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Abstract

This study aimed at monitoring and management of the surface water and potentially pathogenic microbes of Lake Tonga
(Algeria) with respect to. It characterized the main bacterial diversity patterns of Lake Tonga and predicted from water phys-
icochemical parameters and water quality index (WQI) the distribution of bacterial species and the main indicator groups
of faecal water contamination. Water samples were taken monthly at three sampling sites of different water depths. Several
physicochemical parameters were measured; of which some were included in computing WQI to characterize the water
quality of the lake. Counting, isolation and bacterial identification methods were used to characterize the existing aerobic
heterotrophic bacteria. The composition of the microbial community of the waterbody of Lake Tonga included an abundant
culturable bacterial flora belonging to several bacterial families and whose specific richness varied between water depths of
the sites sampled. Species richness of the bacteria identified phenotypically varied between 7 and 11 per sample. The site
with shallow water was the richest in bacterial species, compared to moderate and deep waters. The redundancy analysis
showed the main physicochemical drivers of the microbial community composition. Our findings showed that high WQI
scores indicated the water quality deterioration which triggered the increase in total load of faecal indicator bacterial groups.
This study identified in Lake Tonga an important culturable aerobic bacterial flora whose specific richness and distribution
varied spatially following the effects of water physicochemical parameters. Lake Tonga needs an integrated management
plan to mitigate human disturbances declining water quality.

Keywords Bacterial community - Freshwater microbiology - Lake culturable bacteria - Eutrophication - Aerobic
heterotrophic bacteria - Water quality
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considered among the leading causes of death worldwide
(Boyd 2020). Many fish and wildlife diseases can also be
transmitted through water (Leung et al. 2019). Wastewa-
ter discharged into surface water can influence its physic-
ochemical parameters, and introduce a significant load of
non-indigenous microorganisms to the microbial community
(Kalinowska et al. 2021). Water resides longer in lakes and
ponds than in streams and lotic systems. As a consequence,
longer retention time promotes changes in water quality due
to interactions between physical, chemical, and biological
parameters (Boyd 2020; Loucif et al. 2020).

Bacterial communities are an integral part of freshwa-
ter ecosystems. Bacteria have a significant impact on water
quality, and their diversity, species and distribution generally
reflect wetland water quality (Cotner and Biddanda 2002;
Zwart et al. 2002; Logue and Lindstrom 2008; Newton et al.
2011; Yuet al. 2019). These microorganisms are responsible
for much of the breakdown of organic matter and recycling
of nutrients (Tanentzap et al. 2019). Therefore, the richer a
waterbody is in organic matter, the more favorable condi-
tions it provides for microbial growth, leads to an increase
in the number and diversity of microorganisms (Boyd 2020;
Kalinowska et al. 2021).

As the distribution of microorganisms varies in time and
space (Remold et al. 2015), the prediction and/or determi-
nation of their ecosystem functions requires understanding
the structure and composition of microbial communities,
and diversity in relation to biotic and abiotic environmental
components (Liu et al. 2012; Yu et al. 2019). Therefore,
a better understanding of the variations in the interactions
of microorganisms and their environment and the suscepti-
bility these microorganisms to abiotic and biotic stressors
has important implications for identifying the types of the
selective stress model they undergo as well as the relation-
ship between population dynamics and microbial community
structure (Remold et al. 2015; Kalinowska et al. 2021).

Aquatic ecosystems are known to harbor high biodiver-
sity, and despite significant research progress in this field,
we still know very little about microbial diversity in ter-
restrial aquatic systems. The diversity, structure and sta-
bility of microbial communities therefore remain poorly
characterized in many aquatic ecosystems, both terrestrial
and marine and oceanic (Wilburn et al. 2019). In this sense,
Lake Tonga (Algeria) represents an interesting ecosystem
to explore microbial diversity due to its complex hydrology
(Benyacoub et al. 2011). So far, no studies on the isolation
and characterization of bacteria and other microbial popula-
tions of this lake have been conducted. This study is the first
to identify bacterial species and investigate their diversity
within this wetland classified Ramsar site and UNESCO
Heritage Biosphere Reserve (BirdLife International 2020).

Aquatic ecosystems are the major receptors for nutri-
ents and organic matter (Belhouchet et al. 2024). Indeed,
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sewage discharge and use of the surrounding landscape lead
to significant changes in aquatic ecosystems through nutri-
ent influx (Qu et al. 2017) and other pollutants (Eckert et al.
2018). These changes can lead to modification in bacterial
community structure (Wang et al. 2017) and bacterial resist-
ance (Alexander et al. 2020).

It has also been shown that ecosystems with high bacte-
rial diversity are more resistant to invasion by new species
(Dillon et al. 2005; van Elsas et al. 2012), and several studies
have shown that bacterial cultures in well-mixed liquid lead
to the collapse of bacterial communities. This is because,
under these conditions, the strongest competitors take over
(Kerr et al. 2002; Kim et al. 2008). The survival and abun-
dance of bacterial species in a natural environment depend
on environmental conditions. These conditions strongly
influence the strength of bacterial selection, but the behavior
of these microorganisms resulting from selection can in turn
modify environmental conditions, thus promoting complex
feedback loops (Mitri and Foster 2013; D'Souza et al. 2018).
Many environments host diverse and dense microbial com-
munities, and to understand microbes and their response to
disturbances, it is essential to unravel the social interactions
between strains and species of these microorganisms (Sachs
and Hollowell 2012; Mitri and Foster 2013). Bacteria are
in constant competition for a multitude of resources such
as favorable living spaces and minerals. Moreover, due to
their metabolic activities, bacteria significantly influence the
metabolism of other co-existing organisms and transform the
environments in which they live (Gonzélez et al. 2015). The
most complex ecosystems are the least stable. The complex-
ity of an ecosystem is positively influenced by the abundance
of bacterial species, cooperation, the strength of interactions
(correlated with the level of interaction), the number of spe-
cies with which each species interacts and competition. (Fox
2002; Mitri and Foster 2013; Cardona et al. 2018; D'Souza
et al. 2018).

This study aimed at monitoring and managing surface
waters of a lentic lake with respect to potentially patho-
genic microbes. It considered the factors and different
environmental conditions that favor the occurrence of
bacterial species in these aquatic systems and targeted
to predict from the physicochemical parameters of water
the emergence and proliferation of potentially danger-
ous microbes in surface waters using statistical modeling
approaches. We expect that findings of this study will help
to understand the risk and danger associated with patho-
genic organisms in freshwater ecosystems. This study ana-
lyzed the spatial and temporal patterns of the structure of
the culturable bacterial flora in Lake Tonga. It examined
also spatial and temporal similarity of the bacterial com-
munity. We analyzed the spatiotemporal variations of its
composition while investigating the variability patterns
in species richness and occurrence frequency of bacterial
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species according to sampling sites and times. Due to their
universal uses as microbiological indicators of water qual-
ity and their faecal and environmental character (Guem-
maz et al. 2020), the study analyzed the spatiotemporal
distribution of groups of bacteria indicative of faecal con-
tamination within the reserve of the Tonga Lake. We also
addressed the question of how the bacterial community of
Lake Tonga depends on the water physicochemical vari-
ables while investigating the influence of these parameters
on the presence of bacterial species and their diversity in
this aquatic environment.
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Fig. 1 Location of Lake Tonga and sampling sites (S1-S3) in north-
eastern Algeria. The top right graph is the Gaussen and Bagnouls
ombrothermal diagram of the region, where mean precipitation and
air temperature are monthly averages for the period 1985-2016. The

Materials and methods
Study area

Lake Tonga (36° 51’ 51.1" N, 08° 30" 10.0" E, elevation: 2
m a.s.l.), is located in the extreme north east of Algeria, at
about 5 km west of the Tunisian border (Fig. 1). The site
consists of a marshy basin and a shallow lake forming part of
the complex of wetlands included in the National Park of El
Kala, which is on the list of Ramsar sites since 1983, a Bio-
sphere reserve, and an important bird area 'IBA' (Fishpool
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bottom map is the elevation map, i.e. presentation of the relief by alti-
tudes, where the elevation is represented in a color scale and Lake
Tonga is indicated by a black square
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and Evans 2001; BirdLife International 2020). Covering an
area of 2,400 ha, this ecosystem is considered important
for the reproduction of many bird species in Algeria and
one of the most important in the Mediterranean (BirdLife
International 2020).

