight loss and stomach full of parasites.
Moreover, livers from three carps caught by local fishermen were collected in 2013. The
carp livers were all collected from fish of approximately 50 cm in size that weighed 3–3.5 kg.
Carp liver 1 and 2 were collected from fish caught in the south of Lesser Prespa, while liver
3 was collected from a carp caught in the north of Lesser Prespa.

In 25 June 2014 the liver, the stomach and two muscle tissue samples were removed
from a deceased Dalmatian Pelican found at Lesser Prespa area for cyanotoxin analysis.
It weighted 5–6 kg and showed signs of fatigue before death while nematode parasites
were detected internally (stomach, beak). Later on 15 September 2014 the livers from two
deceased Dalmatian Pelican and on 20 September 2014 the liver from a deceased Common
Otter found at Lesser Prespa area were removed for cyanotoxins analysis too. All the
animal tissue samples were stored in the freezer at −20 ◦C.

2.2. Sample Extraction
2.2.1. Cyanobacteria Samples

Cyanobacterial species in the samples were identified by light microscopy. Water
samples, was glass-fiber filtered (Whatman GF/C, Whatman International Ltd., Maidstone,
UK) and stored at −20 ◦C.

Before extraction, filters were transferred to 8 mL glass tubes and placed for two hours
in a freeze-drier (Christ Alpha 1-2LD, Martin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany). Subsequently, MCs were extracted three times at 60 ◦C
in 2.5 mL 75% methanol-25% Millipore water (v/v). Extracts were dried in a Speedvac
(Thermo Scientific Savant SPD121P, Waltham, MA, USA) and reconstituted in 900 µL
methanol. The reconstituted samples were transferred to 2 mL Eppendorf vials with a
cellulose-acetate filter (0.2 µm, Grace Davison Discovery Sciences, Deerfield, IL, USA) and
centrifuged for 5 min at 16,000× g (VWR Galaxy 16DH, VWR International, Buffalo Grove,
IL, USA). Filtrates were transferred to amber glass vials for LC-MS/MS analysis. If needed,
samples with high MC concentrations were diluted in methanol before re-analysis.

2.2.2. Animal Tissue Samples

All collected animal tissue samples, including liver, muscle and stomach samples,
were freeze-dried and then grinded using a pestle and mortar. Five mg of each sample
was transferred to a 2 mL Eppendorf tube. MCs were extracted three times at 60 ◦C in
0.5 mL 75% methanol-25% Millipore water (v/v). Extracts were dried in a SpeedVac and
reconstituted in 600 µL methanol. The reconstituted samples were transferred to 2 mL
Eppendorf vials with a cellulose-acetate filter and centrifuged for 5 min at 16,000× g.
Filtrates were transferred to amber glass vials for MCs analysis.

2.3. LC-MS/MS Analysis
2.3.1. Microcystins and Nodularin

Cyanobacterial samples were analyzed for eight MC variants (dm-7-MC-RR, MC-
RR, MC-YR, dm-7-MC-LR, MC-LR, MC-LY, MC-LW and MC-LF) and nodularin (NOD)
by LC-MS/MS as described in [28]. MS/MS settings for each compound are shown in
Table 3 in [28]. Calibration standards were obtained from DHI LAB Products (Hørsholm,
Denmark) and prepared in methanol, samples were quantified against a calibration curve
and subsequently corrected for recovery. Each sample was injected once. Information
on recovery, repeatability, limit of detection and limit of quantification of the analysis is
given in [28].
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2.3.2. Anatoxins and Cylindrospermopsins

Cyanobacterial seston samples were analyzed for anatoxin-a, homoanatoxin-a, their
metabolites dihydroanatoxin-a, dihydrohomoanatoxin-a, epoxyanatoxin-a and epoxyhomoa-
natoxin-a and for cylindrospermopsin, 7-epi-cylindrospermopsin and 7-deoxy-cylindrosper-
mopsin by LC-MS/MS as described in [39]. MS/MS settings for each compound are shown
in Table 3 in [28].

