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Abstract – The Wadi El-Rayan is a depression in the Fayoum oasis collecting agricultural drainage water
from the Fayoum. Since 1973, this drainage water formed two man-made lakes. Twenty years ago, a third
lake, called Lake Magic was formed. Since this newly formed lake was not yet studied, in January of 2019
we conducted research related to its physico-chemical (ion composition, nutrients, heavy metals, etc.) and
biological (phyto-, bacterio- and zooplankton) characteristics. The depth of the lake ranged from 1.5 to
9.0m, water transparency was up to 4.0m, and the water temperature was 13.6 °C. The average salinity was
29.1 g/l, and the salinity of drainage waters from agricultural fields was 2.9 g/l. A total of 28 phytoplankton
species was identified belonging to Bacillariophyceae (eight species), Dinophyceae (three species),
Cyanobacteria (seven species), Chlorophyceae (nine species) and Conjugatophyceae (one species).
Chlorophyll a content varied from 14.3 to 24.2mg/l. In zooplankton, there were three species of Ciliophora,
five of Rotifera, and two Copepoda as well as Nematoda and Cirripedia larvae. Salinity in Lake Magic was
much higher than in drainage waters coming in the lake. This is a result of a strong salinity increase in Lake
Magic after its creation due to climate aridity, and salinity may markedly increase during the next 20 years
along with the sharp changes of the lake’s ecosystem.

Keywords: man-made lakes / arid areas / salinization / ecosystems / long-term changes

Résumé – Ecosystèmes de lacs salés artificiels. Le cas du lac magique dans la dépression de Wadi
El-Rayan (Égypte). Le Wadi El-Rayan est une dépression dans l’oasis du Fayoum qui recueille les eaux de
drainage agricole du Fayoum. Depuis 1973, ces eaux de drainage ont formé deux lacs artificiels. Il y a vingt
ans, un troisième lac, appelé Lac magique, s’est formé. Comme ce lac nouvellement formé n’était pas encore
étudié, nous avons mené en janvier 2019 des recherches sur ses caractéristiques physico-chimiques
(composition ionique, nutriments, métaux lourds, etc.) et biologiques (phyto-, bactério- et zooplancton). La
profondeur du lac variait de 1,5 à 9,0m, la transparence de l’eau atteignait 4,0m et la température de l’eau
était de 13,6 °C. La salinité moyenne était de 29,1 g/l, et la salinité des eaux de drainage des champs
agricoles était de 2,9 g/l. Au total, 28 espèces de phytoplancton ont été identifiées, appartenant aux
catégories suivantes : Bacillariophyceae (huit espèces), Dinophyceae (trois espèces), Cyanobactéries (sept
espèces), Chlorophyceae (neuf espèces) et Conjugatophyceae (une espèce). La teneur en chlorophylle a
varié de 14,3 à 24,2mg/l. Dans le zooplancton, il y avait trois espèces de Ciliophora, cinq de Rotifera, et deux
Copepoda ainsi que des larves de Nematoda et de Cirripedia. La salinité du lac magique était beaucoup plus
élevée que celle des eaux de drainage provenant du lac. Ceci est le résultat d’une forte augmentation de la
salinité du lac magique après sa création en raison de l’aridité du climat, et la salinité pourrait augmenter
sensiblement au cours des 20 prochaines années en même temps que les changements importants de
l’écosystème du lac.
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1 Introduction

Human activities have changed ecosystems and landscapes
since prehistoric times. One of the examples is a transforma-
tion of the existing natural saline lakes into the hybrid natural
and technological water bodies which creates the new artificial
saline lakes (Hammer, 1986; Han and Park, 1999; Kurlansky,
2002; Shadrin et al., 2012). The most common cases of hybrid
natural and technological saline lakes are natural lakes that are
separated on several parts, with their salinities regulated by
humans for technological or medical needs. The first such
system for salt production, Lake Yuncheng, is known from
China originating from more than 5000 years ago (Kurlansky,
2002). Construction, hydromelioration, mining, and other
human activities may lead to the formation of artificial saline
lakes (Hammer, 1986; Han and Park, 1999; Shadrin et al.,
2012). Irrigation with drainage water discharge from
agricultural fields into depressions is a specific cause of
artificial lake origin in the arid areas. The best known example
is the Salton Sea in the USA, which is also the largest artificial
saline lake (area 930–1000 km2) in the world (Hely et al.,
1966; Schroeder et al., 2002). Lake Qarun (Egypt) is likely the
oldest case of an artificial or hybrid between the natural and
man-made lakes (Hassan, 1986). The Canal Bahr Yousef was
constructed in early Pharaonic times, i.e., earlier than 2500 BC
to provide fresh water from the River Nile to agricultural fields
in the desert areas (Hassan, 1986). The Canal branches out,
providing water to agricultural lands in the Fayoum (Faiyum)
oasis, which is the desert basin to the west of the Nile and south
of Cairo. Drainage water discharge slowly formed Lake Qarun,
which contained freshwater for a long-time, but then it
transformed into the high saline lake due to climate aridity
(El-Shabrawy et al., 2015; Shadrin et al., 2016). Man-made
water bodies significantly change the system of landscape
connections. Not infrequently they may be valuable for
biodiversity conservation as they can provide habitat for many
species, highly increasing local biodiversity, especially of
birds (Shuford et al., 2002; El-Shabrawy and Dumont, 2009;
Downing, 2010; Voyles, 2016; Vilenica et al., 2020). They also
create a new opportunity for the development of various types
of human activities including recreation, tourism, fishing,
aquaculture, chemical industry, etc. (Black, 1988; El-Shab-
rawy and Dumont, 2009; Ramzy, 2013; Anufriieva, 2018;
Shalloof, 2020). Due to climate aridity and human activities, in
some man-made lakes, the salinity can gradually fluctuate and
increase, which along with ecosystem changes, create a lot of
the problems for people and their activities (Hussein et al.,
2008; Cohen, 2009; Afefe et al., 2016; Shadrin et al., 2016;
Voyles, 2016; Shalloof, 2020).

