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ABSTRACT

The Middle East region suffers already from the gradual effects of climate change and will
be among the most vulnerable regions in the future. As a result, productivity should
undergo losses due to high temperatures, drought, floods, and soil degradation which threa-
ten food security of Levantine countries. Since water is the critical factor in the region, even
slight changes in air temperature and rainfall patterns will have considerable impact. It has
been proven that potential climate change may disrupt, on one hand, most ecosystems
through changes in their physicochemical conditions, and on the other hand the species
which are living in these ecosystems. Then, the biodiversity can be found challenging. In this
study, the effects of climate change on population and phytoplankton communities of Lake
Karaoun were investigated since 1992. The climate regime shifts have been shown to alter
the lake ecosystem. In the past, Lake Karaoun was characterized by a highly diversified
microflora dominated by diatoms and green algae. Recent climatic fluctuations, with culmi-
nation in 2008-2011 and temperatures exceeding 40°C have upset this biodiversity. Blooms of
cyanobacteria, specifically Microcystis aeruginosa and Aphanizomenon ovalisporum, have
occurred and disturbed both the ecosystem and the functioning of the lake.

Keywords: Aphanizomenon ovalisporum; Climate change; Cyanobacteria; Lake Karaoun;
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1. Introduction agricultural irrigation, power generation, industrial
water supply, commercial fishing, and recreational
activities. Many lakes and reservoirs throughout the
world are contaminated by toxic cyanobacterial spe-
cies such as Microcystis aeruginosa [1], Planktothrix
*Corresponding author. rubescens [2], Aphanizomenon ovalisporum [3], and

Lakes and reservoirs are important resources used
to complete human needs in drinking water,
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Cylindrospermopsis raciborskii [4]. These toxic cyanobac-
teria secrete cyanotoxins that are lethal to livestock,
pets, wildlife, and humans that ingest water contami-
nated with these toxic cyanobacterial cells, or toxins
released from decaying cyanobacterial cells [5-7]. In
addition, the growth and proliferation of these toxic
cyanobacteria produces bad smell and scum,
preventing recreational use of water bodies, clogging
irrigation pipes, and causing side effects on
hydropower generation equipments [8].

Cyanobacteria dominance and bloom formation
within lakes and reservoir have been forecasted as a
result of global warming [9]. Global warming favors
harmful cyanobacteria blooms in several ways: (1) it
rises water temperature providing optimal growth
rates to cyanobacteria that tends to grow at relatively
high temperatures [10,11], (2) strengthen vertical
stratification and facilitate the formation of surface
blooms by buoyant cyanobacteria that seeks nutrients
and light at surface, and (3) lengthens the period of
thermal stratification in lakes due to earlier stratifica-
tion in spring and postponed destratification in late
autumn [12].

In order to properly detect the water quality of
Lake Karaoun after the dramatic changes over the
past fiveyears, we have conducted a limnological
data collection at a rate of two weeks or month to
assess the short-term variability of its properties
physicochemical and biological as well as the rela-
tionships between these properties and weather con-
ditions. In a previous work, we presented the
abiotic and biotic characteristics and especially fluc-
tuations of phytoplankton communities in the years
2009-2010 [13]. Since its construction in 1965, the
Lake Karaoun was characterized by oligotrophic sta-
tus which manifested itself by a rich and varied bio-
diversity. Moreover, before 20years, phytoplankton
community in Lake Karaoun was dominated by dia-
tom bloom that represented about 80% of the total
community [14]. However, Atoui et al. [15] reported
the occurrence of A. ovalisporum and M. aeruginosa
blooms in 2009 for the first time in Lake Karaoun.
In this study, we tried to identify the factors that
caused the appearance of this bloom. Did the
change in climate change cause the phytoplankton
community in Lake Karaoun?

2. Study site

Lake Karaoun, located in the southern part of the
Bekaa plain, is the largest artificial freshwater body in
Lebanon (Fig. 1). The lake was constructed between
1958 and 1965 along Litani River (170km length). It
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has a maximum capacity of 230.10°m’. The lake is
located in a semiarid climate, characterized by a
moderately cold winter season and distinctly dry and
hot summer. The annual precipitation rate in the lake
area is about 800mm. The heaviest rainfall period is
between November and April. However, the lake area
is characterized with little or no precipitation between
June and August [16].