2.3.3. Saxitoxins

Cyanobacterial samples were analyzed for 10 saxitoxin/gonyautoxin (STX/GTX)
variants (STX, dcSTX, NEO, dcNEO, GTX1, GTX2, GTX3, GTX4, dcGTX2, dcGTX3) and
nodularin (NOD) by LC-MS/MS as described in [40]. MS/MS settings for each compound
are shown in Table 1 in [40].

3. Results
3.1. Lake Great Prespa

In the summer of 2012, MCs were only occasionally detected at nearshore and offshore
sites sampled at the Greek part of the lake and, if so, the total MC concentrations were
below 0.2 µg L−1 (Figure 2a,b) (Tables S1 and S2). The mean cyanobacterial biomass in Lake
Great Prespa on 30 August 2012, expressed as cyanobacterial chlorophyll-a concentrations,
was on average 2.0 (±0.1 SD) µg L−1. Total chlorophyll-a concentrations were on average
5.9 (±2.1 SD) µg L−1 (Figure 3). Water temperature varied between 22.1–31.6 ◦C (mean
24.7 ± 2.1 SD).
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3.2. Lake Lesser Prespa
3.2.1. Sampling in 2012

In Lesser Prespa during 3 July –14 August 14 2012, rather low MC concentrations of
up to 2.2 µg L−1 were detected near lakeshore sites (mean 0.4 ± 0.7 SD µg L−1) (Figure 2).
However, during an extensive lake sampling on 31 August 2012, MC concentrations up to
52.4 µg L−1 were found (Figure 2b). The median MC concentration in lake Lesser Prespa on
31 August 2012 was 0.28 ± 0.76 SD µg L−1, the mean 8.1 µg L−1 with a standard deviation
of 17.2 µg L−1 (Figure 2b) (Table S2). Total chlorophyll-a concentrations were ranging
between 3 µg L−1 at site 14 to 390 µg L−1 at site 18 (Figure 3). The median chlorophyll-a
concentration was 7.4 g L−1 which would classify the lake as mesotrophic, bordering
to nearly eutrophic (cf. [42,43]). The MC:chlorophyll-a ratio in Lake Lesser Prespa in
2012 varied between 0.01 and 0.47. The highest chlorophyll-a concentrations were found
particularly near the shores where cyanobacterial chlorophyll had a high share to the total
chlorophyll-a (Figure 3). At these sites also the three highest MC concentrations were
measured which exceeded 20 µg L−1 (sampling points 7, 12, and 18 with cyanobacterial
chlorophyll-a concentrations of 50, 98 and 245 µg L−1 respectively) (Figures 2b and 3).
Water temperature during the sampling time on 31 August 2012 was ranging between
18.8–28.3 ◦C.

In the period 3 July – 14 August 2012 MC-RR comprised 70.5% (±2.8%) of the total
MC-pool, followed by the variant dm-7-MC-RR (53 ± 40%), MC-LR (37 ± 36.5%) and
MC-YR (7.7 ± 2.5%) (Figure 2a). No dm-7-MC-LR, MC-LW MC-LF variants or Nodularin
(NOD) were detected (Figure 2a). The most abundant MC variant on 31 August 2012 was
MC-RR that comprised 62% (±8%) of the total MC-pool, followed by MC-LR contributing
25% (±5%); the variant MC-YR contributed 8% (±3%), dm-7-MC-RR made-up 4% (±1%),
and dm-7-MC-LR 1% of the total MC-pool (Figure 2b). The variant dm-7-MC-RR was
detected at four sites in Lesser Prespa (LOD = 226 ng L−1), while dm-7-MC-LR was detected
at eleven sites and quantified at 4 sites (LOD = 25 ng L−1). Moreover, at the sampling sites
the phytoplankton community was dominated by Microcystis wesenbergii, Dolichospermum
lemmermannii, and M. aeruginosa (Figure 4) which clearly indicates eutrophic conditions [44].
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Figure 4. Microscopy pictures of dominant cyanobacteria in Lake Lesser Prespa (Greece) in summer
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Ps. = Pseudanabaena–associated with the mucous of M. aeruginosa.
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3.2.2. Sampling in 2013

