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Abstract. Lake Toho is one of the important freshwater ecosystem in southern Benin, under intense human
activities. This study aims to assess the spatial and temporal variations of water physicochemical parameters
in Lake Toho. A total of 54 water samples were taken during three campagns at 6 stations from February
to June 2024. Water depth and Secchi Disk Depth (SDD) were recorded in situ using a Secchi disk. Tur-
bidity was determined using a turbidimeter. Parameters such as temperature, pH, dissolved oxygen, oxygen
saturation, salinity, Electrical Conductivity (EC), and Total Dissolved Solids (TDS) were measured using a
probe multiparameter. Nutrient concentrations were quantified using specific reagents and a spectrophotome-
ter. Analyses of variance revealed spatial and temporal significant variations (p < 0.05) for water depth (1.71-
2.24m), SDD (21.33-26.44 cm), pH (7.06-7.68), temperature (30.4-32.25 °C) and suspended solids (22.56—
27.22mgL~1). EC (470.56-508.72 uS cm™!), salinity (0.22-0.24 PSU), nitrate (7.29-10.66 mgL~!), ammo-
nium (0.18-0.28 mg L ~!) and orthophosphate (0.08-0.13 mgL~") were showed only very significant variation
between months (p < 0.001). Significant correlations (p < 0.001) were observed between SDD and turbidity,
between nitrate and pH, water depth, salinity, EC and TDS. The nutrient enrichment observed in this lake could
be responsible for organic pollution, likely driven by anthropogenic inputs. This study constitutes a prelimi-
nary assessment of the ecosystem, and further investigations are needed to better understand its biogeochemical
functioning and the nature of the disturbances affecting it.

1 Introduction In Benin, population growth in recent years has led to rapid

urbanization of aquatic ecosystem basins (Gbaguidi et al.,

Freshwater systems play an essential role in regulating the
local climate, supporting agriculture and livestock farming,
domestic uses, and particulary production of drinking water
for human consumption. This resource, a strategic global is-
sue, requires management aligned with a sustainable devel-
opment perspective (Abdelkarim, 2020). However, freshwa-
ter ecosystems are among the most threatened environments
(Ayele and Atlabachew, 2021). These aquatic environments
frequently serve as receptacles for organic pollutants from
human activities, such as household waste, and urban and
agricultural runoff. These inputs disrupt their functioning and
lead to a loss of biodiversity (Lévéque, 1997).

2020). Lake Toho, the largest freshwater body in southern
Benin, is a vital resource for local communities, providing
water and fish products (Montcho et al., 2015). Once one of
the country most productive water bodies, it recorded fish
catches of up to 603.60 tyr~! (Montcho et al., 2015). Today,
however, the lake is suffering the adverse effects of surround-
ing human activities and inadequate waste management, al-
tering its ecological characteristics (Hounkpevi et al., 2024).
Lake Toho receives discharges from domestic, agricultural,
and fishing activities, the main sources of pollution respon-
sible for biodiversity loss (Gbaguidi et al., 2020). The pres-
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sures exerted on this ecosystem include organic pollution, the
presence of heavy metals, and the use of chemical fertiliz-
ers and pesticides. These substances, transported by rainfall
runoff, modify the physicochemical composition of the wa-
ter and influence the abundance of living species (Montcho
et al., 2015; Adite et al., 2017; Gbaguidi et al., 2020).

Lake Toho has experienced several episodes of mass fish
mortality, notably in 2012, 2018, and 2021, resulting in sig-
nificant economic losses and impacting biodiversity, notably
ichthyological diversity. Although some recovery of aquatic
life was observed after these episodes, persistent pollution
remains a major threat to this ecosystem. This study aims
to characterize the spatial and temporal variation of water
physicochemical quality in Lake Toho following these dis-
asters. It aims to provide useful information to the managers
for a better preservation of this fragile ecosystem.

2 Materials and methods

2.1 Study environment

Lake Toho is situated in southwestern Benin at Mono De-
partment. It extends between 6°35" and 6°40’ North lati-
tude during low water period and between 1°45" and 1°50
East longitude during high water period (Adandedjan et al.,
2018). The Lake covers an area of 9.6km? during low wa-
ter period and 15km? during high water period. It receives
water from Adiko and Akpatohoun Rivers. The Sazué Val-
ley, to the south, serves as a discharge point during high-
water periods, while the Akpacohadji Valley acts as both
a tributary and outlet. Lake Toho watershed covers an area
of 374 km?2 (Adandedjan et al., 2018). Lake Toho is under
sub-equatorial climate, characterized by four (04) succes-
sive seasons: a long rainy season (mid-March to mid-July), a
short dry season (mid-July to mid-September), a short rainy
season (mid-September to mid-November) and a long dry
season (mid-November to mid-March). Annual rainfall is
around 1167.2mm. Average annual totals range from 850
to 1150 mm (Montcho et al., 2015). Average monthly tem-
peratures range from 27 to 31 °C and relative humidity from
55 % to 95 %. The main human activities polluting the lake
are agriculture, fishing and fish farming (PADPPA, 2008).
Lake Toho is surrounded by grassy vegetation, ferns, planta-
tions and agricultural and market crops, dominated by maize,
manioc and legumes (Adandedjan et al., 2018; Hounkpevi et
al., 2024).