Lake Tonga hosts a large alder grove (Alnus glutinosa (L.)
Gaertn.) along its northern shore, which represents a center-
piece of the site as this ensures an important functional role
for the avifauna. Also, the floating vegetation rafts constitute
one of the singularities of this lake (Benyacoub et al. 2011;
Loucif et al. 2021). This lentic ecosystem is bounded to the
north by a vast system of sand dunes, through which the lake
connects to the Mediterranean Sea via an artificial channel,
Oued Messida. According to climatic data provided by the
El Kala station over a period of 22 years (1985-2016), the
area is characterized by a humid climate with the De Mar-
tonne aridity index Ipy;=24.7. The Emberger quotient of
112.7 positions the area in the subhumid bioclimatic stage
with a warm winter variant. The ombrothermic diagram of
Gaussen and Bagnouls delimits a dry season which extends
from mid-May to mid-September (Loucif 2020).

Sampling sites of water

This study was conducted at Lake Tonga, whose northwest-
ern shores of the lake are characterized by the presence of
hamlets of rural dwellings in full extension with an increase
in their wastewater discharges into the lake waterbody. We
sampled water during the period from January to June 2018
at three sampling sites (S1, S2 and S3) chosen according to
a depth gradient:

Site 1 (S1): located at the southern limit of the alder grove
(Alnus glutinosa), it represents relatively shallow water (=~
97 cm) located 540 m from the north shore and 1080 m from
the west shore.

Site 2 (S2): represent a moderate depth of the lake,
located towards the center at a depth of about 150 cm at
1020 m from the north shore and 1140 m from the west
shore.

Site 3 (S3): located in a deeper area near the lake center
towards the western shore. With a depth of 190 cm located
1600 m from the northern limit of the lake and 920 m from
the western shore.

Water collection

For the physicochemical analysis, the water samples were
collected in clean polypropylene bottles of 1.5 L capacity
from a depth of 20 cm. The bacteriological analyzes were
carried out on samples of water taken from sterile glass bot-
tles with a capacity of 250 mL previously sterilized at 170
°C for 1 h. All water samples were hermetically sealed and
correctly labelled. Once water collection was done, the vials
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were placed in situ in the dark in a cooler at low tempera-
ture (4 °C) and immediately returned to the laboratory for
carrying out the analysis following standard methods and
protocols (Rejsek 2002; Rodier et al. 2009).

Water physicochemical analyses

Several parameters were used to characterize the lake
water: pH, electrical conductivity (EC), dissolved oxygen
(DO), total suspended solids (TSS), turbidity, dry residues
(Dry.res), five-day biological demand in oxygen (BODS),
total hardness, concentrations of calcium (Ca*"), magne-
sium (Mg?*), potassium (K*), chlorides (C17), sulphates
(SO42_), phosphate (PO43_), ammonium (NH,"), nitrates
(NO;3;7) and nitrites (NO, ™). Some parameters, such as pH,
DO (% saturation) and electrical conductivity of the water,
were performed in situ using a WTW MultiLine® portable
multi-parameter. The determination of suspended solids in
the water was carried out at the laboratory level, by applying
the filtration method on a glass fiber filter. It was expressed
in mg/L (NF EN872 2005; Rodier et al. 2009). Determining
the dry residues consisted of gradually evaporating a certain
quantity of well-mixed water in a weighed capsule. Once all
the water has evaporated, the dish is brought to an oven at
105 °C for 4 h and left to cool for 1/4 h in a desiccator. The
dried residue was then weighed. The BODS5 measurement
was carried out at the laboratory level with a WTW "Oxitop
System" type device equipped with a cap having a pressure
sensor which automatically follows the evolution of the
biological oxygen demand during the oxidation of organic
matter and keeps in memory the pressures at times 1, 2, 3, 4
and 5 days. BODS5 was expressed in mg O,/L. The determi-
nation of the total hardness was carried out by the titrimet-
ric method with EDTA (ethylenediaminetetraacetic acid).
Calcium, potassium, magnesium, ammonium, sulphates,
phosphates, nitrates and nitrites concentrations were deter-
mined by ion spectrophotometry. The chloride concentra-
tion was determined using the flow injection analysis (FIA)
method and photometric detection (NF EN ISO-15682,
2001); Rodier et al. 2009). The determination of calcium and
potassium was carried out by spectrometry at a wavelength
of 422.7 nm for calcium and 766.5 nm for potassium (Rodier
et al. 2009). The sulphate ion assay method was based on
precipitation in hydrochloric medium in the state of barium
sulphate and performing the assay after spectrophotometer
calibration; the spectrophotometer assay was performed at
420 nm (Rodier et al. 2009). Phosphate was measured at a
wavelength of 430 nm (Rejsek 2002; Rodier et al. 2009). The
dosage of ammonium ions was carried out at a wavelength
of 630 nm. Magnesium was measured at a wavelength of
285.2 nm (Rodier et al. 2009). Nitrate and Nitrite ions were
determined by spectrophotometry at 415 nm and 520-540
nm, respectively.
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Bacteriological analyses

The methods used for the bacteriological examination of
the water samples are divided into two main lines: count-
ing methods and methods of isolation and identification.
The first aimed at a quantitative estimate of the micro-
bial flora of the analyzed waters, while the second aimed
at characterizing the existing bacterial species. For each
sample, total heterotrophic bacteria (THB), total coliforms
(TC) and faecal coliforms (FC) were counted using the
membrane filter method (Rodier et al. 2009). Colonies of
faecal streptococci (FS) were counted by filtration on a
cellulose membrane applied to a selective nutrient sup-
port consisted of Slanetz and Bartley medium. For bac-
terial identification, and in order to allow the growth of
the majority of bacterial strains, seeding and re-isolations
were carried out on non-selective media and selective
media for each sample. For each sample, a mixture of
different colonies was obtained which were studied indi-
vidually. Microscopic observation and Gram staining
have made it possible to characterize the different types
of bacteria and to differentiate Gram-positive from Gram-
negative bacteria. Then, the bacteria were isolated from
the mixture and identified using the following culture
media: nutrient agar, Hektoen enteric agar media, blood
agar, Chapman medium, SS (Salmonella-Shigella) agar,
Mac Conkey medium, and BCP (Bromo-Cresol Purple)
medium. For the identification of the bacterial species,
classical phenotypic and biochemical methods were used
including oxidase test, study in TSI media, and catalase
test. Miniaturized strips of API systems (API® 20 E,
API® 20 Staph, API® 20 Strep) were used. After incuba-
tion of the API strips, reactions were noted as (+) or (=),
and we identified the bacterial species by referring to the
reading table.