On 3 September 2013, the mean MC concentration in ten sampling locations in Lake
Lesser Prespa (Figure 1b) was 0.92 (±0.31 SD) µg L−1 with a range between 0.42 and
1.53 µg L−1 and showed low spatial heterogeneity (Figure 5, Table S3). The MC values
were comparable to the ones measured in 2012 at sites where there was no cyanobacterial
accumulation (0.51 ± 0.76 SD µg L−1). Nonetheless, a Mann-Whitney Rank Sum Test indi-
cated that median total MC concentration in 2013 (0.90 ± 0.31 SD µg L−1) was significantly
(p = 0.002) greater than the median total MC concentration in 2012 (0.28 ± 0.76 SD µg L−1).
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ples collected in early September 2013, no anatoxin-a, homoanatoxin-a nor their metabo-
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Figure 5. Concentrations (µg L−1) of different microcystin variants measured in samples collected
on 3 September 2013 at ten sites in Lake Lesser Prespa (1–10). The dashed lines indicate levels
below or above which the health risk associated with recreational activities may be low or high [41].
MC-variants LY, LW, LF and nodularin (NOD) were not detected.

The variants MC-RR and MC-LR made up 36% ± 5% and 34% ± 5% respectively of
the total MC pool while the variant MC-YR contributed 28% (±8%) and dm-7-MC-RR 1%
(±2%), dm-7-MC-LR each made-up 1% of the total MC-pool (Figure 5). This difference in
relative contribution of MC-congeners may have been caused by differences in the relative
abundance of different species or strains of cyanobacteria. MC-variants LY, LW, LF and
nodularin (NOD) were not detected in 2013. A microscopic inspection of the water samples
revealed a dominance M. wesenbergii and M. aeruginosa. Moreover, in the seston samples
collected in early September 2013, no anatoxin-a, homoanatoxin-a nor their metabolites
dihydroanatoxin-a, dihydrohomoanatoxin-a, epoxyanatoxin-a and epoxyhomoanatoxin-
a were detected. Likewise, no cylindrospermopsin, 7-epi-cylindrospermopsin,7-deoxy-
cylindrospermopsin, saxitoxins or gonyautoxins were found.

In September 2013 the median total chlorophyll-a concentration was 15.7 (mean total
chlorophyll was 15.4 ± 5.6 SD µg L−1) (Figure 6). MC:chlorophyll-a ratio was ranging
between 0.05–0.08 for sites 1 to 5. Moreover, median cyano-chlorophyll was 10.2 µg L−1

(mean cyano-chlorophyll was 10.4 ± 3.1 SD µg L−1) and most of the chlorophyll-a was
cyanobacterial chlorophyll (Figure 6). No visible surface accumulation of cyanobacteria
was observed in September 2013. Water temperature in the lake was significantly lower in
September 2013 than in 2012 (p < 0.001) and fluctuated between 18.2 to 21.2 ◦C.
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The different dotted lines indicate boundaries in trophic state based on chlorophyll-a concentra-
tions [42,43].

3.2.3. Sampling in 2014

During August–November 2014, dense accumulations (scums) of cyanobacteria
(Figures A1 and A2 in Appendix A) have been detected occasionally near the lakeshores
of Lake Lesser Prespa (Figure 1c). The mean MC concentration in these locations was
310 ± 256 SD µg L−1 and were ranging between 25 and 861µg L−1 (Figure 7) (Table S4). In
more detail, MC concentration in seston sample collected on 4 August 2014 at site I (near
Mikrolimni village, Figure 1c) was 160 µg L−1 while total chlorophyll-a and cyanobacterial
chlorophyll were up to 108 and 88 µg L−1 respectively at the same time. A regular algal-
bloom sampling at site II (north-east lakeshores, Figure 1c) during September 2014 show
that mean MC concentration was ranging from 153 ± 148 SD µg L−1 to 386 ± 7 SD µg L−1