Current science is far from being able to predict possible
changes in man-made saline lakes to the point of preventing or
mitigating unwanted events. Since man-made lakes make up at
least half of small lakes and ponds, the global role of small
lakes and ponds emerges as an important area of investigation
(Downing, 2010). Taking this into account, we suggest that the
development of the tools to predict the future dynamics of
artificial saline lakes is a high priority. Only by accumulating a
critical volume of data on changes of such lakes, can
researchers move towards developing effective tools to
forecast the response of these lakes to ecosystem changes.
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With the main aim to increase our knowledge about physico-
chemical and biological characteristics of artificial saline
lakes, we conducted a study of the completely unknown Lake
Magic in Egypt. The main goals were: (i) to investigate
physico-chemical and biological characteristics of the lake, (ii)
to analyze interrelation between different characteristics and
homogeneity of their spatial distribution, (iii) to develop the
possible forecast of the future lake changes.
2 Materials and methods

2.1 Study area

Wadi El-Rayan (1759 km2, 29°170N, 30°230E) is a natural
desert depression in the Fayoum Oasis, 42–60m below the sea
level, connected with the agricultural drainage water system of
the Fayoum depression (Maiyza et al., 1999; El-Shabrawy and
Dumont, 2009; El Gammal and El Gammal, 2010). Before the
Aswan High Dam construction on the River Nile, only Lake
Qarun served as a reservoir for agricultural drainage water
from irrigated agriculture in the Fayoum depression. As a
result of the dam construction, the drainage water volume
consequently increased creating a dangerous risk (Mayza
et al., 1999). To mitigate the problem, the Wadi El-Rayan
Project was developed. Since 1973, the agricultural waste-
water drainage through the El-Wadi Drain was started in an
uninhabited depression, resulting in the formation of two man-
made connecting lakes (El-Shabrawy and Dumont, 2009). The
first (upper) lake covers about 53 km2 (10m below the sea
level) receiving about 200 million m3 of agricultural drainage
water annually (Sayed and Abdel-Satar, 2009). From this lake,
surplus water floods through the shallow connecting channel
into the second lower lake. The lower lake is larger and
occupies up to 110 km2 (18m below the sea level) with a
maximum depth of 33m. The total capacity of these two lakes
exceeds the capacity of Lake Qarun. This lake has increased its
area, flooding new areas, and adding territory on the
southwestern side (El-Shabrawy and Dumont, 2009; El
Gammal and El Gammal, 2010). The Wadi El-Rayan area
was designated as a Protected Area in 1989 to protect the
biological, geological and cultural diversity. Two man-made
lakes, which connected by a swampy channel, were designated
as Ramsar wetlands in 2012. Now sabkhas, sand flats, dunes,
wetlands (man-made lakes), three natural springs are the main
types of habitats in the depression. Contrary to most desert
areas, the depression holds a high biological diversity, and
man-made saline lakes contribute to this. This region has
continued to develop, with the construction of villages,
agriculture, fisheries, and aquaculture (fish farming) (El-
Shabrawy and Dumont, 2009; El Gammal and El Gammal,
2010; Goher et al., 2019). In 1998–1999, as a result of land
reclamation and construction of some new villages in the Wadi
El-Rayan, a third lake was formed called Lake Magic situated
about 65 km southwest of Fayoum city (Fig. 1). It lies about
2.7 km to the west of the second (lower) Rayan Lake. Lake
Magic was named because it magically changes colors several
times every day depending on day time and amount of sunlight
(Egypt Today, 2017). This terminal lake does not have any
connection with the other two lakes in the depression. This
newly formed lake occupies about 0.42 km2, with a length of
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Fig. 1. Lake Magic location and distribution of the sampling sites.
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1200m, a width of 350m, and a max depth of 9m. With a
planned increase in agricultural discharge, it is expected to
reach an area of more than 0.63 km2 and a max depth of 12m.
The source of water for the LakeMagic is a drain (minor canal)
facing sampling station 8 (Fig. 1) that collects the agriculture
drainage from the neighboring land of the new villages
(El-Walaa and Kheder). According to information obtained
from the local citizens, irrigated agricultural fields occupy
around 11 km2, and most important crops are olives, followed
by Phoenix palms, alfalfa, tomatoes, and broad bean. It is
significantly smaller than the two older lakes but is also very
important for the local population, including fishery, aquacul-
ture, and tourism. Although there have been some studies
conducted on the first two lakes (Maiyza et al., 1999;
El-Shabrawy and Dumont, 2009; El Gammal and El Gammal,
2010; Goher et al., 2019), there is no published study on Lake
Magic. Therefore, in January 2019, we conducted the first
study at 10 stations along the lake (Fig. 1).
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2.2 Physical and chemical water properties

In January 2019, water samples were collected at ten
stations along the lake (Fig. 1, Tab. 1), using a polyvinyl
chloride Van Dorn bottle water sampler with a volume of 2 l.
Dissolved oxygen (DO) was measured by immediately fixing
the water with 1ml MnSO4 (40%) and 1ml alkaline KI
solution, while the bottles for measuring biochemical oxygen
demand (BOD) were covered by aluminum foil and incubated
at 20 °C. Water temperature, electrical conductivity, and pH
value were measured in situ, using hydro-lab model Orion
Research Ion Analyzer 399A (ORION Research Inc., Cam-
bridge, Massachusetts, USA). The transparency was measured
using the Secchi-disk with a diameter of 30 cm. Water samples
were kept in 2 l polyethylene bottles in an icebox and analyzed
in the laboratory. Water chemistry analyses were carried out
according to the APHA standard methods (2005). The
following parameters were measured: TS (total solids), TDS
f 13



Table 1. Coordinates and some characteristics of sampling sites in Magic Lake during January 2019.