The lake now serves various purposes such as:
hydropower generation, fisheries and aquaculture,
recreation, tourism, and irrigation through canal 900.
In the last decade, the lake changed from an
oligotrophic to hypertrophic state. Solid waste
dumping, animal-raising farm, industrial wastes, food
processing plants, and other polluting activities on
upper Litani river basin that supply Lake Karaoun
has increased its trophic level [17].

3. Materials and methods
3.1. Field measurements
3.1.1. Water and phytoplankton samples

Water samples were taken monthly, between 11:00
and 12:00h during the study period, at the most
representative point (51), in the middle of the lake (33°
56" 55”N, 35° 69" 47”E). However, during blooms
formation, profiles measurements and sampling for
water analysis were performed in six points that
represent all the zones of the lake (Fig. 1). Water
samples were collected by lowering the polyethylene
bottles to about 0.5m beneath the water level and
stored at 4°C until further processing in the
laboratory.

Phytoplankton samples were harvested with a
plankton net (20 pm mesh size) at the top 10m depth
and fixed with formaldehyde at a 5% (v/v) final
concentration.

3.1.2. Phycocyanin profile measurements

The TriOS microFlu-blue sensor was used to
measure profiles of phycocyanin, a pigment specific to
cyanobacteria. TriOS microFlu-blue sensor is a
miniaturized submergeable fluorometer (diameter
48mm and length 200mm). The probe is equipped
with ultra-bright red LED, having an excitation
wavelength of 620nm, an emission wavelength
(detector) of 655nm and a band-width of 10nm. A
recent study by Brient et al. [18] assessed the
performance of this submersible probe for measuring
phycocyanin-specific fluorescence as a function of
cyanobacterial biomass.



2096

_Karaounr
reservoir

K. Slim et al. | Desalination and Water Treatment 52 (2014) 2094-2101

Litani
River

Fig. 1. Lake Karaoun and sampling sites: S; (33° 56" 55”N, 35° 69" 47”E); S, (33" 55" 64”N, 35° 68’ 52”E); Sz (33° 54" 93”N,
35°69 09”E); S4 (33° 55" 61”N, 35° 69’ 70”E); S5 (33° 57’ 49”N, 35° 70" 46”E); S¢ (33° 58 73”N, 35° 69’ 64”E).

3.1.3. Water and

measurements

temperature, pH, conductivity

Continuous water temperature measurements were
performed in a 15min time interval using Seastar
temperature sensors at 1 and 12m to monitor thermal
stratification. Also, fast water temperature and
conductivity profiles at the six sites (Sy, Sy, S3, Sa4, Ss,
and S¢) were achieved using YSI CastAway CTD
probe.

The pH was measured in each sampling site using
a field pH meter (WTW, Weilheim, Germany).

3.1.4. Dissolved oxygen

Measurements of dissolved oxygen were con-
ducted at 1 and 4m depths using HI 9146 dissolved
oxygen and temperature meter by HANNA
instruments.

3.1.5. Transparency

Water transparency was measured using a Secchi
disk.

3.2. Laboratory measurements
3.2.1. Chemical analysis

At the laboratory, subsamples were used to
perform chemical analysis. Dissolved nutrient concen-
trations were analyzed after filtering water through

Whatman GF/C filters. Nitrates, nitrites, and
orthophosphates analyses were performed according
to standard method procedures [19].

3.2.2. Microscopic identification

The cyanobacteria species were determined accord-
ing to taxonomic keys based on cell structure and
dimension, colony morphology, and mucilage charac-
teristics. Microscopic identifications were carried out
under a phase contrast microscope (Nikon TE200,
Nikon, Melville, NY, USA).