while during October 2014 from 487 ± 276 SD µg L−1 to 761 ± 397 SD µg L−1 (Figure 7).
Chlorophyll measurements at the algal bloom formations at site 2 during 4-12 September
2014 showed that total chlorophyll-a varied between 84–170 µg L−1 and cyanobacte-
rial chlorophyll between 71–126 µg L−1. On 6 November 2014at site IIIa and IIIb (near
Agios Achillios village, Figure 1c), MC concentration of a surface accumulation was up
to 75 ± 34 SD µg L−1 (Figure 7). MC:Chlorophyll ratios in sites I and II (Figure 1c) were
ranging between 0.2 and 3.2.

The variant MC-RR made up the largest part of the total MC pool (60 ± 20%) measured
in the algal blooms at sites I, II and III (Figure 1c). Next, MC-YR and MC-LR were
contributing almost equally 21% (±19%) and 20% (±10%). The variants dm-7-MC-RR
(0.6 ± 0.8%), dm-7-MC-LR (1.0 ± 0.7%) and MC-LY (0.1 ± 0.1%) contributed much less
to the total MC pool while nodularin (NOD) and MC-FW were not detected in any of the
samples (Figure 7).
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ciated with recreational activities may be low or high [41]. MC-variant LW and nodularin (NOD) 
were not detected. 
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Figure 7. Concentrations (µg L−1) of different microcystin variants measured in samples collected on 4 August 2014 (site I),
during 4–20 September 2014–21, 30 October 2014 (site II) and 6 November (site III) in 2014 in Lake Lesser Prespa (Figure 1c).
Letters a, b and c indicate repeated samples taken from the same location. The dashed lines indicate levels below or above
which the health risk associated with recreational activities may be low or high [41]. MC-variant LW and nodularin (NOD)
were not detected.

3.3. Pond Vromolimni
3.3.1. Sampling in 2012

On 26 September 2012, when most pelicans had left their breeding grounds the Vro-
molimni pond could be visited. Here, M. aeruginosa, M. wesenbergii, D. lemmermannii were
also dominant. Planktothrix agardhii and green algal species belonging to the Scenedes-
maceae were observed too. The total MC concentration in the Vromolimni pond was
26.6 (±6.4) µg L−1 and varied from 21.6 µg L−1 to 34 µg L−1 (Figure 8) (Table S5). The
most abundant MC variant was MC-LR which comprised 61% (±2.3%) of the total MC-
pool, followed by MC-RR contributing 32% (±1.3%). The variant dm-7-MC-RR made-up
3.6% (±0.2%), while MC-YR and dm-7-MC-LR each contributed about 1.5% to the total MC-
pool. Variants MC-LY, MC-LF and MC-LW or nodularin were not found. No chlorophyll-a
measurements were done in the ‘pea-green soup’ encountered in Vromolimni on the
moment of sampling in 2012 (Figure A2, Appendix A), but in September 2013 cyanobac-
terial chlorophyll-a concentrations between 165 and 280 µg L−1 and total chlorophyll-a
concentrations between 200 and 315 µg L−1 were measured.
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Figure 8. Concentrations (μg L−1) of different microcystin variants measured in samples collected 
on 26 September 2012, 24 September 2013, 25 July and 21 October 2014 at several sites in Vromo-
limni. MC-variants LY, LW, LF and nodularin (NOD) were not detected. 
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on 26 September 2012, 24 September 2013, 25 July and 21 October 2014 at several sites in Vromolimni.
MC-variants LY, LW, LF and nodularin (NOD) were not detected.

3.3.2. Sampling in 2013

On 24 September 2013, the MC concentrations at the same sites in Vromolimni were
considerably lower than in 2012 and on average 2.1 (±0.2) µg L−1 (Figure 8) (Table S5).
Again MC-LR was the most dominant MC variant making up 51% (±1%) of the total
MC-pool, while MC-RR contributed 43% (±1%), MC-YR 5% (±1%) and dm-7-MC-LR
contributed 1% (±1%) to the total MC-pool.