Water quality index (WQI)

The Water Quality Index (WQI) reduces water parameters
measured to single digits to assess the overall water quality at
a given location or date. A weight w; was assigned to each of
the physicochemical parameters according to its importance
in the overall quality of water and the possible of its effects
on plants and health. The minimum weight 1 was assigned
to parameters considered non-dangerous, while parameters
that had the greatest effects on water quality had the highest
weight of 5 (Bouderbala 2017). The relative weight (W,) of
each parameter was calculated using (Eq. 1).

W, =w,/ Z w; (D
i=1

with # is the number of physicochemical parameters.

In the current study, WQI was calculated using the drinking
water quality standards recommended by the World Health
Organization (WHO 2017). The results are presented in
(Table 1).

In each water sample, the calculation of the g; rating scale
for each parameter was obtained by dividing the concentration
or observed value (C;) by its respective standards (S;) defined
according to WHO guidelines (WHO 2017). The results were
multiplied by 100 (Eq. 2).

q; = C;/S; x 100 2)

Before calculating WQI, the water quality sub-index (S7)
is determined for each physicochemical parameter using
(Eq. 3), then WQI was obtained by summing S/ of n param-
eters (Eq. 4).

SI = Wq; (3)

Table 1 Weight (w;)
and calculated relative

weight (W) for each of

the water physicochemical
parameters used for WQI
computation based on WHO
standards (WHO 2017) for
physicochemical water quality
(n=13 parameters)

Physicochemical parameters WHO standards Weight (w,) Relative weight (W)
Potential hydrogen ‘pH’ 8.5 3 0.0682
Turbidity [NTU] 5 2 0.0455
Electrical conductivity [uS/cm] 2000 3 0.0682
Nitrate ‘NO;™" [mg/L] 50 5 0.1136
Nitrite ‘NO,™” [mg/L] 0.1 5 0.1136
Ammonium ‘NH,** [mg/L] 0.5 5 0.1136
Phosphate ‘PO,*~" [mg/L] 5 4 0.0909
Calcium ‘Ca**’ [mg/L] 200 3 0.0682
Magnesium ‘Mg>*” [mg/L] 50 3 0.0682
Chloride ‘C1”° [mg/L] 250 4 0.0909
Potassium ‘Kt [mg/L] 12 1 0.0227
Sulphate ‘SO,>~ [mg/L] 250 3 0.0682
Hardness [°F] 300 3 0.0682
Yw,=44 >w=1
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Bacterial species
Pantoea agglomerans
Escherichia coli
Edwardsiellatarda
Enterobacter cloacae
Enterococcus faecalis
Pectobacterium carotovorum
Cupriavidus necator
Klebseilla oxytoca
Klebseilla pneumoniae
Morganellamorganii
Plesiomonas shigelloides
Proteus mirabilis
Proteus vulgaris
Providencia reftgeri
Pseudomonas aeruginosa
Pseudomonas fluorescens
Pseudomonas putida
Pseudomonas syringae
Serratia marcesans
Staphylococcus aureus
Staphylococcus epidermidis
Staphylococcusintermidius
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«Fig. 2 Heatmap (upper plot) and cord diagram (bottom plot) display-
ing respectively the distribution of occurrence frequencies (in %) and
abundances of bacterial species for sampling months and sites and at
the waterbody of Lake Toga in extreme northeastern Algeria. Bacte-
rial species binomial names are abbreviated using the first letter of
the genus and four first letters of the species

WQI = )’ s, 4)
i=1

Depending on the WQI value, water quality can be clas-
sified into five categories (Li et al. 2014): excellent water
quality (WQI <25), good water quality (25 < WQI < 50),
moderate or marginal water quality (50 < WQI < 100), poor
water quality (100 < WQI < 150), and extremely poor water
quality (WQI > 150).

Statistical analysis

Statistical analyses were carried out using the statistical soft-
ware R version 4.2.1 (R Core Team 2022). The composi-
tion of bacterial species per sampling sites and months was
visualized with a heatmap and cord diagram which included
frequencies of species occurrences that were computed as
the ratio between the number of samples where a given spe-
cies occurred and the total number of samples. In the same
vein, and using quantitative data (number of colony-forming
units), the distribution of bacterial groups (THB, TC, FC and
FS) was analyzed for sampling sites and months. Species
richness (total number of species identified) was determined
for each water sample, then the data were expressed using
mean and standard deviation (SD) for sites and months.
The variation in bacterial species richness and WQI val-
ues between the sampled sites and months was tested using
two-way ANOVA. Using the package “venn” version 1.11
in R, the spatial and temporal similarities and overlap of spe-
cies composition was explored between sites and between
months within each sampled site. Using the “vegan” package
in R (Oksanen et al. 2022), redundancy analysis (RDA) was
employed to explore gradients of relationships linking the
bacteria occurrences and water physicochemical parameters
measured. The RDA triplot was designed using a correla-
tive scaling method. Using RDA summary scores of the first
five RDA axes, Pearson correlation tests were performed to
examine the relationships between water parameter values
observed during each month and sampling site and RDA
site scores (weighted sums of response variable scores). For
these correlations, statistical significance was considered at
two thresholds: p=0.05 and p=0.10. The effect of WQI on
the variation in bacterial species richness was tested using
generalized linear models (GLM) with Gaussian distribu-
tion and identity link for the entire study period, and for

the cold rainy season (mean minimum temperature =9.2 °C,
precipitation =502 mm) as well as for the hot dry season
(mean maximum temperature =23.4 °C, precipitation =98
mm). Same for the effects of WQI on bacterial loads of
contamination-indicators where GLMs were used to test
the variation of THB, TC, FC and FS as function of WQI
for the entire study period, the cold rainy season and for the
hot dry season.

Results
Bacterial species composition

The phenotypic identification of the bacterial strains iso-
lated from the waterbody of Lake Tonga revealed 22 species
belonging to 16 genera and five families. The Enterobacte-
riaceae family largely dominated with 59.1% of the species;
it is followed by the Pseudomonadaceae family with 18.2%,
Staphylococcaceae with 13.7% species, Burkholderiaceae
and Enterococcaceae with 4.5% each. Pantoea agglomerans
was identified at S1 and S2. The presence of Escherichia
coli was reported throughout the study period in all samples
(Fig. 2). Edwardsiella tarda was identified only once at S2
in May. Enterobacter cloacae was reported at all three sites
(S1, S2 and S3); its presence was reported in two out of
three samples during June and in a single sample for Janu-
ary, February, March and April. Enterococcus faecalis was
more frequent at S3. The presence of Pectobacterium caroto-
vorum was recorded at S1 and S3 with a frequency of occur-
rence of 16.7% and 33.3%, respectively. Cupriavidus necator
was reported at S2 and S3. Klebseilla oxytoca was present
throughout the study period with a greater abundance dur-
ing May. Klebseilla pneumonia (Enterobacteriaceae) was
more abundant in April and March. Morganella morganii
was isolated from S1 and S2 and was identified from sam-
ples collected during the period January-April. Plesiomonas
shigelloides was identified at S1 and S2.