3.2.3. Chlorophyll-a quantification

Chlorophyll-a quantification was carried out
according to Lorenzen method [20]. Samples were fil-
tered using Whatman GF/C filters; these filters were
kept freezed at —20°C for 16h and then extracted in
90% acetone by ultrasonication and agitation. The
extracts were centrifuged at 3,500rpm for 10min to
reduce the turbidity. About 4ml were used for chloro-
phyll-a quantification using the LaboTech UV/VIS
spectrophotometer, then chlorophyll-a correction step
was performed by adding 150 ul of 0.1 N HCI to these
4ml to measure the amount of degradation product,
pheophytin-a.

3.3. Meteorological and hydrological data

Meteorological data (precipitation and air tempera-
ture) were obtained from Tal-Amara meteorological
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Station of the Lebanese Agriculture Research Institute
located in the Bekaa valley, 30 km far from Lake Kara-
oun. Hydrological data related to Lake Karaoun were
provided by the Litani River Authority, responsible
for the management of the Lake.

4. Results
4.1. Meteorological and hydrological evolution

In spite of the global warming, the analysis of
meteorological data of Lake Karaoun between the
years 2001 and 2010 showed an increasing trend of
the average annual temperature with highest tempera-
ture value (25.7°C) reached in 2010. In addition to
increased temperature, average annual precipitation in
Lake Karaoun was highly altered with an obvious
decreasing trend between 2003 and 2007 and lowest
precipitation levels in year 2010 (Fig. 2).

In terms of Litani River inflow, Litani River
authority measurements on the average annual flow
at Lake Karaoun showed significant long term effect
of global warming on this freshwater body. The river
flow at Lake Karaoun between 1931 and 1961 was
estimated at 411.10°m’/year. This annual flow has
decreased greatly to reach 268.10°m?/year for the
period extending from 1998 to 2009. Moreover, in
summer season, the river monthly inflow rate was
reduced from 5m®/s before 1961 to less than 1m®/s
after the year 1998 (Fig. 3).

4.2. Cyanobacterial bloom and limnological conditions

As a result of climate warming, the phytoplankton
in Lake Karaoun has been dominated by cyanobacterial
bloom since 2009 which consisted of A. ovalisporum and
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M. aeruginosa. The bloom period was persistent from
late spring (May) until late fall (December) for three
consecutive years ([15], this study). There is a number
of measurable physicochemical and environmental
parameters can be related to toxic cyanobacterial
growth and abundance.

The pH ranged from 7.29 to 8.34 during winter but
tended to increase during the summer months
reaching values between 8.72 and 9. The high pH
value of water is due to high photosynthetic following
excessive bloom period. It is well-known that pH can
rise up to a value close to nine with excessive prolifer-
ation of Microcystis sp. and Aphanizomenon sp. as well
as with increasing cyanotoxins production. It was
observed that during cyanobacterial blooms, the
Secchi disk transparency of water in Lake Karaoun
was generally very low with the average values
recoded between 0.75 and 1.25m. Whereas, the
transparency during winter and spring periods was
higher reaching 3m. Specific conductivity ranged
between 408 and 421pS/cm during autumn and
ranged between 411 and 446 uS/cm during bloom
formation periods.

Measurement of chlorophyll-a is of great impor-
tance, since it defines the water quality. Chlorophyll-a
was high during the period of cyanobacterial bloom,
it reached a peak of 148 ug/1 in 2012. The monitoring
of cyanobacteria in the Karaoun water body was also
carried out using a minifluorimeter specific to the
fluorescence of phycocyanin, a pigment specific to
cyanobacteria. Phycocyanin has been considered as a
marker of total cyanobacterial biomass in the
same way as chlorophyll-a. Maximum phycocyanin
concentrations were recorded in summer during ther-
mal stratification. Through all the sites measured in
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Fig. 2. Evolution of average annual temperature and precipitation in Lake Karaoun between 2001 and 2010.
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Fig. 3. Litani River monthly flows at Lake Karaoun.

the lake, fluorescence peak was occurring at 1m depth
(Fig. 4(b)).