3.3.3. Sampling in 2014

On 25 July 2014, MC concentrations at Vromolimni pond were similar to 2012 findings
and on average 26.1 ± 0.63 SD µg L−1. MC-RR comprised 70.4% of the total MC-pool
while MC-LR was making up to 22%, MC-YR up to 6.8% and trace amounts of the variants
dm-7-MC-LR and dm MC-RR were found (Figure 8) (Table S5). In samples collected on 21
October 2014 the MC concentrations were much lower and on average 2.7 ± 0.2 SD µg L−1

(Figure 8). MC-RR comprised 81.3% of the total MC-pool while MC-YR was the second
most dominant variant making up to 14.5%. Trace amounts of the variants dm-7-MC-LR
and dm MC-RR were found while no MC-LR was detected in these samples (Figure 8).

3.4. Animal Tissue Samples

Two of the three carp livers collected in 2013 contained detectable amounts of MC; 0.8
and 1.9 µg MC g−1 dry weight (DW). The MC variants detected were MC-LR in both carp
livers and dm-7-MC-LR made-up 2.8% of the total MC pool in one of the liver samples. A
liver sample collected from a deceased Dalmatian Pelican in 2013 contained 1.0 ± 0.1 µg
MC g−1 DW of which 98.7% consisted of MC-LR and of dm-7-MC-LR.

Additional tissue analysis in 2014 shows that MC amounts varied between 0.4–1.5 µg
MC g−1 DW in two of the three deceased Dalmatian Pelicans. Mean MC concentration
specifically in a liver sample was 0.9 ± 0.1 µg MC g−1 DW, in two muscle samples up to
0.6 ± 0.2 µg MC g−1 DW and in a stomach sample 0.7 ± 0.1 µg MC g−1 DW. Moreover,
mean MC concentrations in one common otter liver was 0.7 ± 0.4 µg MC g−1 DW. In
contrast to 2013 samples, the MC-RR variant comprised 100% of the total MC-pool in most
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of the tissue samples collected in 2014. Only the MC-YR variant made-up 11% in one of the
pelican liver sample (with 89% MC-RR).

4. Discussion
4.1. Cyanotoxins in Prespa Waters
4.1.1. Lake Great Prespa

Low MC concentrations (<0.2 µg L−1) were detected sporadically at the five sampling
sites in the Greek part of Lake Great Prespa in the summer of 2012. There are only few
measurements of MCs available from previous studies for this large lake. During summer
2010 in the North Macedonian part of the lake MC concentrations exceeding 10 µg L−1

were found, with a maximum of 53 µg L−1 in the Northwestern part of the lake near the
shore [15]. In general MC concentrations below 10 µg L−1 are viewed as posing little risk
with a relatively low probability of adverse health effects, while those above 20 µg L−1

are considered to pose a potential risk of adverse health effects [41]. In 2010 in lake Great
Prespa near Dolno Dupeni (North Macedonia) MC concentrations exceeded 10 µg L−1

and the water was dominated by bloom-forming Anabaena sp. (Anabaena affinis, Anabaena
contorta) [15]. A study at the Greek part of Great Prespa during 2015–2016 reported
Dolichospermum lemmermannii (formerly known as Anabaena lemmermannii or Anabaena
flosaquae f. lemmermannii) as dominant cyanobacteria species [45]. In our survey at the
Greek part of the lake, trace amounts of the variants MC-LR and dmMC-RR were found
(Figure 2a,b). These MCs have been reported to be present in Anabaena [46], but MC profiles
are dependent on environmental conditions [47].