Station number Coordinates Depth, m Transparency, m Temperature, °C TS, g/l TSS, mg/l EC, mS/cm

1 29°09051.1300N, 30°21015.0700E 1.5 TB 13.4 29.11 9.16 41.42

2 29°09059.8900N, 30°21012.9200E 3.0 TB 13.2 29.21 8.51 42.40
3 29°09055.6500N, 30°21006.5200E 2.0 TB 13.5 29.21 7.16 42.47
4 29°10002.7800N, 30°21008.5000E 4.5 4.0 13.5 29.21 6.44 42.65
5 29°10002.4600N, 30°21004.0200E 9.0 3.5 13.8 29.11 9.22 42.33
6 29°09059.5800N, 30°20057.6100E 3.5 TB 13.6 29.21 8.16 42.10
7 29°1005.2200N, 30°20053.8600E 3.5 TB 13.5 29.11 7.39 42.27
8 29°10001.7700N, 30°20046.7600E 1.8 TB 13.8 28.71 9.13 41.83
9 29°10008.4000N, 30°20047.8400E 2.5 TB 13.9 29.11 8.17 42.25
10 29°10006.2200N, 30°20038.9400E 2.0 TB 13.8 29.11 8.11 42.40
Average – 3.3 – 13.6 29.11 8.15 42.21
CV – 0.66 – 0.016 0.005 0.121 0.008

TS � total solids; TSS � total suspended substances; EC � electrical conductivity; TB � transparency to the bottom, m.
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(total dissolved solids), TSS (total suspended substances), DO
(dissolved oxygen), BOD (biological oxygen demand), COD
(chemical oxygen demand), water alkalinity (carbonate and
bicarbonate), calcium, magnesium, NO2-N, NO3-N, NH4-N,
PO4-P, SiO4, TP (total phosphorus), and TN (total nitrogen).
Naþ, Kþ, were measured directly using the flame photometer
model Jenway PFP-7 (Bibby Scientific Ltd., Stone, UK). The
concentration of heavy metals was measured after digestion by
concentrated HNO3 using the GBC atomic absorption reader
model Savant AA-AAS with GF 5000 graphite furnace (GBC
Scientific Equipment Rty Ltd, Braeside, Australia).

2.3 Phytoplankton

For the phytoplankton examination, upper layer water
sampling was collected at the same ten stations. At each
station, one liter of water was preserved with 4% formalin and
Lugols iodine immediately. The samples were transported in
the glass cylinders into the laboratory, and conserved for 5
days. Approximately, 90% of the supernatant was siphoned off
by plastic tubes protected with plankton mesh of 55mm, and
adjusted to a stable volume. One quantitative sample was
collected from each site, each site sample was divided into
three sub-samples and each sub-sample was analyzed
separately. The net result is the mean of the three subsamples
results. Sub-samples were prepared for species identification
and account using an inverted microscope. Each sample was
examined and enumerated via a drop method (APHA, 2005).
Various identification tools were used for phytoplankton
species identification (Huber-Pestalozzi, 1961, 1983; Komárek
and Anagnostidis, 1986, 1989, 1999; Krammer and Lange-
Bertalot, 1986, 1988, 1991a, 1991b; Anagnostidis and
Komárek, 1988; Popovsk�y and Pfiester, 1990).

2.4 Chlorophyll a

A known volume of water (50ml of triplicate subsamples)
was filtered in situ on glass microfiber filter GF/F, using the
Sartorius filtration unit. The filter containing the filtrate was
wrapped in aluminum foil and preserved in a dark icebox. In a
laboratory, chlorophyll was extracted by socking the filter in
5ml acetone (90%) and preserved in dark overnight at 20 °C.
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The samples were shaken well and centrifuged; the clear
acetone extract was siphoned carefully then chlorophyll a was
estimated by Jenway 6800 Double-Beam Spectrophotometer
(Bibby Scientific Ltd, Staffordshire, UK) visible spectropho-
tometer using 90% acetone as blank. The concentrations of
chlorophyll a were calculated according to the trichromatic
equation (APHA, 2005).

2.5 Bacteriology

The water samples were collected at the same locations by
using sterilized glass bottles. They were brought into
laboratories and stored on ice in insulated containers.
Bacteriological analyses of water samples were done using
standard methods (APHA, 2005). One quantitative sample was
collected from each site, each site sample was divided into
three sub-samples and each sub-sample was analyzed
separately. The net result is the mean of the three subsamples
results. Sub-samples were analyzed for a total viable bacterial
count and a total count of different bacterial indicators using
the poured plates and the most probable number (MPN)
technique, respectively. Poured plates technique: the method
for decimal dilution of water samples was used for the
determination of a total bacterial load, on nutrient agar. The
plates were incubated for 1–2 days for fast growing bacteria at
37 °C and 2–3 days at 22 °C for characteristic water bacteria.
MPN: The most probable number technique was carried out for
the estimation of some microbial indicators in the tested water
samples using special presumptive and confirmed tests for
each indicator. During the presumptive test, 5ml of each
appropriate three decimal dilutions of raw water samples were
used to inoculate five tubes, each containing 5ml of proper
medium (single strength), and the tubes were incubated at
37 °C for 48 hours. The positive presumptive tubes were used
to inoculate the confirmed test which detected the bacterial
indicators as following: (1) total coliform (TC); lauryl tryptose
broth medium was used for the presumptive test. The positive
tubes which showed gas and acid were used to inoculate
brilliant green lactose bile broth medium (BGB), as a
confirmed test. The production of gas and acid was recorded
as a positive confirmed test for total coliforms. (2) Fecal
coliform (FC) estimation was carried out by inoculation in the
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Table 2. Salinity and major cations and anions in Lake Magic during January 2019.

Station number Salinity, g/l CО3, mg/l HCO3, mg/l Cl, g/l SO4, g/l Ca, mg/l Mg, mg/l Na, g/l K, mg/l

1 29.1 6.60 157.38 10.82 7.95 336.0 1019.00 8.66 212.00

2 29.2 7.20 162.26 10.85 7.88 345.00 1010.00 8.62 219.00
3 29.2 6.30 161.04 10.87 7.91 341.00 1052.00 8.64 223.00
4 29.2 7.80 162.26 10.66 7.84 328.00 1046.00 8.72 218.00
5 29.1 6.60 163.48 10.52 7.83 351.00 1066.00 8.66 216.00
6 29.2 5.70 163.48 10.49 7.72 349.00 1049.00 8.65 218.00
7 29.1 6.60 159.82 10.43 7.68 347.00 1074.00 8.68 214.00
8 28.7 7.20 155.55 10.81 7.51 361.00 1061.00 8.53 219.00
9 29.1 7.20 156.77 10.76 7.73 357.00 1083.00 8.72 223.00
10 29.1 4.50 164.09 10.76 7.72 346.00 1055.00 8.69 217.00
Average 29.1 6.57 160.61 10.70 7.78 346.10 1051.50 8.66 217.90
SD 0.15 0.93 3.08 0.16 0.13 9.61 22.67 0.06 3.48
CV 0.01 0.14 0.02 0.02 0.02 0.03 0.02 0.01 0.02

SD � standard deviation; CV � coefficient of variability.
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EC broth tubes from positive BGB broth medium tubes, then
incubated at 44.5 °C for 24 hours. The positive tubes
containing gas production were used to detect the count per
100ml sample (MPN index/100ml) and streak the eosin
methylene blue agar medium (EMB) plates, then incubated at
37 °C for 24 hours. Metallic sheen colonies considered as a
positive confirmed result for Escherichia coli presence. (3)
Fecal streptococci (FS); azide dextrose broth was used as a
presumptive test without fermentation tubes. The positive
tubes were turbid, then used to inoculate ethyl violet azide
broth medium as a confirmed test. The positive results were
turbid after incubation at 37 °C for 48 hours.

