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ABSTRACT

The first results of the horizontal distribution of the cell abundance and toxicity of Microcystis in the
hypereutrophic Moroccan reservoir Lalla Takerkoust are reported. An unexpected spatio-temporal hetero-
geneity has been shown between Microcystis abundance and microcystins concentrations. The principal
determining factors were analyzed in order to identify the most likely sites for the proliferation and/or
accumulation of Microcystis in this reservoir. The horizontal heterogeneity seems to be mainly influenced
by the wind direction and inflows. The results can serve as reference data for monitoring cyanobacterial
water blooms and associated cyanotoxins in the lake.

Key words: reservoir, Microcystis, Microcystins, spatial heterogeneity, wind, nutrients, inflow of
water.

In Morocco, as in many regions of the  rioration of drinking water quality [Paerl et al,

world, cyanobacteria toxic blooms have receiv-  2001].

ed increasing attention over the last few years Several studies [Loudiki et al., 2002; Oudra
due to the potential danger for human and ani- et al., 2002; Sabour et al., 2002] have confirmed
mal health [Jochimsen et al, 1998], and dete-  the occurrence of toxic cyanobacteria blooms
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in different aquatic environments. The Lalla-
Takerkoust reservoir, which supplies drinking
and irrigation water to the Marrakesh area, is
the most studied site. This work has revealed
hepatoxic Microcystis blooms, and characteri-
zed microcystins for the first time [Oudra et al.,
1998]. While several cyanobacteria species are
present in this reservoir, the blooms are mainly
dominated by the genus Microcystis [Loudiki
et al, 2002]. More recently, [El Ghazali et al,
2011] detected, over a year-long cycle, the pre-
sence of microcystins in the lake waters. The
concentrations of MC-LR often exceed the
WHO norms, particularly during the bloom
periods. However, the majority of these studies
were based on a single sampling location in the
lake, usually the most accessible. Yet it is well
known that the spatial distribution of Micro-
cystis can be heterogeneous on the scale of a
site [Pobel et al., 2011]. This heterogeneity can
either be due to enhanced growth in preferen-
tial zones, or to movement and accumulation
of the biomass by the wind. In addition, the
potential toxicity of a Microcystis bloom can
be variable in space and time [Sabart et al,
2010; Pobel et al., 2012].

In order to better understand the horizon-
tal distribution of Microcystis in the Lalla-
Takerkoust reservoir, and the link between the
spatial distribution of the biomass and the con-
centration of microcystins, we studied the spa-
tial and temporal dynamics of M. aeruginosa
abundance and toxic potential related to the
physico-chemical parameters on the overall of
the lake. This work also aims to complement
previous work in order to update and strength-
en the means of monitoring cyanobacteria and
associated cyanotoxins.

MATERIALS AND METHODS

Description of the study site. Lalla Taker-
koust reservoir (31°36” N, 8°2” W) is one of the
oldest Moroccan reservoirs (first flooded in 1935);
situated at 600 m, it is around 35 km SSW of
Marrakesh (Fig. 1, a). Its maximum depth is
25 m, with a total volume of 69 x 10° m® The
average renewal time for the water in the
reservoir is two and a half months, with an
average annual inflow of 7.59 m?3/s. The main
uses of the reservoir are for irrigation, provi-
sion of drinking water and leisure activities.
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Sampling locations. Samples have been ta-
ken from six points spread along length of the
lake: one site in the deep zone (Sp) and five in
the shallow, coastal zone (SL1, SL2, SL3, SL4
and SL5) (see Fig. 1, b). The choice of these
five sites was mainly based on the morphometry
of the lake and the activities of the local in-
habitants. The samples were taken from Feb-
ruary 2008 to March 2009, once a month in
the spring and autumn, and twice a month in
the summer. The water samples and the phy-
toplankton were taken from the surface and
at different depths using a Van Dorn bottle
(2 L capacity). Qualitative samples of the phy-
toplankton were also taken using plankton net
with a 27 um mesh size. These samples were
fixed using a Lugol’s solution (10 %).

Physicochemical parameters. At each sta-
tion, temperature (using the conductivity type
WTW LF 318), dissolved oxygen (using the
oxygen probe HANNA HI 9142), and pH (us-
ing the pH meter type WTW PH 330i) were
measured in the water column.