Proteus mirabilis was isolated throughout the study
period. Proteus vulgaris was identified at three sites with a
high occurrence frequency in S1. Providencia rettgeri was
identified at all sampling sites. Pseudomonas aeruginosa
was isolated from the three sites with an occurrence fre-
quency of 83.3% at S1. Pseudomonas fluorescens, was pre-
sent in the three sites with a frequency of presence 66.7%
recorded at each of the two sites S1 and S3. Pseudomonas
putida was identified at all sampling sites throughout the
study period; with S1 had more abundance of this germ with
a frequency of presence of 100%. Pseudomonas syringae
was reported only once at S1 during April, whereas Ser-
ratia marcescens was identified only once during February
at S2. Staphylococcus aureus was encountered at all sites
throughout the study period, the presence of this germ was
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more marked in sites S2 and S3 (83.3%). Staphylococcus
epidermidis was isolated from all sites, the presence of this
species was more marked in S1, whereas Staphylococcus
intermedius was identified only at S3 during June (Fig. 2).

Spatiotemporal distribution of bacterial groups

For the total load of groups of bacteria indicators of faecal
contamination, the first site (water depth=97 cm), located
north of Lake Tonga at the southern limit of the alder
grove, contained a proportion of 36.8% of THB, 33.1% of
TC, 26.4% of FC, and 3.7% of FS. The second site (water
depth =150 cm), located towards the center of the lake, har-
bored a proportion of 39.4% of THB, followed by propor-
tions of TC and FC with 29.9% and 26.2%, respectively;

whereas FS represented only 4.5% of the total load of groups
of bacteria indicators of faecal contamination. The third site,
located in a deeper zone (depth =190 cm), was composed
of 43% THB, 28.6% TC, 22.8% FC and 5.5% FS. THB and
TC presented low loads in January, and a maximum load in
May. The counts of CF showed a minimum in February and
a maximum in May. For FS, the minimum was recorded in
January and the maximum in May and June (Fig. 3).

Spatiotemporal variation of bacterial species
richness

The number of bacterial species varied between 7 and 11
species per sample with an average of 8.9 + 1.3 species
(mean + SD). The first site was the richest in bacterial

Fig.3 Cord diagram showing the abundance-based distribution of bacterial groups indicators of faecal contamination for sampling months and

sites at the waterbody of Lake Toga in extreme northeastern Algeria
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species with an average of 10.2 +0.8 species compared to
the other two sites which contained 8.8 +0.8 and 7.8 + 1.0
species, respectively (Fig. 4). The variation in bacterial
species richness between the sampled sites was significant
(ANOVA: F 5 19)=13.2, p=0.002). The maximum num-
ber of species was recorded in April with 9.7 + 0.6 species,
while the minimum (8.3 + 1.5 species) was observed in
January and March with. However, no significant variation
was observed for the variation in species richness between
months (ANOVA: F(s o, =1.4, p=0.312).

Spatial and temporal similarities of species
composition

According to the Venn diagram, 13 bacterial species were
shared between the three sites: Escherichia coli, Entero-
bacter cloacae, Enterococcus faecalis, Klebseilla oxytoca,
Klebseilla pneumoniae, Proteus mirabilis, Proteus vulgaris,
Providencia rettgeri, Pseudomonas aeruginosa, Pseu-
domonas fluorescens, Pseudomonas putida, Staphylococ-
cus aureus, and Staphylococcus epidermidis. Three species
(Pantoea agglomerans, Morganella morganii, Plesiomonas
shigelloides) were common species exclusively between
S1-S2. Pectobacterium carotovorum was a common spe-
cies exclusively between S1-S3, while Cupriavidus necator
was exclusively a common species between S2—S3. A sin-
gle bacterial species, Pseudomonas syringae, was exclusive
to S1, two species: (Serratia marcesans and Edwardsiella
tarda) were only isolated from S2, whereas Staphylococ-
cus intermidius was exclusive to S3 (Fig. 5). According to
the overlap of species between months, S1vpresented four

-
o
1

Species richness

.- -pei)
8_ -
. _|
S1 S$2 S3  Jan Feb Mar Apr May Jun
Study sites Surveyed months

Fig.4 Boxplots showing distribution of species richness of water
bacterial at sampling sites and months in Lake Tonga. Letters asso-
ciated to means (solid white circles) are results of the honestly sig-
nificant difference (HSD) of Tukey's range test. Means with different
letters are significantly different (p <0.05)

shared bacterial species for all the months of study, while
only one species was common for all the studied months at
S2 and S3.

Relationships between water characteristics
and bacterial composition

The variability illustrated in the triplot of the redundancy
analysis (RDA) totaled 44.5% of explained variance, with
27.6% on the first axis and 16.9% on the second axis (Fig. 6).
The RDA revealed that the distribution of bacterial species
that is projected on the same side of a given water qual-
ity parameter are positively influenced by the variation of
this parameter, and inversely when this projection is on
the opposite side. Accordingly, the phosphate, nitrates and
magnesium, ammonium, sulphates positively affected the
occurrence of Pseudomonas fluorescens, Pectobacterium
carotovorum, Enterococcus faecalis, Klebseilla pneumoniae,
Staphylococcus aureus, Cupriavidus necator, Plesiomonas
shigelloides, and Staphylococcus epidermidis, especially in
samples located at moderate-deep water. Moreover, TSS,
DO, EC, and chloride significantly influenced the distribu-
tion of Enterobacter cloacae, Klebseilla oxytoca, Proteus
mirabilis, Proteus vulgaris, Providencia rettgeri, Pseu-
domonas aeruginosa, Pseudomonas putida, Pseudomonas
syringe, Staphylococcus intermidius, Pantoea agglomerans,
Morganella morganii, and Edwardsiella tarda, chiefly in
shallow water samples. The distribution of bacterial species
that is on the opposite side of a given water quality param-
eter is negatively correlated with that parameter. Bacterial
species with close distributions to each other were similarly
affected by water quality parameters (Fig. 6).

The water physicochemical parameters with significant
effects and which were significantly correlated (p <0.10)
with the distribution of bacteria on the triplot of the RDA,
were obtained with the first (27.6% of explained variance)
and third axis (10% of explained variance) of RDA ordina-
tion (Table 2). On the first axis, the parameters that were
significantly correlated were mainly phosphate (r=-0.72,
p=0.001) and magnesium (r=-0.49, p=0.037), then ammo-
nium (r=-0.41, p=0.089), sulphate (r=-0.41, p=0.095),
and TSS (r=0.40, p=0.099). No parameter was correlated
on the second RDA axis, however on the third axis, DO
(r=-0.50, p=0.033), EC (r=-0.62, p=0.006) and nitrates
(r=-0.54, p=0.021), then TSS (r=-0.46, p=0.056) and
chloride (r=-0.42, p=0.082) were significantly correlated.

Water quality index (WQI).

Values of WQI of water samples from Lake Tonga
ranged between 67.7 and 147.2 (Fig. 7), indicating a water
quality ranging from moderate quality to poor quality.
Of the total samples analyzed, 44.4% had marginal water
quality, whereas the remaining 55.6% samples had poor
water quality. The lake water was of moderate quality
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Fig.5 Nested Venn diagrams illustrating overlap of bacterial species richness between sampling months and sites at the waterbody of Lake Toga
in extreme northeastern Algeria. Number of exclusive species of a sampling site or between sites are disclosed in square brackets

(100 < WQI < 150) during January, February and March
(cold period) for samples of S1 and S3, and during Jan-
uary and March for S2. The waterbody had poor quality
(100 <WQI < 150) during April, May and June (hot period)
at the three sites sampled as well as in February for S2. The
variation in WQI values between months was significant
(ANOVA: F, 5.10)= 3.43, p=0.046), but no significant vari-
ation was observed for the variation in WQI scores between
the sampled sites (ANOVA: F, ;,,=0.05, p=0.951).