2.6 Zooplankton

Zooplankton quantitative samples were collected from the
surveyed stations by vertical net (55mm mesh diameter)
filtering of 50 l of water (in two replicates). Qualitative
samples with large volume filtered were also taken for the
detection of highly scarce and sporadic species. Samples were
immediately preserved in 4% neutral formalin. One quantita-
tive sample was collected from each site, each site sample was
divided into three sub-samples and each sub-sample was
determined separately. The net result is the mean of the three
subsamples results. The major groups of zooplankton were
subjected to detailed microscopic analysis and identification
using the following identification tools (Rudescu, 1960;
Yamaji, 1978; Al-Yamani et al., 2011; Conway, 2012a,b).

2.7 Data processing

Data were processed by standard statistical methods (Sokal
and Rohlf, 1995). Average values, coefficients of correlations
(R), determination (R2), variability (CV) and standard
deviation (SD), as well as parameters of regression equations,
were calculated using the standard program MS Excel 2007.
The significance of average value differences (p) was tested by
Student’s t-test with normality tests before this (Thode, 2002).
The confidence level of R was evaluated by comparing with R
critical values (p� 0.05) (Müller et al., 1979). STATISTICA 6
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was used to calculate Euclidean distances between stations in
the cluster analysis. The frequency of different species
occurring in the samples was calculated as a number of
samples with a species/a total number of samples.

3 Results

3.1 General and physico-chemical characteristics

The lake’s depth ranged from 1.5 to 9.0m (average 3.3m,
SD= 2.20, CV= 0.663) between the sampling stations (Tab. 1).
Water transparency extended to 4.0m and was greater in the
stations with depths of less than 3.5m (Tab. 1). The average
lake temperature was 13.6 °C (SD= 0.2, CV= 0.016) (Tab. 1).
Average salinity was 29.1 g/l varying in a narrow range
(SD= 0.15, CV= 0.01) (Tab. 2). During the sampling time, the
salinity of drainage waters from agricultural fields was 2.9 g/l.
Ion composition showed low variations between the sampling
stations (Tab. 2). The proportion between main anions (Cl/
SO4) was 1.38 (SD= 0.03, CV= 0.020). The performed cluster
analysis using the data from Table 2 showed that all the stations
break up into two main clusters, although the Euclidean
distances between them are not very large (Fig. 2a). The first
cluster included stations 1–7, and the second cluster included
stations 8–9 (Fig. 2a). There is only one drainage water input
into the lake, which is near the sampling station 8, and the
nearest sampling stations (8, 9, 10) stand out as a separate
group. Other obtained chemical characteristics of the aquatic
environment, including the concentration of nutrients, are
given in Table 3. The spatial variability of most characteristics
is also extremely low; it was highest for PO4 (CV= 0.26), BOD
(CV= 0.21) and NO3 (CV= 0.18). The average oxygen
concentration is quite high, 8.6mg/l, and not very variable
(Tab. 3). According to the parameters of Table 3, the stations
were divided into two main clusters, the same as above
(Fig. 2a). Among all characteristics, TP and PO4 were only
significantly different in 1st and 2nd clusters (p= 0.05–0.005);
they were higher in the second one on 60 and 21%,
respectively. The concentrations of the studied heavy metals
are given in Table 4. The spatial variability of the heavy metal
concentrations was on average higher, but not much than other
f 13



Fig. 2. Similarities between the sampling sites according different abiotic characteristics (a � clustering of sites according chemical
characteristics from Tabs. 2 and 3; b � clustering of sites according heavy metals content characteristics from Tab. 4).

Table 3. Some hydrochemical characteristics in Magic Lake during January 2019.

Station
number

pH DO,
mg/l

BOD,
mg/l

COD,
mg/l

NH3,
mg/l

NO2,
mg/l

NO3,
mg/l

TN,
mg/l

PO4,
mg/l

TP,
mg/l

SiO2,
mg/l

1 8.22 8.47 2.31 8.16 1.549 70.6 0.629 2.984 85.00 146.280 9.92

2 8.31 9.23 4.11 7.55 1.724 58.6 0.723 2.995 80.00 135.180 10.24
3 8.40 8.64 2.30 8.24 1.692 49.5 0.573 3.152 65.00 122.480 11.03
4 8.41 8.28 2.58 8.19 1.488 61.8 0.612 3.175 85.00 137.290 12.01
5 8.42 8.65 3.56 7.43 1.579 56.0 0.478 3.219 80.00 145.900 13.47
6 8.45 8.78 2.41 7.92 1.352 61.8 0.560 2.867 80.00 139.810 9.22
7 8.41 8.76 2.85 7.95 1.688 58.6 0.498 2.869 75.00 140.290 8.81
8 8.42 8.41 2.59 8.53 1.896 51.6 0.798 3.364 140.00 196.200 10.07
9 8.41 8.47 2.83 7.18 1.112 63.3 0.485 2.919 120.00 161.330 8.87
10 8.43 8.49 2.40 8.14 1.651 65.3 0.521 3.184 115.00 142.160 13.64
Average 8.39 8.62 2.79 7.93 1.57 59.71 0.59 3.073 92.50 146.690 10.73
SD 0.07 0.27 0.60 0.42 0.22 6.32 0.11 0.169 23.95 19.95 1.78
CV 0.01 0.03 0.21 0.05 0.14 0.11 0.18 0.055 0.26 0.14 0.17

SD � standard deviation; CV � coefficient of variability.

Table 4. Heavy metal concentrations in water of Magic Lake during January 2019.