Other chemical-parameters were analyzed
in the laboratory. Orthophosphates analyses
were performed following the AFNOR norm
T90-023. The phosphomolybdic complex ob-
tained was quantified at 700 nm using a spect-
rophotometer (Cary 50 Scan). Nitrate concent-
rations were measured with colorimetric assay
following the AFNOR norm T90-013. After cad-
mium column reduction to nitrite, the absor-
bance was read at 537 nm using a spectropho-
tometer. The climatic parameters (weather,
inflow of water, hydrological data) were pro-
vided by the water agency ABHT.

Microcystis aeruginosa abundance. The
abundance of Microcystis cell was estimated
by microscopic cell count. For each sample,
10 ml of water was sonicated (50 kHz for 5 se-
conds) to disrupt Microcystis aeruginosa colo-
nies and not alter cellular integrity [Latour
et al,, 2004]. The cells were counted using a Mal-
lassez cell with an optical microscope (x400)
and the results are expressed as number of
cells per liter of water.

Microcystins concentration (MC). For each
sample, 1L of water was filtered on Whatt-
man filter on GF/C and the filter was used for
the analysis of intracellular MC.The intracel-
lular MC concentration was extracted twice by
sonication (two sets of 5 baths 15 min) of the
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Fig. 1. Geographic location of the LallaTakerkoust reservoir (a), and location of the sampling stations (b)

filter in 2 ml of 75 % methanol. The lysate
was centrifuged at 14 000 rpm/15 min to remo-
ve cellular debris then the supernatant was
evaporated with a concentrator (Concentrator
5301, Eppendorf, Hamburg, Germany). The
extract obtained was dissolved in 200 uL of
methanol 20 % and store at —20 °C until analy-
sis.

The intracellular MC concentration was
achieved by high-pressure liquid chromato-
graphy coupled with photodiode arry detection
(HPLC, Agilent Technologies Waghaeusel-Wie-
sental, Germany). The sample was pushed by
a mobile phase consisting of water (a) and ace-
tonitrile (b) (each containing 0.1 % formic acid).
Separation was performed with an C18 (2) co-
lumn (250 of 4.6 mm, 5-mm particle size; Phe-
nomex Luna) with the following gradient: 0—
2 min, 98 % A; 2—12 min, 98—2 9% A (line-
ar); and 12—13 min, 2-98 % A. Quality con-
trol samples (MC-LR) and blank runs were in-
terspersed between the samples under investi-
gation.

Statistical analysis. Pearson’s correlations
tests and statistical analysis were performed
with XLStats (2015.4.01.20216 version; Addin-
soft, Paris, France). The level of significance
was set at 5 %. Normality was checked with
the Shapiro—Wilk normality test, and variance
homoscedasticity was assessed by Fisher’s F-
test. Dynamics of cellular abundance of Mi-
crocystis and intracellular MC variations were
analyzed using repeated measures analysis of
variance (ANOVA), and when an overall sig-
nificant difference was found, multiple com-
parisons between groups were performed by
using Tukey’s test.

RESULTS

Spatiotemporal variations in physicochem-
ical and climatic parameters. The temporal
evolution of the temperature is similar for all
the stations. Two phases can be distinguished:
from 27 June, 2008 to 24 September, 2008 the
temperature was relatively high (= 24 °C at
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Fig. 2. Spatiotemporal evolution of the temperature and dissolved oxygen

the surface) particularly at the coastal stations;
from October the temperature decreased pro-
gressively at all the stations (Fig. 2).

The vertical temperature profiles show ther-
mal homogeneity throughout the water column
and the absence of a stable vertical stratifica-
tion in the summer (Fig. 3).

The concentration of dissolved oxygen
shows a fairly similar spatio-temporal evolu-
tion with variations generally between 7.7 and
8.4 mg/L. However, occasional exceptions are
noted in certain stations, notably SL1 (13.1 mg/L
on 27 August), SL4 and Sp (3 mg/L and
2.6 mg/L on 12 September) (see Fig. 2).
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Fig. 3. Vertical profile of the temperature in the

water column during summer and autumn (the
measurements were taken between 9H-11H)
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The water flow was very low during the
low water period from 1 June to 1 September
(0.34 m?/s), followed by a first increase record-
ed on 10 September (6.03 m?3/s). A second peak
was recorded on 1 October, 2008 (10.47 m?/s).
A sequence of high water inflows (with a maxi-
mum of de 27 m?®/s) was registered from Oc-
tober to November (Fig. 4).