4.1.2. Lake Lesser Prespa

In Lesser Prespa, in 2012 the MC concentrations clearly reflect a considerable hetero-
geneity (Figure 2a,b). This variability is also reflected in the chlorophyll-a concentrations
(Figure 3). In the period 1990–1992 the chlorophyll-a concentration ranged between 5 and
54 µg L−1 with a mean value of 21 µg L−1, reflecting the eutrophic status of the lake [48].
Although the study by Tryfon in 2001 [48] shows a small variance in chlorophyll-a con-
centrations over depth, considerable differences were found between the years 1990 and
1992 [38]. During the previous studies only three mid-lake stations were sampled [19], and
hence excluded near shore locations where accumulation of cyanobacteria likely occurs.
In our study in 2012 we included near shore locations where algal blooms may occur
which explains the clear differences in the spatial distribution of phytoplankton expressed
as chlorophyll-a (Figure 3). Phytoplankton community was dominated by Microcystis
wesenbergii, Dolichospermum lemmermannii, and Microcystis aeruginosa in samples collected
in 2012 (Figure 4), which were also reported as dominant species in 1990–1992 [19,20,49].
Apparently no major changes in the dominating cyanobacteria species have occurred in
Lake Lesser Prespa over the past two decades. Worth noting that Microcystis aeruginosa
and Microcystis wesenbergii have been rarely detected in Great Prespa, where surface inflow
is received from Lesser Prespa, while Dolichospermum lemmermannii was found in high
abundance [45]. Relatively high MCs concentrations (exceeding 20 µg MC L−1) were
measured in 2012 at several spots near the shores (Figure 2a). These spots were located
in the southern, middle and northern part of the lake indicating that the accumulations
may show considerable spatial heterogeneity. The relative distribution of MC-RR, MC-LR
and MC-YR in samples collected in 2012 is comparable to the distribution (63%, 25% and
12% respectively) which has been measured in a sample taken in 1999 from Lake Lesser
Prespa [33].

In September 2013, the MC concentrations in Lake Lesser Prespa showed much less
spatial heterogeneity than in 2012 (Figure 5). As explained above, the variability in 2012
was caused by surface accumulation of cyanobacteria at certain sites, while this was not
observed in September 2013. Since Dolichospermum species (formerly known as Anabaena)
were observed, in 2013 the cyanotoxins survey was expanded and included anatoxins,
cylindrospermopsins and saxitoxins [50]. However no other toxins than MCs were detected.
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In 2012 the most abundant MC variant MC-RR was more than twice as abundant as MC-LR
(Figure 2a,b), whereas in 2013 there was hardly any difference (Figure 5). This difference in
relative contribution of MC-congeners may have been caused by differences in the relative
abundance of the cyanobacteria species or strains.

During August—November 2014 regular formations of algal blooms were observed
on lee-side shores sites at Lesser Prespa were MC concentrations reached highest measured
concentration of 861 µg L−1 (21 October 2014) (Figure 7). The MC variant concentrations in
the scums were detected in the following order MC-RR > MC-YR > MC-LR > dm-7-MC-
RR > dm-7-MC-LR > MC-LY. The total MC levels in all sites with scum formation were
exceeding the ‘high risk’ threshold (20 µg MC L−1) which clearly indicates a severe threat
for the aquatic organisms. These agglomerations near the lakeshore can be a result of water
movements or remainders of earlier concentrated positively buoyant cyanobacteria. In that
view, intensified monitoring is suggested to capture periods of calm weather with potential
formation of surface scums and high concentrations on lee-side shores.

4.1.3. Vromolimni Pond

Vromolimni, which means ‘dirty water’ in Greek, is a main breeding area for Dal-
matian Pelican and Great White Pelican for decades [9] which undoubtedly have led to
a considerable nutrient enrichment of the pond stimulating growth of cyanobacteria [51].
In the Vromolimni pond relatively high MC concentrations were measured in 2012 and in
July 2014 (Figure 8). While the most dominant MC variant in the lake was MC-RR, it was
MC-LR in the pond in the majority of the samples. Dominant phytoplankton species in
Vromolimni were similar to those observed in Lesser Prespa, yet different strains might
have been present with different MC-profiles [52]. Nutrient analysis of pelican droppings
revealed a molar TN:TP ratio of 1.6 and a NH4:PO4 ratio of 1.7 [53]. Such relatively high P
enrichment implies that based on the Redfield ratio (P:N:C is 1:16:106; Redfield, 1958) the
cyanobacteria may have been pushed into N-limitation [54–56]. Such N-limitation might
not only lead to less MC production per unit biomass, but could also lead to a shift from
more N-rich MC-variants, such as MC-RR, to less N-rich variants, such as MC-LR [57]. The
latter variant also is about ten times more toxic than MC-RR [24].