Station number Fe, mg/l Mn, mg/l Zn, mg/l Cu, mg/l Cd, mg/l Cr, mg/l Pb, mg/l Ni, mg/l

1 292.18 31.60 25.00 3.84 0.9 6.1 8.16 3.16

2 285.61 20.20 21.60 5.62 0.81 5.22 7.66 2.55
3 243.00 29.20 14.00 5.11 0.75 7.19 9.13 3.41
4 229.80 30.40 17.40 4.22 1.01 6.22 6.55 2.86
5 252.80 37.20 14.40 5.67 0.93 7.44 7.19 2.97
6 285.40 31.41 20.80 4.19 0.65 5.16 8.14 2.54
7 276.20 38.40 20.40 8.13 0.55 6.49 8.22 3.18
8 309.60 34.84 22.00 7.65 1.12 6.87 9.69 3.94
9 294.80 37.49 25.80 6.12 1.09 5.91 8.72 3.45
10 286.60 33.38 30.00 5.19 0.95 5.16 7.65 3.56
Average 275.60 32.41 21.14 5.57 0.87 6.18 8.11 3.16
SD 25.38 5.34 5.02 1.42 0.19 0.83 0.92 0.45
CV 0.09 0.16 0.24 0.26 0.21 0.13 0.11 0.14

SD � standard deviation; CV � coefficient of variability.
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abiotic characteristics of the medium. The smallest variability
was observed for Fe (CV= 0.09), and the largest for Cu
(CV= 0.26), Zn (CV= 0.24) and Cd (CV= 0.21). Cluster
analysis with the data Table 3 showed that all stations were
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divided into two main groups (Figure 2b), which were not the
same as the clusters in Figure 2a. The first cluster included the
sampling points 1, 2, 6–10, and the second cluster included the
sampling points 3–5. The concentration of three heavy metals
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Table 5. Correlations between different chemical characteristics of water in Magic Lake during January 2019.

Equation number x y Equation R p

1 BOD, mg/l COD, mg/l Y = 9.36 − 1.42 ln(X) −0.656 0.01

2 NH3, mg/l NO3, mg/l Y = 0.281x þ 0.145 0.580 0.05
3 PO4, mg/l TP, mg/l Y = 0.75x þ 79.62 0.871 0.001
4 TN, mg/l PO4, mg/l Y = 5.42x þ 62.67 0.686 0.01
5 NH3, mg/l TN, mg/l Y = 0.437x þ 2.386 0.565 0.05
6 PO4, mg/l Fe, mg/l Y = 0.684x þ 212.3 0.646 0.01
7 PO4, mg/l Ca, mg/l Y = 0.244x þ 323.57 0.607 0.05
8 PO4, mg/l Cd, mg/l Y = 0.006x þ 0.327 0.761 0.005
9 Ca, mg/l Fe, mg/l Y = 1.744x þ 327.88 0.660 0.01
10 Ca, mg/l Cu, mg/l Y = 0.096x þ 27.756 0.653 0.01
11 Na, g/l Pb, mg/l Y = 95.493 − 10.094x −0.605 0.05
12 SO4, g/l Ca, mg/l Y = 756.93 − 52.827x −0.720 0.005
13 SO4, g/l Cu, mg/l Y = 64.214 − 7.540x −0.693 0.01
14 Salinity, g/l Fe, mg/l Y = 3051 − 97.295x −0.587 0.05
15 Salinity, g/l Pb, mg/l Y = 114.03 − 3.64x −0.590 0.05
16 Salinity, g/l Ni, mg/l Y = 67.182 − 2.2x −0.734 0.005
17 TSS, mg/l Fe, mg/l Y = 128.83 þ 18.02x 0.658 0.01
18 Depth, m Zn, mg/l Y = 25.51 − 1.314x −0.577 0.05
19 Depth, m Pb, mg/l Y = 9.356x−0.141 −0.652 0.01
21 Fe, mg/l Zn, mg/l Y = 0.145x−18.732 0.731 0.005
22 Fe, mg/l Pb, mg/l Y = 0.02x þ 2.586 0.553 0.05
23 Pb, mg/l Ni, mg/l Y = 0.313x þ 0.627 0.643 0.01
24 Zn, mg/l Cr, mg/l Y = 8.606 − 0.115x 0.692 0.01
25 TSS, mg/l Fe, mg/l Y = 18.02 x þ 128.83 0.658 0.01
26 Depth, m TSS, mg/l Y = 9.72 − 0.006x (for depth up to 4.5m) 0.697 0.01

BOD � biochemical oxygen demand; COD � chemical oxygen demand; TP � total phosphorus; TN � total nitrogen; TSS � total suspended
substances; R � coefficient of correlations; p � average value differences.
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significantly differed in these two groups of stations (p = 0.05),
in the second group of stations (3, 4, and 5), the concentration
of Fe and Zn was 1.2 and 1.5 times higher, respectively. The
concentration of Cr in this group of stations was 1.2 times
lower than in the other one.

Correlation analysis was done for all pairs of studied
abiotic characteristics, whereas 26 significant correlations
were found (Tab. 5). As an example, values of BOD and COD
being quite high, significantly negatively correlated with each
other (Tab. 5, Eq. (1)). PO4 amount significantly positively
correlated with concentrations of Fe, Ca, and Cd (Tab. 5, Eqs.
(6)–(8)). SO4 amount significantly positively correlated with
concentrations of Ca and Cu (Tab. 5, Eqs. (12) and (13)).
Depth significantly negatively correlated with concentrations
of Zn and Pb (Tab. 5, Eqs. (18) and (19)). The depth affects
the TSS: with an increase in depth up to 4.5m, the TSS
significantly decreases (R = −0.697, p = 0.01), and at a point
with a depth of 9m, it sharply increases to the maximum
value.

3.2 Phytoplankton and chlorophyll a

A total of 28 phytoplankton species was identified
in Lake Magic during this study belonging to Bacillariophy-
ceae (8 species), Dinophyceae (3 species), Cyanobacteria
(7 species), Chlorophyceae (9 species) and Conjugatophyceae
(1 species) (Tab. 6). The frequency of occurrence of different
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species in the samples varied from 10 to 80%. The number of
species in a sample fluctuated from 5 to 18, and the highest
values were in points 3 (18 species) and 5 (17 species). The
lowest values were in points 9 (5 species) and 8 (7 species).
The most distinct phytoplankton was that from station 5, where
we also recorded the highest total phytoplankton abundance
(1�107 cells/l). The lowest abundance (9� 105 cells/l) was
determined for station 10 (Fig. 3a, Tab. 6). The contribution of
different taxa in total phytoplankton abundance varied from
one sampling station to another (Tab. 6). Considering the
abundance, Bacillariopyhceae and Dinophyceae dominated in
three cases, and Cyanobacteria, in two cases. Bacillariopyh-
ceae and Dinophyceae had the same abundance in one sample,
as well as Cyanobacteria and Dinophyceae. Cluster analysis
based on the contribution of different taxa to total
phytoplankton abundance showed that all sampling stations
were separated into two groups, with station 5 being different
from both these groups (Fig. 3a). Station 5 had the highest
contribution of Cyanobacteria (49%) in phytoplankton total
abundance (Tab. 6).