Determinants and spatiotemporal analysis of water
quality

The spatial and temporal patterns of water quality appeared

to be principally associated with physical and chemical vari-
ables, followed by bacterial groups. The double clustering
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heatmap (Fig. 8) showed that water samples exhibiting poor
quality were consistently observed during the hot season,
irrespective of the sampling site. Within these samples, the
crucial physicochemical and bacteriological traits influenc-
ing water quality included chloride, dry residues, nitrates,
EC, pH, TSS, and bacterial species richness. Subsequently,
factors such as FC, TC, HTB, ammonia, and BODS5 also
played significant roles.

Effect of WQI on bacterial species richness.

The effect of WQI on the variation in bacterial species
richness in Lake Tonga was tested using a GLM for the
entire study period, the cold rainy season as well as for
the hot dry season (Fig. 9). The GLM revealed that the
WQI had a negative influence (p =0.030) on the varia-
tion in bacterial species richness during the cold rainy
period, which means that during this period, the number of
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bacterial species decreased significantly with the increase Discussion

in WQI values as the high species richness was observed
in less polluted water samples. Though the relationship
between WQI and species richness was positive during the
hot dry season, the WQI did not seem to have a significant
effect (p =0.260) on the variation of species richness of
water bacteria (Table 3).

Effect of WQI
contamination-indicators.

The effects of water quality index (WQI) on the variation
of bacterial loads of the four groups indicators of fecal water
contamination in Lake Tonga were tested using GLMs for
the entire study period, the cold rainy season and for the hot
dry season (Fig. 10). Based on GLM summaries (Table 4),
the WQI showed a significant positive effect on the varia-
tion of the faecal streptococci bacterial group (p <0.001)
during the cold rainy period. For the entire study period,
i.e. both cold-rainy and hot-dry seasons combined, the WQI
positively affected the variation of the bacterial groups of
THB (p=0.023), TC (p=0.020) and FC (p=0.014). The
WQI had no significant effects (p > 0.05) on the variation of
cell loads of the bacterial groups THB, TC and FC during
the cold rainy season and hot dry period taken separately
(Fig. 10).

on bacterial loads

of

This study investigated the composition of bacterial com-
munities in relation to the physicochemical characteristics
and water quality of Lake Tonga, a wetland classified as a
site of international importance and part of the biosphere
reserve of El Kala National Park. Our results suggest
that the highest bacterial species richness was found in
shallow water (S1) with an average of 10.2 + 0.8 species,
while the lowest bacterial richness was found at deep lake
water (S3) with an average of 7.8 + 1.0 species. The first
sampled site is located at the limit of the alder grove and
is rich in aquatic plant species which can provide protec-
tion and optimal conditions to bacterial species, which
are sensitive to predation and the harmful effects of UV
rays. These conditions under this type of vegetation cover
also provide abundant sources of nutrients from frond
surface exudates (Devane et al. 2020). Badgley et al. 2010
demonstrated that the presence of vegetation in an aquatic
habitat can significantly increase the number of Entero-
cocci that may be able to persist throughout the habitat.
Aquatic vegetation, in addition to serving as a substrate
for the bacterial group, promotes high bacterial densities
in the surrounding habitat. Interactions between aquatic
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Table 2 Correlation tests (r Pearson coefficients, p probability values) of water physicochemical parameters and variables within the first five
axes of RDA ordination

Water parameters RDA axis 1 (27.6%) RDA axis 2 (44.5%) RDA axis 3 (55.5%) RDA axis 4 (64.8%) RDA axis5
(72.6%)
r p r p r p r p r p

pH 0.11 0.669 0.13 0.602 0.00 0.988 -0.11 0.664 0.39 0.112
Turbidity (NTU) -0.02 0.929 0.07 0.779 0.21 0.401 0.16 0.522 -0.20 0.422
Dissolved oxygen (mg/L) 0.25 0.320 0.08 0.762 0.50 0.033 0.08 0.752 0.02 0.928
Electrical conductivity (uS/cm) 0.11 0.671 -0.11 0.674 -0.62 0.006 -0.09 0.713 0.14 0.572
Total suspended solids (mg/L) 0.40 0.099 0.03 0.906 -0.46 0.056 0.09 0.731 -0.02 0.929
Dry residues (mg/L) 0.11 0.668 0.08 0.755 -0.37 0.129 -0.24 0.344 0.09 0.721
Nitrates ‘NO; ™ (mg/L) —-0.06 0.806 -0.14 0.578 —0.54 0.021 -0.23 0.352 0.28 0.258
Nitrites ‘NO, ™" (mg/L) 0.03 0.901 0.00 0.996 -0.05 0.859 -0.11 0.651 0.30 0.219
Ammonium ‘NH,*> (mg/L) -041 0.089 0.23 0.351 0.04 0.890 0.34 0.166 —0.06 0.803
Phosphate ‘PO,” (mg/L) -0.72 0.001 0.02 0.926 0.06 0.804 -0.21 0.402 0.36 0.144
Calcium (mg/L) 0.11 0.676 -0.33 0.181 -0.05 0.830 0.25 0.318 0.08 0.743
Magnesium (mg/L) —0.49 0.037 -0.22 0.385 0.02 0.950 0.14 0.566 0.03 0.902
Chloride (mg/L) 0.20 0.427 0.23 0.361 -042 0.082 —-0.05 0.851 0.28 0.253
Potassium (mg/L) -0.37 0.130 -0.25 0.325 0.00 0.997 —-0.24 0.341 0.31 0.205
Sulphates (mg/L) -041 0.095 -0.12 0.644 0.17 0.496 0.23 0.369 —0.06 0.812
BODS5 (mg O,/L) -0.14 0.567 0.30 0.233 —-0.23 0.364 0.05 0.849 0.01 0.975
Hardness (°F) -0.36 0.145 -0.13 0.617 0.04 0.890 0.22 0.381 0.22 0.386

Percentages between bracket are cumulative proportions of the accumulated constrained eigenvalues explaining the variance. Significant correla-
tions (p <0.05) are given in boldface type, whereas correlations in italics are considered significant at alpha=0.10

Fig.7 Variation of the water
quality index (WQI) in Lake S1
Tonga according to the months

and the sampling sites. Results

of two-way analysis of vari-

ance (bottom left corner of the 100 -
plot) included F-statistics with

degrees on freedom between

brackets in subscripts, and

Months

p-values 50 - «an
Feb
g 0- Mar
= ,
| Apr
May
S3 S2 Jun
ANOVA:
Months: Fis 19)=3.43, p =0.046
Sites:  Fi2.19)=0.05, p =0.951
Study sites
vegetation and bacteria appear to be important phenom- The detection of high concentrations of Escherichia coli
ena that need to be better understood by biologists and  and Enterococci in the water indicates faecal contamination
microbial water quality managers (Cho et al. 2021). (WHO 2017). The results obtained by Loucif et al. (2020)
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Fig.8 A double clustering heatmap of physicochemical/bacteriologi-
cal traits for different sampling months and sites in in Lake Tonga.
All water parameters underwent standardization and scaling pro-
cedures. The clustering analysis employed the Ward method, with
cluster distances determined by Euclidean distance. (Bacteria: num-
ber of species identified, THB: total heterotrophic bacteria, TC: total
coliforms, FC: faecal coliforms, and FS: faecal streptococci; BODS:
biological oxygen demand, DO: dissolved oxygen, Dry.res: dry resi-
dues, EC: electrical conductivity, MH: magnesium hazard, TSS: total
suspended solids)