Phosphorus is very important for the growth
and biomass of algae. Orthophosphate is the phos-
phorus form that is directly taken up by algae; it
constitutes an index of the amount of phosphorus
immediately available for algal growth. As expected,
orthophosphate levels in Lake Karaoun were below
detection levels during cyanobacterial blooms.
Nitrate levels ranged between 10.2 and 29.34mg/l,
while nitrite levels were almost stable, between 2.1
and 2.8 mg/1.
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In spite of dissolved oxygen levels, oxygen was at
moderate concentrations all year (between 5.5 and
6.5 ppm), except for the end of May until November,
where there was a remarkable increase in the oxygen
concentration (between 8 and 9.5 ppm) coincided with
the cyanobacterial blooms.

During one year study period (from October 2011
to October 2012), the surface water temperature ran-
ged from 7 to 29°C with the lowest temperatures
recorded in February 2011 and the highest in July
2012. Comparison between water temperature mea-
surements at fixed 1 and 12m depths in November
2011 shows an absence of any stable thermal stratifi-
cation for many days (e.g. between 02/11 and 06/11),
(Fig. 5(a)). Very weak stratification caused by
irradiance and increase in air temperature during the
day was always broken by vigorous mixing of water
column during night. On the other hand, Fig. 5(b)
showed a strong thermal stratification that ranged
from 4 to 6°C between 1 and 12m depths in July
2012. This stable thermal stratification was occurring
uniformly in all the sites of the lake (Fig. 4(a)).

5. Discussion

Changes in plankton community as a result of
global warming are a growing concern in ecological
studies, as those properties substantially contribute to
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Fig. 4. (a) Water temperature and (b) Phycocyanin profiles during bloom formations at Lake Karaoun in 19 June 2012.
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Fig. 5. (a) Destratification during late autumn (November 2011) and (b) Stable thermal stratification period during

summer (July 2012) at Lake Karaoun.

ecosystem functioning [21-23]. According to Paerl and
Huisman [24], climate change can result in modified
patterns, intensities, and duration of precipitation and
droughts. After the end of an intense precipitation
event, water residence time will increases due to
drought, nutrient load will be captured by receiving
water bodies, eventually promoting their bloom
potential. Tsugeki et al. [25] concluded that the abun-
dance and composition of algal population in Lake
Biwa changed greatly during the 1960s and 1970s as a
consequence of eutrophication. However, even after
the cease of eutrophication in 1980s, algal composition
including cyanobacteria continued to change in
response to inter-annual variations of regional and
global meteorological conditions.

Increased lake temperature in deep lakes is
connected with higher thermal stability and a deeper
thermocline [26,27]. Increased thermal stability and
stratification have been found in many Lakes [28] in
relation to increased air temperatures. Lake Karaoun is
a deep monomictic water body which is subjected to
changing climate during summer, by changing its ther-
mal regime through enhanced thermal stratification
(Fig. 5).

In the present work, we analyzed the effect of
climate warming on Lake Karaoun, and in particular

the thermal stratification, on phytoplankton community
and the abiotic factors that are closely related to their
growth and abundance. Our results clearly showed that
abiotic and biotic lake properties differed substantially
between stratification and mixing periods.

The increase in surface water temperatures and
the length of thermal stratification as a direct
response to increased water temperatures coincided
with higher abundance of cyanobacterial bloom in
Lake Karaoun (Fig. 4). This is in agreement with
other studies those reported that climate warming
may favor the growth and abundance of cyanobacte-
rial species which are well adapted to higher temper-
atures and stratified conditions as well [21,22].
Moreover, the stratification period was coincided
with low epilimnion nutrient concentrations in the
lake. In this period, the orthophosphates levels were
below the detection limit.