Chlorophyll a content varied from 14.3mg/l (station 10)
to 24.2mg/l (station 5) at majority of the sampling stations,
with an average of 18.6mg/l (CV = 0.179) (Fig. 4). At
station 7, despite the lowest phytoplankton abundance, the
chlorophyll a was 48.6mg/l (Fig. 4a). If station 7 is
excluded, there was significant positive correlation
between phytoplankton abundance and chlorophyll a
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Table 6. Species composition of phytoplankton in Magic Lake during January 2019.

Species Sampling stations FO, %

1 2 3 4 5 6 7 8 9 10

Bacillariopyhceae
Achnanthidium minutissimum (Kützing) Czarnecki, 1994 3 2 8 0 0 1 0 0 0 1 50
Aulacoseira granulata (Ehrenberg) Simonsen, 1979 0 1 0 0 0 3 1 0 0 1 40
Gyrosigma acuminatum (Kützing) Rabenhorst, 1853 0 0 0 0 0 0 0 1 0 0 10
Nitzschia acicularis (Kützing) W.Smith, 1853 3 1 5 0 4 0 0 0 0 0 40
Nitzschia palea (Kützing) W.Smith, 1856 15 0 8 1 0 0 1 1 0 0 50
Pantocsekiella ocellata (Pantocsek, 1901)
K.T. Kiss & E. Ács, 2016

7 4 8 1 12 0 4 0 1 1 0.8

Rhopalodia gibberula var. producta (Grunow)
O. Müller, 1900

0 0 0 1 0 0 0 0 0 0 10

Ulnaria ulna (Nitzsch) Compère, 2001 0 0 1 2 10 0 0 0 0 0 30
Chlorophyceae
Ankistrodesmus fusiformis Corda, 1838 0 0 6 0 9 0 0 0 0 0 20
Crucigenia tetrapedia (Kirchner) Kuntze, 1898 0 0 1 0 0 0 0 0 0 0 10
Cylindrocapsa geminella Wolle, 1887 1 0 0 1 0 0 0 1 0 1 40
Gregiochloris lacustris (Chodat)
Marvan, Komarek & Comas, 1984

0 0 1 0 1 0 0 0 0 0 20

Kirchneriella aperta Teiling, 1912 0 0 0 0 0 0 1 0 0 0 10
Oocystis borgei J. W. Snow, 1903 0 0 1 0 2 0 0 0 0 0 20
Scenedesmus arcuatus (Lemmermann) Lemmermann, 1899 0 0 0 0 2 0 0 0 0 0 10
Tetraëdron minimum (A.Braun) Hansgirg, 1888 0 0 0 0 1 0 2 1 0 0 30
Ulothrix zonata (F.Weber & Mohr) Kützing, 1833 0 0 1 0 1 0 0 0 0 0 20
Cyanobacteria
Aphanocapsa elachista West & G.S. West, 1894 0 8 1 6 2 3 1 0 4 1 80
Chroococcus dispersus (Keissler) Lemmermann, 1904 0 0 1 0 1 0 0 0 0 0 20
Chroococcus turgidus (Kützing) Nägeli, 1849 0 0 0 0 0 0 1 0 0 0 10
Merismopedia tranquilla (Ehrenberg) Trevisan, 1845 0 1 1 0 3 0 0 0 0 0 30
Phormidium interruptum Kützing ex Forti, 1907 1 0 13 4 42 1 0 0 0 1 60
Rhabdoderma lineare Schmidle & Lauterborn, 1900 2 2 2 0 0 2 1 0 0 0 50
Spirulina princeps West & G.S. West, 1902 0 0 0 0 1 0 0 0 0 0 10
Dinophyceae
Prorocentrum cordatum (Ostenfeld) J.D. Dodge, 1975 2 3 0 1 0 13 1 3 4 0 70
Prorocentrum lima (Ehrenberg) F. Stein, 1878 0 3 3 2 2 12 0 2 7 2 80
Prorocentrum micans Ehrenberg, 1834 3 5 2 0 1 23 0 5 9 1 80
Conjugatophyceae
Cosmarium margaritiferum Meneghini ex Ralfs, 1848 3 0 1 0 5 0 0 0 0 0 30
Number of species 10 10 18 9 17 8 9 7 5 8

FO � frequency of occurrence.

Fig. 3. Clustering of sites according phytoplankton (a), microbiological characteristics (b), zooplankton (c).
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Fig. 4. Phytoplankton in Magic Lake during January 2019 (a �
chlorophyll a distribution, b � correlation between chlorophyll a
content and phytoplankton abundance).

Fig. 5. Distribution of bacterial indicators in Lake Magic during
January 2019 (1–TVBC at 37 °C, 102 CFU/m; 2–TVBC at 22 °C, 102

CFU/m; 3–TC, MPN/100ml; 4–FC, MPN/100ml; 5–FS, 102 MPN/
100ml).
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content (R = 0.765, p = 0.005) (Fig. 4b):

C ¼ 10:05 � N0:175; ð1Þ

where C � chlorophyll a content, mg/l; N � cell abundance,
105 cell/l.

3.3 Bacteria

The numbers of aerobic bacteria (TVBC) at 22 °C ranged
from 11�102 CFU/ml and 36� 102 CFU/ml, while the
bacteria developing (TVBC) at 37 °C varied from 22� 102

CFU/ml to 75� 102 CFU/ml (Fig. 5). The highest value at
22 °C was recorded at stations 4 and 8, while the highest value
at 37 °Cwas recorded at station 5. Total coliform bacteria (TC),
fecal coliform bacteria (FC) and fecal streptococci (FS) varied
from station to station in a wide range (Tab. 7). The highest
values of TC (150/100ml) and FC (93 MPN/100ml) were
recorded at station 8, nearest to only single drainage input in
the lake (Tab. 7). An abundance of FS numbers was in the
range of 150–2900 MPN/100ml, and the highest values of FS
were recorded at stations 3 and 4 (Tab. 7). The lowest values of
FC and FS were found at the deepest station, station 5.