After a quantitative estimation of the bacteria groups Indi-
cators of faecal contamination, and an evaluation of the
physico-chemical quality of the water revealed that there is
significant pollution in Lake Tonga and the different faecal
contamination indicator groups are linked to each other. In
our study, Escherichia coli was noted in all samples. It is
one of the commensal bacteria that make up the gut micro-
biota of humans and animals (Miquel et al. 2013; Yuan et al.
2018). Enterococcus feacalis have also been isolated, but
with a lower relative abundance. In addition to Escherichia
coli, several bacterial genera belonging to the total coliform
group were identified (WHO 2017), namely the genus Kleb-
siella (Klebsiella oxytoca and Klebsiella pneumoniae), the
genus Enterobacter (Enterobacter cloacae) and the genus
Serratia (Serratia marcescens). In addition to coliforms and
Enterococci, we have isolated and identified several bacte-
rial species of medical, ecological and agricultural interest.

Staphylococci are bacteria involved in a variety of
pathologies of varying degrees of severity. Staphylococcus

aureus are one of the main agents responsible for nosoco-
mial infections (Parija 2023). Its gram-positive bacteria are
widely distributed and persistent in the environment, they
can survive in adverse conditions such as low water activ-
ity, drought and even temperatures above 40 °C (Faria et al.
2009; Valero et al. 2009). According to Valero et al. (2009),
the optimum pH of Staphylococcus aureus growth was 6.5
and a slight decrease in the probability of growth was noted
in the pH range of 7.0 to 7.5. Pseudomonas aeruginosa also
poses major health problems, being highly opportunistic it
represents a significant biotechnological and clinical burden
(Qin et al. 2022). Given the wide distribution of Morganella
morganii in nature, this bacterium can remarkably adapt and
survive in different environmental conditions (Ghosh and
LaPara 2007). Due to its rarity and low epidemic potential,
little attention has been paid to this pathogen, but this bac-
terial species is now recognized as an important pathogen
(Liu et al. 2016).

Fish pathogenic and phytopathogenic bacterial species
have also been isolated; Edwardsiella tarda and Pseu-
domonas fluorescens are two bacterial species that are
dangerous to pollution-sensitive freshwater fish (Das et al.
2019), Pseudomonas fluorescens readily proliferates in
aquatic environments, including drinking water supply sys-
tems (Blancheton et al. 2013; Gotas et al. 2019). According
to Gotas et al. (2019), an increase in NH,-N, NO;-N, BODS5
values was generally accompanied by an increase in the
number of P. fluorescens determined by culture dependent
and culture independent methods. The RDA revealed that
NH4+, BODS, and PO,, were positively correlated with P.
fluorescens, especially in deep water. These parameters also
contributed to the bacterial contamination of water. Accord-
ing to Li et al. (2020), P. fluorescens were negatively cor-
related with total nitrogen.

In the same context Pectobacterium carotovorum (for-
merly Erwinia) is one of the 10 most devastating plant path-
ogens and can cause significant economic losses in agricul-
tural plant production during the growing season (Mansfield
et al. 2012; Waleron et al. 2018). In Lake Tonga, we also
identified Pseudomonas syringae, a species responsible for
plant pathologies such as causing necrosis in black alder
(Scortichini 1997; Lamichhane et al. 2014), an emblematic
species of Lake Tonga. Diseases caused by P. syringae have
been recognized as a major threat to the primary products
of agroforestry (Lamichhane et al. 2014). Pseudomonas spp.
are versatile and adaptable to different ecological niches.
This adaptability explains their presence in a multitude of
environments and their influence on agriculture and ecology
(Mena and Gerba 2009; Dekak et al. 2020). Pseudomonas
putida and Pseudomonas fluorescens are able to utilize mul-
tiple resources. Members of the P. putida group are more
abundant. This may be due to differences in their interac-
tions with the substrate, their interactions with other bacteria
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Fig. 9 Relationships between
WQI and the variation of spe-
cies richness of water bacteria
for the entire study period
(black line), cold rainy season
(blue line) and hot dry season
(red line) in Lake Tonga. Solid
lines represent linear regres-
sions obtained by Poisson GLM
fitting with 95% confidence
intervals. Circle size is mapped
to the values of species richness
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Table 3 GLM te.sting the effect Period Parameters  Estimate 2.5% CI  97.5%CI  Std. Error t—value Pr(>Itl)  Sig
of water quality index (WQI) on
the variation on species richness  Qverall (Intercept)  8.179 5177 11180 1531 5341 <0.001
of water bacteria for the whole WQI 0007 —-0021 003 0015 0510 0617 N
study period, cold and hot
season in Lake Tonga Cold rainy  (Intercept) 14.481 10.170 18.791 2.199 6.584 <0.001 =

WQI —0.068 -0.116  -0.019 0.025 -2.725 0.030 *

Hot dry (Intercept) 5.781 0.060 11.503 2919 1.980 0.088 NS
WQI 0.030 —-0.018 0.078 0.024 1.226 0.260 NS

GLM statistics (CI confidence interval, Std. Error standard error, Sig significance codes, ***: p <0.001, *:

p<0.05,™: p>0.05)

or the influence of bacterial density on the development of
these microorganisms (Remold et al. 2015). Strains of the
P. putida group are considered to be of low virulence, being
found in both edaphic and aquatic environments and these
colonize the roots of plants, creating a mutual relationship
between the plant and the bacterium (Ogura et al. 2019).
Various species of microorganisms that make up the
bacterial flora of Lake Tonga are among the bacteria that
interact and contribute to the survival of vegetation. Pseu-
domonas syringae, P. fluorescens, Pantoea agglomerans
are among the bacteria that solubilize phosphate and thus
promote plant growth and yield (Karthikeyan et al. 2019).
Cupriavidus necator is an important component of the nitro-
gen cycle in water; it is able to catalyze the reduction of
nitrate to nitrite (Coelho et al. 2011) and Providencia rettgeri
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is a bacterium widely involved in the phenomena of hetero-
trophic nitrification, denitrification as well as in the process
of transformation and elimination of nitrogen (Zhang et al.
2013). Ammonium elimination by P. rettgeri has also been
reported to be strongly affected by oxygen availability and
dependent on aerobic conditions (Taylor et al. 2009; Zhang
et al. 2013). The reservoirs of the plesiomonads include estu-
aries and freshwater ecosystems, as well as the inhabitants
of these areas. Plesiomonas shigelloides is an aquatic bac-
terium that typically resides in fresh and brackish waters in
temperate and tropical climates (Janda et al. 2016).