Chlorophyll-a and phycocyanin concentrations
oscillated many times during the period study with
the highest value coinciding with a dense cyanobacte-
rial bloom in the lake (Fig. 4). Indeed, chlorophyll-a
concentrations were shown to be increasing from year
to year. During years 2009 and 2010, the maximum
chlorophyll-a concentrations ranged from 23 to
31.5pg/1l, while in 2011 the maximum concentration
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ranged from 48 to 60pg/l. However in the year 2012,
excessive bloom formations increased the maximum
chlorophyll-a concentrations that reached a value of
148 pg/1. In addition, high phycocyanin concentration
where also shown to be coincided with chlorophyll-a
measurements when the total phytoplankton popula-
tion consisted only of cyanobacteria species. This is in
agreement with [18] showing a strong linear correla-
tion between the phycocyanin concentration and the
number of cyanobacterial cells. As with chlorophyll-a,
the amount of phycocyanin could be used as a tool
for monitoring cyanobacteria in freshwater bodies
[18].

During periods of continuous mixing in Lake
Karaoun (late autumn-winter and early spring),
plankton community was composed of chlorophyceae
(Staurastrum manfeldetii) and dinophyta (Ceratium
hirudinells). This community stayed remarkably
unaffected during this mixing period unless some
difference in diatom species was observed.

In the past, the phytoplankton of the Lake
Karaoun has been dominated by diatom bloom which
was accompanied by a high concentration of dinoflag-
ellates and the presence of chlorophyceae [14,29].
These species adapted to lower water temperatures
and well-mixed conditions in Lake Karaoun [30]. The
effect of climate change has adversely affected the
relevance of diatom species. Diatoms may face
increasingly worse environmental conditions in the
future [23], and thus, further decrease in relevance
within the plankton community in Lake Karaoun.

It should be noted that lower abundance of cyano-
bacterial biomass recorded in late autumn (November)
was due to the decrease in the atmospheric tempera-
ture together with the decrease in the water level of
the lake and increase in wind speed leading thermal
destratification. As expected, the reappearance of the
dinoflagellate and zooplankton has been observed.

Induced a higher proportion of stratification in
Lake Karaoun and especially long stratification events
more resistant to mixing by the wind may substan-
tially alter lake functional properties, e.g. by an
increase in lake surface water temperature and stabil-
ity, nutrient depletion in the epilimnion, and nutrient
pulses from the sediment when the lake bottom
becomes anoxic [23,31,32].

Rising temperatures favor cyanobacteria in several
ways. Cyanobacteria generally grow better at higher
temperatures than other phytoplankton species such
as diatoms and green algae [22]. It is well-known that
the optimum water temperature for A. ovalisporum
growth is 19°C while M. aeruginosa prefers higher tem-
peratures (often above 25°C) [11]. Warming of surface
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waters also strengthens the vertical stratification of
lakes, reducing vertical mixing. Microcystis and Aph-
anizomenon exploit these stratified conditions by form-
ing intracellular gas vesicles, which make the cells
buoyant. Buoyant cyanobacteria float upward when
mixing is weak and accumulate in dense surface
blooms [22,23,31,33]. These surface blooms shade
underlying non-buoyant phytoplankton, thus sup-
pressing their opponents through competition for light
[33]. On the other hand, the light intensity absorbed
by cyanobacteria blooms increases water temperature
[22,33]. Hence, climate-induced thermal stratification
of the Lake Karaoun remarkably alters abiotic lake
characteristics and consequently the phytoplankton
community towards shifting into higher relevance of
nitrogen-fixation cyanobacteria.

6. Conclusion

Studies on the evolution of cyanobacteria, their
ecophysiology, and recent investigations on the
dynamics of phytoplankton community structure in
response to global warming suggest that cyanobacteria
are well adapted to higher water temperatures and
more stable, stratified conditions. Some cyanobacteria
produce toxins that may have toxic effects on aquatic
biodiversity as well as negative human health effect
by ingestion of water or by contact with water. Our
study over threeyears in Lake Karaoun, confirm the
hypothesis on the influence of weather conditions,
including global warming on the occurrence and for-
mation of cyanobacterial blooms, including both the
genotoxic M. aeruginosa and A. ovalisporum. The contri-
bution of excessive nutrients from domestic sewage,
industrial leaching rich in phosphates also promotes
cyanobacterial proliferation. The negative ecological
consequences for the functioning of the lake is the loss
of both flora and fauna biodiversity in addition to the
degradation of the quality of riparian life.
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