3.4 Zooplankton

In zooplankton community, there were three Ciliophora
species (Centropyxis aculeata (Ehrenberg, 1832) Stein, 1859,
Vorticella campanula Ehrenberg, 1831, Sphenoderia sp.), five
species of Rotifera (Brachionus plicatilis Müller, 1786,
Synchaeta pectinata Ehrenberg, 1832, Lecane bulla (Gosse,
1851), Lecane sp., Keratella cochlearis (Gosse, 1851)), two
Copepoda species � Paracartia latisetosa (Krichagin, 1873)
(Calanoida) and Canuella sp. (Harpacticoida) as well as
Nematoda and larvae of Cirripedia. Only two Rotifera species
(B. plicatilis, S. pectinata) were found in the samples, and their
abundances did not correlate with each other. The distribution
of all other organisms was much aggregated with correlation
values greater than two (Tab. 8). Total abundance of
zooplankton varied from 2.3� 104 ind./m3 (station 8) to
1.7� 105 ind./m3 (station 4) (Tab. 8). The share of Rotifera in
total zooplankton abundance varied in a narrow range from 48
to 50%. In a cluster analysis using all data on zooplankton
(Tab. 8), a division of all points into two main groups was
obtained: the first included stations 1, 2, 4, and the second all
the others (Fig. 3c). In a cluster analysis using all data on
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zooplankton (Tab. 8), the division of all points into two main
groups was obtained: the first one included stations 1, 2, 4, and
the second all the others (Fig. 3b). Total zooplankton
abundance was 2.3 times higher in the first group (p = 0.01).
Moreover, the number of rotifers was 1.2 times higher for B.
plicatilis (p= 0.05), and 3.5 times (p= 0.001) for S. pectinata in
the first group of stations. Copepods were also more abundant
in this group, i.e. the abundances of adult P. latisetosa,
nauplius, andCanuella sp. were 11.7, 1.7, and 3.5 times higher,
respectively. No correlation between zooplankton abundance
with phytoplankton abundance or chlorophyll concentration
was found.

4 Discussion

As the studied Lake Magic occupies a small area, it is
possible to assume that it is homogeneous and without any
spatial structure. Our results indicate the opposite, as we
distinguished two specific areas that differ from the majority of
the lake in their abiotic and biotic characteristics. One is close
to drainage water discharge, and the second is the deepest
station. Nevertheless, we suggest that there is still a lack of data
to understand the real spatial structure of this ecosystem;
therefore, a more detailed and prolonged study is essential.

Lake Magic showed some similarities and differences in
biotic composition compared to other lakes in the depression
and Lake Qarun (El-Shabrawy and Dumont, 2009; EL-
Shabrawy and Hussian, 2015). For instance, the study
conducted in 2011/2012 in the Wadi El-Ryan lakes showed
a higher phytoplankton species richness (i.e. 128 species
belonging to 6 classes) (EL-Shabrawy and Hussian, 2015)
compared to our results. Nevertheless, further studies
conducted on the phytoplankton of the Wadi El-Rayan lakes
showed that their diversity and abundance highly decreased
over six years (to 46 species belonging to the same 6 classes)
(EEAA, 2017), which could be related to the increase of
salinity and anthropogenic impact (especially pollution)
(Goher et al., 2017). Lower phytoplankton taxa richness (28
species belonging to the same 6 classes) recorded in the Lake
Magic compared to other lakes in the depression could be due
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Table 7. Microbiological characteristics in Magic Lake during January 2019.

Station number TVBC at 37 °C
(CFU/m) � 102

TVBC at 22 °C
(CFU/m) � 102

TC
(MPN/100ml)

FC
(MPN/100ml)

FS
(MPN/100ml)

1 22 12 93 23 1100

2 36 18 23 0 1100
3 44 27 9 9 2900
4 28 36 14 9 2900
5 75 19 4 0 150
6 26 32 20 15 2100
7 28 13 23 23 2400
8 23 36 150 93 4600
9 26 11 43 23 2100
10 22 12 3 0 1500
Average 33 21.6 38.2 19.5 2085
CV 0.493 0.473 1.239 1.411 0.594

TVBC� the number of aerobic bacteria; TC� total coliform bacteria; FC� fecal coliform bacteria; FS� fecal streptococci; CV� coefficient
of variability.

Table 8. Zooplankton in Magic Lake during January 2019.

Species Abundance, 103 ind./m3 Average CV FO, %

Sampling stations

1 2 3 4 5 6 7 8 9 10

Protozoa
Centropyxis aculeata (Ehrenberg, 1832) Stein, 1859 1 1 0 0 0 0 0 0 0 0 200 2.11 20
Vorticella campanulla Ehrenberg, 1831 0 0 0 0 0 0 0 0 4 0 400 3.16 10
Sphenoderia sp. 0 0 0 0 0 0 0 0 1 0 100 3.16 10
Rotifera
Brachionus plicatilis Müller, 1786 17 26 11 72 41 46 38 12 40 37 34 0.54 100
Synchaeta pectinata Ehrenberg, 1832 136 96 11 89 38 42 55 10 45 14 54 0.78 100
Lecane bulla (Gosse, 1851) 0 0 0 1 0 0 0 0 0 0 0.1 3.16 10
Lecane sp. 1 0 0 0 1 0 0 0 0 0 0.2 2.11 20
Keratella cochlearis (Gosse, 1851) 0 0 0 0 0 0 1 0 0 0 0.1 3.16 10
Copepoda
Nauplii 2 2 2 1 1 1 3 0 0 0 1.2 0.86 70
Paracartia latisetosa (Krichagin, 1873) 1 0 0 4 0 0 0 0 1 0 0.6 2.11 30
Canuella sp. 1 1 0 1 0 0 0 0 2 0 0.5 1.41 40
Meroplankton
Cirripedia larvae 0 0 0 0 1 0 0 1 0 0 0.2 2.11 20
Nematoda 0 1 0 0 0 0 0 0 0 0 0.1 3.16 10
Total abundance 159 127 24 168 82 89 97 23 93 51 91 0.51 –

CV � coefficient of variability; FO � frequency of occurrence.
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to the lake’s recent origin, small size, and high level of salinity.
Similar as in the lower lake of the Wadi El-Rayan depression,
we recorded some marine species, such as Prorocentrum
micans Ehrenberg, 1834, P. lima (Ehrenberg) F. Stein, 1878
and Exuviaella minima Schiller, 1933 (EL-Shabrawy and
Hussian, 2015). According to our results, total phytoplankton
abundance in Lake Magic was similar to that currently
recorded in the upper lake and higher than in the lower
Wadi El-Ryan lake (EEAA, 2017). In Lake Magic, chlorophyll
a concentration was lower than in the upper lake and higher
than in the lower lake (EEAA, 2017; Goher et al., 2017). So,
it is possible to predict that total phytoplankton abundance
Page 10
and productivity will decline in Lake Magic in the following
years.