The availability of nutrients as well as the rate of their dif-
fusion can determine the strength of ecological competition
between cells in a microbial community by reducing eco-
logical competition (Nadell et al. 2010; Freilich et al. 2011).
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Fig. 10 Scatter plot displaying the effect of WQI on the variation of
water bacterial groups (THB: total heterotrophic bacteria, TC: total
coliforms, FC: faecal coliforms, and FS: faecal streptococci) for the
entire study period (black line), cold rainy season (blue line) and

Competition between microbial cells plays an important role
in the assembly of microbial communities (Mitri and Foster
2013). According to Qu et al. (2017), nutrients and sites
within streams promote differences in microbial commu-
nity composition. Thus, greater modularity in a bacterial
community may be closely related to niche differentiation
(Freedman and Zak 2015).

Indeed, the sites of water bodies that contain a high load
of organic matter and receive more nutrients from the water-
shed provide rich niches for micro-organisms and contribute
to the modelling of bacterial communities. The reduction
of nitrate to ammonia by bacteria is a process that allows
the conservation of nitrogen in a bioavailable form (NH,*),
using nitrogen compounds and also provides energy (as
ATP) to the microbes. A low level of NH,* can stimulate
certain N fixing bacteria. Nitrification is an essential process
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hot dry season (red line) in Lake Tonga. Solid lines represent linear
regressions obtained by Poisson GLM fitting with 95% confidence
intervals. Circle size is mapped to the values of species richness

in the nitrogen cycle performed by nitrifiers that convert
ammonium to nitrate (Qu et al. 2017). Freilich et al. (2011)
demonstrated that cooperative interactions between bacte-
ria are generally unidirectional and have no obvious benefit
for the donor. However, within their natural communities,
bacteria typically form tight cooperative loops, resulting in
an indirect benefit for all species involved.

Anthropogenic land use increases nutrients and organic
carbon in aquatic ecosystems and significantly controls the
export of nutrients and organic matter from watersheds to
waterbodies. This tightly controls the differences and diver-
sity of microbial communities in these ecosystems (Qu
et al. 2017). The composition of microbial communities
can change in waterbodies under the influence of charac-
teristics of land use of the watershed (Wang et al. 2011;
Lear et al. 2013). Agricultural and urban activities increase
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Table 4 GLM testing the effect

ol Bacteria Period Parameters Estimate 2.5% CI 97.5% CI Std. Error t—value Pr(>ltl) Sig
of water quality index (WQI) on
the variation on water bacterial THB  Overall  (Intercept)  70.690 —130.386 271.766 102.592 0.689 0.501 NS
groups WQI 2.458 0.544 4371 0976 2.517 0.023 *
Cold rainy (Intercept) 210.355 139200 281.509  36.304 5794  <0.00] #**
WQI 0383  —0.420 1.185  0.409 0.934 0.381 NS
Hotdry  (Intercept) 615776  203.684 1027.868 210.255 2.929 0.022 *
WQI -1.791  —5.246 1664 1763 —1.016 0.343 NS
TC Overall (Intercept) 75.557 —=57.7742  208.856 68.011 1.111 0.283 NS
WQI 1.672 0.404 2941  0.647 2.584 0.020 *
Coldrainy (Intercept) 268.860  133.086 404.635 69.274 3.881 0.006 **
WQI -0815  —2.346 0717 0781 —1.043 0332 N8
Hotdry  (Intercept) 271.725 —13.283 556.733 145415 1.869 0.104 NS
WQI 0224  —2.166 2613 1219 0.184 0.860 NS
FC Overall  (Intercept)  43.159 —73.517 159.835 59.530 0.725 0479 NS
WQI 1.570 0.460 2.680  0.566 2772 0.014 *
Cold rainy (Intercept)  182.581 21.340 343.822 82267 2219 0.062 NS
WQI —0.184  —2.002 1.634 0928 —0.198 0.848 NS
Hotdry  (Intercept) 127.000 —162.702 416.701 147.810 0.859 0.419 NS
WQI 0983  —1.446 3412 1.239 0.793 0.454 NS
FS Overall  (Intercept)  24.460 4504 44416 10.182 2.402 0.029 *
WQI 0.127  —0.063 0.317  0.097 1.312 0.208 NS
Coldrainy (Intercept) —18.723 —38.598 1.152  10.140 —1.846 0.107 NS
WQI 0.640 0.415 0.864  0.114 5592 <0.001 *#*
Hotdry  (Intercept) 43434  —0.759  87.626 22.548 1.926 0.095 NS
WQI -0.048  —0418 0323  0.189 —0.253 0.808 NS

(THB total heterotrophic bacteria, 7C total coliforms, FC faecal coliforms, and FS faecal streptococci) for
the whole study period, cold rainy and hot dry seasons in Lake Tonga, northeastern Algeria. GLM statistics
(CI confidence interval, Std. Error standard error, Sig significance codes of the probability of ¢ statistics
"Pr(>lth)", ##%: p <0.001, **: p<0.01, *: p<0.05,™: p>0.05)

concentrations of NO;~ and NH,* due to excessive applica-
tion of fertilizers, as well as inputs from sewage and sep-
tic systems (Royer et al. 2004; Walsh et al. 2005; Allaoua
et al. 2024). Increased nutrient load can lead to a significant
decrease in water quality and thus alteration of aquatic com-
munities (Justus et al. 2010; Loucif et al. 2020). The avail-
ability of N and P can limit the growth of autotrophic and
heterotrophic bacteria (Tank and Dodds 2003; Johnson et al.
2009). The composition and diversity of bacterial communi-
ties in aquatic ecosystems change significantly with avail-
able nutrients (Fanta et al. 2010; Hill et al. 2011; van Horn
et al. 2011; Drake et al. 2012). Potassium (K) is one of the
essential elements for bacterial cells, naturally, soils contain
more K than any other nutrient in a non-absorbable form,
potassium solubilizing bacteria can convert it into soluble
forms that can be absorbed by plants (Etesami et al. 2017).

Our findings showed that bacterial abundance was not
positively associated with nutrient concentrations, such as
phosphate, nitrates and magnesium. It is known that the
bacterial abundance could be affected by mineral salts and
nutrients (Steger et al. 2011) and phosphorus and nitrogen
are necessary for the growth and metabolism of bacteria,
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however one or the other can be a limiting nutrient in some
aquatic environments (Korajkic et al. 2019). In the case of
Lake Tonga, the expansion of agricultural lands westward
of the water body, combined with the use of fertilizers and
sewage, septic tanks from settlements and populated vil-
lages near lake shores, have brought relatively more phos-
phate and nitrate and therefore bacterial abundance may be
more limited by other factors when nutrients are abundant
in the water (Luo et al. 2019). Our results revealed that
bacterial abundances in water were negatively related to
EC, this is consistent with results observed by He et al.
(2007), which reported that high levels of EC in ponded
water of the region of San Diego in Southern California
provide a high concentration of salt inhibiting bacterial
distribution or even damaging microorganisms. The pri-
mary production of THB tends to be limited under high P
concentrations and/or high N:P ratio (Staley et al. 2016).
Manini et al. (2004) also reported the limitation of THB
distribution by phosphorus, and indicated that organic P
can limit the growth of bacteria according to the hypoth-
esis that the input of organic P by estuarine waters stimu-
lates bacterial carbon production. However the extent of
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stimulation is greater when organic P supply is associated
with decreasing organic N:P ratio.