During the study period the average month-
ly wind speed was fairly low, with a maxi-
mum in July 4.72 m/s. The wind speed from
August to October was lower, varying between
1.11 m/s and 1.67 m/s. During the period from
July-August the prevailing wind was from the
north, while in October the prevailing winds
were from the north, north-east and east (Fig. 5).

During the study period the nitrate concen-
trations evolved in a relatively similar way in
all the stations. The maximum values were re-
corded on 31 July (between 1043 pg/L and
1217 pg/L) and on 24 September (1363 ug/L),
particularly at the coastal stations. In contrast,
the minimum values were recorded at the deep
station Sp (235 ug/L on 31 July) (Fig. 6).

The orthophosphate concentrations are
generally low, with the exception of isolated
increases, particularly at Sp (244.51 pg/L on

31 July, and 88 ug/L on 17 October) (Fig. 7).

Spatiotemporal variations in Microcystis
abundance. The appearance of the first Mi-
crocystis colonies in the counted samples for
2008 started in June. At the start of the sum-
mer period (27 June to 12 August) the Micro-
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Fig. 5. Wind Rose direction (2008) (Data from the Marrakech/Menara meteorological station)
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Fig. 6. Spatiotemporal variations in nitrate content

cystis cells abundance was low (0.1 x 10° Cel/L
to 1.2 x 10° Cel/L) without any significant varia-
tions between the stations. In 27" August, the
highest levels of Microcystis cell abundan-
ce were recorded notably at the upstream end
of the lake (33.4 x 10° Cel/L at SLI1, and
20.8 x 10° Cel/L at SL2) (Fig. 8A). In Septem-
ber cellular abundance decreased across the
lake, with densities of less than 15 x 10 Cel/L.
On 17" October, a clear increase in cellular
abundance was observed at SL2, SP, SL5 sta-
tions and SL4 in a lesser extent. (see Fig. 8, a).
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Fig. 7. Spatiotemporal variations in orthophosphate
content

This date showed the highest cellular abun-
dance of the whole sampling period (p < 0.005).
At the end of November, the proliferation
cycle reached the end and the cell densities
highly decreased across the whole lake (see
Fig.8, a; Fig. 9, e, f).

Spatiotemporal variations in Microcystins
concentrations (MC). During the summer
(27 June to 12 September) the intracellular MC-
LR concentrations were relatively low and
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Fig. 8. Spatiotemporal variations in Microcystis abundance (a) and concentration of MC-LR microcystins (b)
during summer and autumn 2008
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Fig. 9. Map of the Microcystis abundance and concentration of MC-LR microcystins during summer and
autumn 2008

showed no significant difference between sta-
tions (see Fig. 8, b). On contrast, the 17 of
October, where Microcystis biomass was maxi-
mum in the lake, the MC-LR concentrations
increased significantly (p < 0.0001) and showed
a clear spatial disparity with higher level re-
corded at the SP station (p < 0.05) with a maxi-
mum of 432.67 ug/L of MC-LR measured (see

Fig. 8, b). For the rest of the year, from No-
vember to December, the MC-LR concentra-
tions returned to very low, homogeneous levels
across the lake (see Fig. 9, e, f). The MC-LR
levels are strongly correlated with M. aerugino-
sa biomass in the downstream zone of the lake
SP, SL4 and SL5 (0.89 < r < 0.98) and low cor-
related in the upstream stations SL1 and SL2.
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DISCUSSION

Although the cyanobacteria Microcystis is
widely present in a large number of lakes in
different parts of the world, very few studies
have focused on the spatial and horizontal dis-
tribution of MC-LR concentrations, and asso-
ciated cyanobacterial biomass, within one eco-
system. The identification of the site in the Lalla
Takerkoust reservoir which are most condu-
cive to the proliferation and/or accumulation
of cyanobacteria would allow the different eco-
logical factors which influence the horizontal
distribution of Microcystis and associated mi-
crocystins to be determined.