4.2. Cyanotoxins in Biota at Prespa Area

Two of the three carp livers collected at Lake Lesser Prespa contained MCs up to
1.3 µg MC g−1 (dry weight). This is less than the approximately 10 µg MC g−1 DW found
in carp liver from Lake Chaohu, China [58], but in the same range as the 0.37 µg MC g−1

DW in carp liver from Lakshmikund Pond, Varanasi, India [59], the ~0.1–0.2 µg MC g−1

fresh weight (FW) found in carp liver from Lake Karla, Greece [60], the ~0.1 µg MC g−1

FW in carp from Lago de Patzcuaro, Mexico [61]; and higher than the ~0.03 µg MC g−1

DW in carp liver from Lake Taihu, China [62]. Variability in MC content of carp livers
in specimens from the same site as observed in carp from Lesser Prespa has also been
reported elsewhere: Zhang et al. [63] mentioned 0.003 up to 0.17 µg MC g−1 DW in carp
liver from Lake Taihu. Schmidt et al. [64] found MC-LR (3.5 µg kg−1 FW) only in one out
of 15 carps caught in Grand Lake St. Marys (Ohio, USA). Moreover, the MCs detected
in the carp liver did not reflect the MC composition of the seston of Lesser Prespa. Such
discrepancies have also been found in other studies. For instance, Ni et al. [65] found seven
MC variants, including MC-RR in the seston, but only two variants (MC-LR and MC-LY)
in the liver of Bighead carp (species); Xie et al. [66] raised silver carp in tanks with MC-RR
and MC-LR containing Microcystis, but found mostly only MC-RR in carp liver. Moreover,
differences in relative abundances of MC-variants in different tissues has been observed,
yet a clear physiological mechanism explaining the obvious differences in carp liver and
surrounding seston is still lacking [66].

Although carp liver is not consumed by humans, it is highly likely that also the muscle
tissue of these fish contained MCs. Several studies that examined different carp tissues on
MCs found either comparable concentrations in these tissues as in the liver [57] or between
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3 to 25 times lower concentrations [58,60,63,65,67]. Besides accumulation of MCs fish may
also accumulate off-flavors produced by cyanobacteria that may lead to a lower quality
for consumption and hence may have economic consequences as a result of reduced fish
consumption [68]. The author’s culinary sampling of carp caught in Lesser Prespa and
Great Prespa confirmed earthy and musty meat of specimens caught in Lesser Prespa,
while this was not observed when carp caught in Great Prespa was consumed. Further
research could include analysis of MCs in muscle tissue of carp and in other fish species
that are not only consumed by waterbirds, but also being served in restaurants (of which
some fried as a whole) and include analysis of geosmin and 2-methylisoborneol.

Detectable concentrations of MC were found in the analyzed tissues from Dalmatian
Pelicans in 2013 and 2014 (0.4–1.5 µg MC g−1 DW) which were higher in the liver than in
the stomach and muscle tissues. Comparable levels of MCs were found in the liver of an
otter. The MC-profile of the Dalmatian Pelican’s tissues in 2013 matches with that of the
carp in 2012, however, there is no solid proof the MCs originated from carp. On the other
hand, the MC-profile of other deceased pelicans and the otter in 2014 had no similarity
with that of the carps. In Lake Lesser Prespa the Dalmatian Pelican will feed preferably on
Cyprinidae such as roach (Rutilus sp.), bleak (Alburnus sp.), rudd (Scardinius sp.) and also
carp (Cyprinus carpio) ranging in length from 3 to 50 cm [69]. Hence, it is recommended to
analyze more fish species from Lesser Prespa on MCs, as well as Dalmatian Pelicans and
other piscivorous waterbirds to get more insight in MCs in these animals.