We observed that the bacterial community distribution
changes positively with DO concentrations. The DO content
in waterbodies is an important variable in structuring com-
munities, because it modifies the flow of energy in ecosys-
tems. Oxygen is the main terminal electron acceptor, favor-
ing the presence of aerobic respiration. Thus, THB groups
use DO for the oxidation of organic matter. When oxygen is
scarce, the next electron acceptor is nitrate (Aldunate et al.
2018). In addition, DO concentrations in Lake Tonga are
low. In an aquatic environment when oxygen is depleted,
there is a probability that the bacterial community will
increase in taxonomic richness through the transfer of energy
from the macrofauna to the microbes, as oxygen-dependent
organisms avoid hypoxic areas or die (Baird et al. 2004;
Spietz et al. 2015).

The WQI collects data from various regular water param-
eters and provides a value with a quick and understandable
explanation of the water quality. The high values of the WQI
in Lake Tonga correspond mainly to high values of EC,
hardness, calcium, magnesium, nitrate, nitrite, ammonium,
potassium, sulphates and chloride. These parameters con-
tributed in a remarkable way to increase the value of WQI
(Ustaoglu et al. 2020; Chenchouni et al. 2023).

Our results indicated that the water of Lake Tonga coin-
cides with the categories: moderate to poor water quality
ranging from 67.7 to 147.2. Agricultural activities in the
study area, the use of fertilizers, and direct discharge of
untreated wastewater from neighboring towns have devel-
oped water pollution in this nature reserve (Loucif et al.
2020). These practices are common in natural wetlands and
streams of North Africa (Belabed et al. 2017; Yalles-Satha
et al. 2021), even in the surficial resources such as reservoirs
destined for drinking water and irrigation (Bouaroud;j et al.
2019; Negm et al. 2020a, b). The results obtained show a
seasonal variation of WQI, lower WQI scores (average water
quality) were generally recorded during the cold period, and
higher scores (poor water quality) were recorded during the
hot period. Seasonal rainfall and significant physical dilu-
tion of the surface waters of Lake Tonga would be the main
cause of the variations observed in WQI values. A strong
positive correlation of WQI was observed with THB, FC
and TC present in the water of Lake Tonga of all the sam-
ples collected, as well as WQI affected the variation of FS
(p<0.001) during the cold period. The GLM revealed that
WQI had a negative influence (p < 0.05) on the variation in
bacterial species richness during the cold period.

According to Peruzzo et al. (2008) and Whitehead et al.
(2009), the rainy season is characterized by a lower bac-
terial density compared to the warm and normal seasons,
the heavy rainfall during the rainy period causes dilution
of water bodies, this dilution within water bodies would be

one of the important causes of seasonal variations in bacte-
rial species abundance. In addition, the high densities of
protozoa and metazoa that feed during the rainy season can
decrease bacterial species richness by increasing mortality
and decreasing nutrient concentration through consumption
(Gurung et al. 2001). However, this finding contradicts the
results of previous studies conducted in the South Nation
River basin in eastern Ontario, Canada (Wilkes et al. 2009)
and in the Gota idlv River, Sweden (Tornevi et al. 2014),
which indicated that the additional load from runoff was
responsible for increased bacterial densities and pathogen
detection after rainfall and that increased turbidity can affect
the bacterial abundance in the water.

There is a need to focus on field studies to highlight the
interactions between pathogens and the environment, as
many studies on pathogen contamination of freshwater (riv-
ers, lakes) have been carried out in the laboratory and some
of the models introduced are expensive and have uncertain-
ties, which can lead to poor decision making in water man-
agement and protection (Dean and Mitchell 2022). There
is a need to develop new, efficient and accessible models
and to improve the modelling approaches currently used to
better predict the presence of pathogens in water. (Pandey
et al. 2014; Dean and Mitchell 2022), to ensure the conser-
vation of aquatic environments and their biodiversity, and
to prevent further pollution especially in developing coun-
tries (Yarkwan 2023). In the framework of the results of the
management and restoration plan of Lake Tonga elaborated
by the Algerian Ministry of Agriculture and Rural Devel-
opment, the constraints to the implementation of this man-
agement and restoration plan are particularly numerous and
heavy (Benyacoub et al. 2011). Serious and lasting meas-
ures must be taken urgently; in particular, with regard to the
discharge of wastewater, the urbanization of the watershed
and the banks of the lake, and grazing. Many suggestions to
remedy already polluted waters as well as to prevent further
pollution have been drafted. since then, no action has been
taken to preserve or restore the water quality of Lake Tonga.
The problem is compounded by a lack of public awareness.
Wastewater treatment is not a government priority and com-
mitment to wastewater treatment and water quality improve-
ment is extremely low.

Given the largely international dimension of the herit-
age value of Lake Tonga and for reasons of pollution and
nuisance, water is the only mineral resource that can be con-
sidered for use. The only possible area of use of this water is
agriculture. The quantities withdrawn must not jeopardize
the optimal ecological functioning of the lake. The water
must be taken away from the lake and must not be pumped in
the immediate vicinity of the waterbody for reasons of pol-
lution and noise. Furthermore, the agricultural use of water
containing pathogenic bacteria constitutes a health risk for
humans, hence the need to purify the water entering this

@ Springer
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aquatic ecosystem by building a collection and treatment
system for domestic waste water, particularly on the side
of Oued-El-Hout. Developing the sewerage systems of the
settlements located in the catchment area of Lake Tonga can
help in eliminating the system of non-drainable septic tanks
located in the scattered rural villages.

Conclusion and perspectives

Lake Tonga is the most important freshwater site in the
national Park of El-Kala, both in terms of area and ecologi-
cal functions. This study analyzed the composition of the
microbial community of the lake waters, which helped to
identify an important cultivable bacterial flora whose spe-
cific richness varies according to water depths of the sites
sampled and are also linked to the rhythm of the seasons.
This microbial community, of which several species are
potentially pathogenic for humans, animals and vegetation,
is under the influence of water physical and chemical factors.
Our analysis revealed that water physicochemical param-
eters are primary drivers of microbial community composi-
tion, diversity, and spatiotemporal distribution. The levels
of nutrient salts recorded as well as the indicator germs of
faecal contamination in Lake Tonga are quite important and
confirm the state of eutrophication of the lake. The varia-
tions in physicochemical parameters have significant effects
on the ecosystem by promoting oxygen-consuming micro-
bial activity. For the proper ecological functioning of the
region's wetlands, the conservation of this site is essential.
It is therefore necessary to deploy the maximum of efforts
to ensure that ecological functions and services of this wet-
land are sustained unscathed from any disturbance both at
the level of the lake waterbody and at the lever of its water-
shed, it is recommended to (i) maintain the natural flows of
ground and surface water, (ii) preserve good water quality of
influents and put an end to any water pollution by untreated
wastewater discharges from towns and dwellings bordering
the lake, (iii) sensitize local populations on the ecological
values, functions and ecosystem services of the site, and
promoting benevolent and eco-responsible behavior, (iv)
manage livestock grazing inside the wetland, and (v) put
an end to the uncontrolled urban sprawl at the southern and
western periphery of the lake. It is important to emphasis
field studies and the relationship between water physico-
chemical parameters and bacterial contamination in order to
better understand the interactions of bacterial agents with the
environment in surface freshwater systems. Few studies have
focused on new models for predicting water contamination
by potentially pathogenic bacterial agents. The improvement
and/or the development of new models, as well as the inte-
gration of knowledge from different fields such as microbiol-
ogy, hydrology and ecology, is necessary. The effect of WQI

@ Springer

on the bacteriological quality of natural waterbodies is a
very interesting topic to consider in modeling.
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