Spatiotemporal variations of Microcystis
cell abundance. At the beginning of the Mi-
crocystis proliferation (27 August), the high-
est cell abundances were recorded at the up-
stream end of the lake. This location could be
linked to an input of M. aeruginosa from the
Yaacoub Al Mansour reservoir, situated 20 km
upstream. However, in 2008, when the latter
was first flooded, no cyanobacterial prolifera-
tions had been yet detected in this new lake
[Ait Hammou et al, 2014]. On the other hand,
it has been shown in the literature that high
concentrations of nutrients can be responsible
for the growth of cyanobacteria [Paerl, Huis-
man, 2008]. On the LallaTakerkoust reservoir,
discharges of nutrients, linked to the various
human activities in the towns and nearby habi-
tations, could explain a higher proliferation of
M. aeruginosa locally in the upstream part of
the lake. However, nutrient analysis shows lo-
wer nutrient concentrations in the upstream
zone at the start of the proliferation, so this
cannot explain the higher concentrations of
M. aeruginosa found in this area. In addition,
it is also known that the presence of M. aeru-
ginosa in the water column is partially linked
to benthic recruitment which takes place mainly
in the spring [Brunberg, Blomqvist, 2003]. This
process, brought about, in part, by an increase
in temperature and degree of light [Schone
et al,, 2010] is often more intense in the shal-
low and coastal zones [Rengefors et al., 2004].
Thus higher concentrations of planktonic cy-
anobacteria might be registered in these shal-
low, upstream zones. While this process might
well contribute to the highest values measured
in the upstream zone, it is definitely not the
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only factor involved, as some of the sample
locations in the downstream zone of the lake
are also in the shallow, coastal zone, but still
have low values of cyanobacterial abundance.
According to [Pobel et al, 2011], the wind
speed and direction can also affect the distri-
bution of the phytoplankton abundance. Mi-
crocystis generally form blooms which float
freely on the water surface, and are thus lia-
ble to be more easily pushed along by the wind
than other phytoplankton [Tan et al, 2008].
Many authors have investigated the impact of
wind-induced currents on the spatial distribu-
tion of phytoplankton [Ishikawa et al, 2002;
Kanoshina et al, 2003]. At the start of the
Microcystis proliferation (July — August 2008),
the northerly wind was generally the most con-
sistent and prevailing wind, thus favouring the
accumulation of M. aeruginosa in the upstream
part of the lake which is oriented N-S (see
Fig. 1, b). Given the low inflow of water into
the lake (0.3 m?®/s) during this period, even a
wind with a fairly low average speed (of
around 4.72 m/s) would be enough to move the
colonies and bring about an accumulation of
cyanobacteria at the upstream end of the lake.
These results are similar to those of [Pobel
etal, 2011], where the variations in cyano-
bacteria abundance are explained by the pre-
vailing wind having blown for a few hours prior
to the taking of the samples. In September we
noted a spatial homogenization of the M. aeru-
ginosa abundances over the whole of the res-
ervoir, probably due to the climatic conditions
recorded during this period. In fact, the de-
crease in temperature, coupled with the first
autumn rainfall (20 mm) and a first peak in
water inflow (6.09 m?/s), recorded on the
10 September, probably contributed to the ho-
mogenization of the water body and thus the
concentrations of cyanobacteria in the up-
stream zone. This deterioration in weather con-
ditions was accompanied by a reduction in cy-
anobacterial abundance across the whole reser-
voir, as noted by [Briand et al., 2008] in their
work on the Grangent reservoir. In October, a
new accumulation of M. aeruginosa was ob-
served, notably in the two downstream sites
of Sp and SL5, located close to the dam wall
and in an sheltered bay, respectively. This ac-
cumulation could be explained by the fact that



these stations are very sheltered from the pre-
vailing winds, and also by the sporadic increase
in orthophosphates (probably of internal ori-
gin) stimulating Microcystis growth. In addi-
tion, the highest cell abundances found at SL2,
and to a lesser degree at SL3 and SL4, could
be explained by the joint effects of the pre-
vailing northerly, north-easterly and easterly
winds (19 %, 20 and 18 %, respectively). At
the end of the proliferation cycle (November)
the drop in Microcystis cell density and its
complete homogenisation could be explained by
the increase in water inflow (27 m®/s on 2 No-
vember) at the entry to the reservoir, leading
to mixing of the lake waters.