Information on cyanotoxins in pelicans is very scarce; Burns [70] mentioned anatoxin-a
in the gut and the liver of a Great White Pelican during surveys in 2000 (0.51 to 43.3 µg g−1).
Papadimitriou et al. [71] measured average MC concentrations of 231.1 ng/g in the liver
of Dalmatian Pelicans collected in Karla reservoir (Greece) during summer 2016 by using
immunological ELISA method. In the same study, significant differences were found
between various waterbird tissues examined for MCs while detectable concentrations of
saxitoxins and cylindrospermopsins were also recorded [71].

Likewise, more animals in the Lesser Prespa/Vromolimni habitat could be inspected
on accumulation of MCs to shed light on the possible influence the regular cyanobacte-
rial blooms may already have on wild life health. Moreover, seston incubation experi-
ments at some future expected temperature and nutrient scenarios may indicate whether
cyanobacteria bloom intensity will be aggravated and/or species composition may change.
Experiments conducted already in 2013 with incubated seston from Lake Lesser Prespa
and Vromolimni pond show that the simultaneous addition of nitrogen and phosphorus
or nitrogen alone can enhance the cyanobacterial growth and the production of the toxic
variant MC-LR. Warming seemed to increase cyanobacteria biomass in these treatments
too [72].

Given the fact that Lesser Prespa is interconnected to downstream Great Prespa
through a sluice gate, the transfer of toxin-producing cyanobacteria species to Great Prespa
during high water discharge may be a matter of concern. Katsiapi et al., 2020 [45] already
found that the hydrological connectivity as well as the high dispersal rates have affected
the cyanobacterial metacommunity in Prespa lakes and can consist of critical drivers for
potentially toxic bloom expansion in Great Prespa. Such emerging issue needs to be taken
into consideration in lake management practices in order to prevent the further expansion
of harmful cyanobacteria in the area.

5. Conclusions

In summer 2012 scattered and low microcystin (MC) concentrations of <0.2 µg MC L−1

were found in Great Prespa, whereas in Lesser Prespa MC concentrations ranged from 0.04
to 52 µg L−1. The highest MC concentrations in Lesser Prespa were found at sites where
cyanobacteria had accumulated in 2012 and particularly in 2014 (25 and 861 µg L−1), which
were reflected in the chlorophyll-a concentrations and indicated a poisoning risk (above
20 µg L−1). The main phytoplankton species in Lesser Prespa were Microcystis wesenbergii,
Dolichospermum lemmermannii, and M. aeruginosa. In summer 2013 the MC concentrations
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in Lesser Prespa were lower, ranged from 0.4 to 1.5 µg L−1 and no surface accumulations
were observed during sampling time. In Vromolimni pond, in which vicinity most pelicans
were breeding, the MC concentrations in September 2012 and July 2014 were ranging from
21.6 to 34 µg L−1, which were much higher than the 2.1 µg L−1 measured in 2013 and the
concentration of 2.7 µg L−1 measured in October 2014. Moreover, five MC variants were
found in the Prespa Lakes area: MC-LR, MC-RR, MC-YR, dm-7-MC-LR and dm-7-MC-RR.
The variants MC-LY, MC-LF and MC-LW were not detected; neither were nodularin, nor
anatoxins, cylindrospermopsins or saxitoxins.

In two of three carp livers of specimens caught by fishermen in September 2013 MCs
were found. MCs were also present in the tissues of four deceased Dalmatian Pelican
in 2013 and 2014. The present study clearly elucidated the eutrophication pressure on
the unique Prespa Lakes and wildlife as is evident from cyanobacteria blooms and MCs
present in animal tissues. As the area and its lakes is an internationally recognized ‘shelter’
for endemic biodiversity and migratory birds, our study indicates that there is a need
to mitigate the eutrophication of these lakes to prevent further deterioration and loss of
ecosystem services. A system analysis revealing the lakes’ nutrient balances and internal
fluxes seems an absolute necessity to underpin any plan to protect and rehabilitate the
ecology of the Prespa Lakes.
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