In our study, the ratio of FC/FS, indicating possible sources
of contamination, varied between 0 and 0.02. This is
significantly lower than the critical value 0.7 (WHO, 2001;
APHA, 2005), suggesting that this microbiological contami-
nation was made by non-human sources. Compared to other
El-Ryan Lakes (Mohamed and Sabae, 2015; EEAA, 2017),
bacterial indicators in the Lake Magic were markedly lower,
and the microbial pollution rate can be assessed as very low,
probably, due to absence of municipal discharges in Lake
Magic.
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Fig. 6. Salinity changes in lakes of Wadi El Rayan depression (blue
rhombuses � the upper lake, red squares � the lower lake, green
triangles � Lake Magic).
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We recorded some differences (species richness, composi-
tion, and abundance) in zooplankton assemblages between
Lake Magic and other El-Ryan lakes. For instance, the
abundance was similar to that in the lower lake, while it was
lower compared to the Lake Qarun (El-Shabrawy and Dumont,
2009; El-Shabrawy et al., 2015). This could be attributed to
differences in salinity, i.e. the salinity in the Lake Magic was
similar to that in the lower lake; while it was lower compared to
that in the Lake Qarun. Other possible reasons for this are
higher heavy metal pollution and a high abundance of fish in
Lake Qarun (Mansour and Sidky, 2003; Shadrin et al., 2016).
Moreover, similar to Lake Qarun (El-Shabrawy et al., 2015)
and the lower lake (El-Shabrawy and Dumont, 2009), our
results showed the domination of Rotifera in the zooplankton
community of Lake Magic. Among rotifers, B. plicatilis was
dominant in the lower lake (summer) and LakeMagic (winter),
while it was not recorded in Lake Qarun (El-Shabrawy et al.,
2015). Among Copepoda, a marine P. latisetosa was dominant
both in Lake Qarun (El-Shabrawy et al., 2015) and LakeMagic
but was not recorded in the lower lake. There are no data on the
composition of benthic organisms in Lake Magic but some
stages of benthic animals (Cirripedia larvae, Nematoda,
Canuella) were found in some plankton samples. Our results
combined with data available for Lake Qarun (Shadrin et al.,
2016) and the lower lake (El-Shabrawy and Dumont, 2009),
indicate that the benthic community could be relatively diverse
for such habitats in this region. Differences in obtained
dendrograms are not sufficient to find interrelations between
biotic and abiotic characteristics in this study, therefore, a more
systematic and long-term study is essential to explain this
relationship.

As the study provided the first data related to the ecosystem
of the Lake Magic, there are no data on long-term changes in
the lake. However, the salinity of drainage waters from
agricultural fields was at several times lower than in the lake.
This allowed us to conclude that an initial salinity in the lake
was much lower, similar to that in drainage waters at this
moment, and gradually increased due to area aridity. Available
long-term data (El-Shabrawy and Dumont, 2009; Goher et al.,
2019) provide an opportunity to quantitatively analyze a trend
of a salinity increase in two other lakes in the depression. Due
to water unbalance, salinity has gradually exponentially
increased in both older lakes but at different rates (Fig. 6):
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the salinity in the lower terminal lake increased faster during
the time compared to the upper running-water lake, where the
salinity growth rate was very low (Goher et al., 2019).
Assuming that in Lake Magic, salinity also increased
exponentially in time, and knowing the initial salinity, age
of the lake, and modern salinity, we calculated the parameters
of the corresponding equation (2).

y ¼ 1:91 � e0:137x; ð2Þ

where y � salinity, g/l; x � age of the lake, years.
The comparison of equations for Lake Magic (Eq. (2)) and

for the lower lake (Fig. 6) showed that salinity could grow
approximately two times faster in Lake Magic than observed
in the lower lake. The reasons for such differences should
be inspected in more detail with future studies. Using
equation (2), we calculated the possible salinity in Lake
Magic in 2030 and 2040. These values are 61 g/l in 2030 and
240 g/l in 2040. Calculated salinity (Fig. 6) in the upper lake
maybe 2.2 and 2.5 g/l, respectively in 2030 and 2040.
Calculated salinity (Fig. 6) in the lower lake maybe 59 and
128 g/l, in 2030 and 2040, respectively. A salinity increase
may lead to the formation of anoxic and hypoxic events near
the bottom resulting in the ecosystem’s changes and species
richness reduction, similar to that in Lake Qarun (Shadrin
et al., 2016). In the next five to six years, an occasional
invasion of marine organisms is likely to continue in Lake
Magic due to the release of fish fry into the lake as it was
observed in Lake Qarun (El-Shabrawy et al., 2015; Shadrin
et al., 2016). Later, a salinity increase will eliminate even
these marine species.

Currently, Lake Magic is used only for tourism activities
due to its marvel color variability. There is a plan to develop
fishery and aquaculture in it as in other lakes of the
depression. Mullet fry has been introduced into the lake at
the end of 2019. Taking into account the halotolerance of
mullet species (Anufriieva, 2018), it is predicted that the
lake could support a small-scale mullet fishery for 10–12
years, but not more. Due to the fast growth of salinity, the
fishery cannot be assumed as a perspective here. Only some
hypersaline aquaculture can be developed as a long-term
perspective, and most promising objects are brine shrimp
and chironomid larvae (Anufriieva, 2018). Small lakes
provide an opportunity to understand intra-ecosystem
connectivity and its dynamics. We hope that these results
can be used as the starting point for the long-time
monitoring of changes in Lake Magic. This should provide
an important contribution to our knowledge of arid area
lakes’ response to climate variability.
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