Overall, the horizontal and temporal distri-
bution of M. aeruginosa in the LallaTakerkoust
reservoir seems to be mainly determined by
the climatic conditions, in particular the wind,
the water inflow, and the phosphorous levels.

Spatiotemporal variations in MC-LR. Dif-
ferent physico-chemical and biological factors
are known to influence the synthesis of mi-
crocystins: light intensity [Kim et al, 2005],
the presence of predators such as zooplankton
[Jang et al, 2007], the temperature [Rapala
et al,, 1997], the phosphorous content [Kuniy-
oshi et al, 2013] and the azote concentration
[Vézie et al., 2002]. Our results indicate a ma-
jor spatiotemporal variation in MC-LR on the
scale of the Lalla Takerkoust reservoir. The
variations of the concentrations of MC-LR in
the lake did not always coincide with the dy-
namics of M. aeruginosa biomass as it has al-
ready been observed in other studies [Duong
et al.,, 2012]. The dynamics of Microcystis,
which is the main cyanobacteria in the reser-
voir able to produce the MCs, could partly be
linked to changes in the relative proportions
of toxic and non-toxic strains. However, seve-
ral studies have shown that there is no direct
relation between the proportion of toxic strains
and the MC concentration [Hotto et al., 2008;
Sabart et al, 2010]. As a result, the variation
in toxic strains alone is not enough to explain
the variation in MC concentrations. Neverthe-
less, the highest MC-LR concentrations were
recorded during the maximum cellular abun-
dance of Microcystis in the downstream sta-
tions. This seems indicate that favorable envi-
ronmental conditions for growth can also pro-

mote the production of MC-LR. During this
period (24 September — 17 October) the rela-
tively high phosphorous concentrations at the
downstream end, probably following external
(watershed-derived) and internal (recycling of
plankton and sediment) input, could explain,
in part, the highest MC concentrations. This
period corresponds also to a range of tempera-
tures (between 20 to 24 °C) that are known to
favor the production of MC. Indeed, accord-
ing to [Van der Westhuizen, Eloff, 1985], the
MC contents of M. aeruginosa cultivated in
vitro at 20 °C is higher than that measured at
15, 28 and 38 °C.

The intracellular MC-LR concentrations re-
corded in this study are in agreement with the
study carried out by [Sinang et al., 2012] and
[Sitoki et al., 2012], in which the concentra-
tions of total MC are in the range of 122.3 ug/L
and 200 ug/L. However, the high MC concen-
trations in the Lalla Takerkoust reservoir are
well above the WHO guidelines for drinking
water. Therefore it is important to highlight
the potential risk to the health of the surround-
ing human and animal populations, particularly
those who use the lake water directly, with
no prior treatment. Moreover, as the MC con-
centrations did not always fit with the cyano-
bacterial abundance, regular surveillance of
the cyanobacteria and their associated toxins
is vital in this reservoir and more globally in
all eutrophic and contaminated lakes.

CONCLUSION

Mapping of The spatial and temporal dis-
tribution of the abundance of M. aeruginosa
and MC-LR in the LallaTakerkoust reservoir
over a one year cycle is the first study of this
kind in Morocco. The results obtained allow us
to identify the sites prone to the most marked
accumulation of cyanobacterial biomass and
MC concentrations, and to establish the deter-
mining factors affecting their horizontal distri-
bution in the lake.

The principal factors affecting the spatio-
temporal distribution of M. aeruginosa in this
lake are the wind, the water inflow at the en-
try, and the nutrient contents. The cell abun-
dances and MC-LR concentrations showed
strong spatiotemporal variations on the scale
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of the reservoir. High Microcystis and MC-LR
concentrations appear to be closely linked to
the trophic state (phosphorous content) of the
lake, and highlight the potential risk for hu-
man and animal health in the surrounding
population.

Given the large spatial and temporal varia-
tions in the abundance and toxicity of the cy-
anobacterial proliferations, regular and fre-
quent surveillance of these proliferations and
the associated cyanotoxins in the lake is neces-
sary in order to limit the risks and consequences
for those using the water.

This work was supported by French Mo-
roccan committee of Volubilis program no:
MA/10/239. The toxic potential analysis (mi-
crocystins analysis) was carried out in the Labo-
ratoire of Microorganismes: Gitnome et Envi-
ronment at the Universitit Blaise Pascal, Cler-
mont Ferrand, France.
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