2.2 Sampling stations selection

Six (06) sampling stations, each comprising 3 substations,
were selected to characterize the spatial variations of water
physicochemical quality of Lake Toho (Fig. 1). Sampling
station selection was based on multiple criteria, including
accessibility, the presence or absence of urban settlements,
agricultural activity, and riparian vegetation. These charac-
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teristics provided a basis for refining the spatial assessment
of water quality in the lake.

2.3 Sampling

Water samples were collected bimonthly from February to
June 2024. In situ measurements of physicochemical were
carried out between 06:30 and 10:30 a.m. (West Africa Time,
UTC+1). Secchi Disk Depth (SDD) and water depth were
measured using a Secchi disk. A multi-parameter Model
Hanna HI9829 was used to measure parameters such as
pH, temperature, dissolved oxygen, salinity, Total Dissolved
Solids (TDS), and Electrical Conductivity (EC). Turbidity
was measured with a Model Eutech TN-100 turbidimeter.
After measurements had been taken, water samples were col-
lected at each station in 1.5L plastic bottles, which were
rinsed before use. These Samples were stored in a cool box at
4 °C and transported to laboratory. Analyses of nutrient pa-
rameters such as nitrite, nitrate, ammonium, and orthophos-
phate were carried out before 48h after sampling using a
molecular absorption spectrophotometer Hach DR6000 with
Nitriver 3, Nitraver 5, Nesler Reagent, and Phosver 3 respec-
tively (Rodier et al., 2009). Suspended solids (SS) were mea-
sured using also the same spectrophotometer.

2.4 Statistical analysis

The descriptive statistics for all variables were determined
by calculating the mean and standard deviation by station
and month. The data were then subjected to the Shapiro-Wilk
normality test and Bartlett variance homogeneity test, in or-
der to decide which mean comparison test use. The corre-
lation matrix between physicochemical parameters was de-
termined using Spearman method. To obtain a better assign-
ment of the parameters to their group, a Principal Compo-
nent Analysis was finally performed on the mean values of
the different groups obtained after classification. All statisti-
cal analyses were carried out using R software version 4.2.2.

3 Results

3.1 Spatial variation of water physicochemical
parameters in Lake Toho

The mean values of the water physicochemical parameters
and the results of statistical tests are presented in Table
1. SDD ranged between 21.33+£4.06cm in ST1 and
26.44+3.36cm in ST6. The mean values of pH varied
from 7.06 +0.42 in ST1 to 7.68 £0.19 in ST4. The water
depth was included between 1.71+0.24m (ST2) and
2.24+0.57m (ST6). The mean values for turbidity varied
from 23.79 £2.97 NTU in ST5 t0 33.72 £ 4.72 NTU in ST1.
Water temperature ranged between 30.4 = 0.57 °C in ST1 to
32.25+0.86°C in ST6. Suspended solids was included be-
tween 22.5642.13mgL~" in ST6 and 27.22 +4.82mgL~!
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Figure 1. Map of Lake Toho showing the location of sampling stations.

in ST2. Dissolved oxygen and oxygen saturation var-
jied from 2.72+098mgL~! and 36.88+12.7% in
ST1 to 3.89+1.25mgL~! and 52.31416.66% respec-
tively. EC ranged between 482+ 18.8uScm™! in STI to
508.3 +36.4 uS cm~! in ST6. Also, Total Solids Dissolved
(TDS) was included between 242.4+9.15mgL~! in
STI1 and 256.9431.95mgL~" in ST6. The parameters
such as nitrate (8.84 1.32 to 9.06 & 1.63 mg L1, nitrite
(0.03+0 to 0.04 £0mgL~"), ammonium (0.20£0.05 to
0.24+0.09mgL~!) and orthophosphate (0.1040.03 to
0.13 £ 0.04) were varied between stations 1 and 6.

The parameters such as SDD, water depth, turbidity,
pH, temperature, and SS were showed significant variation
(p <0.05) between sampling stations. There was no signifi-
cant (p > 0.05) between sampling stations for dissolved oxy-
gen, oxygen saturation, salinity, TDS, EC, nitrite, nitrate, am-
monium, and orthophosphate.

3.2 Temporal variation of water physicochemical
parameters in Lake Toho

The results of water physicochemical parameters are pre-
sented in Table 2. Maximum mean values for water
depth (2.15+0.46 m), SDD (28.72 &+ 1.96 cm), temperature
(32.53 +£0.83°C), SS (27.61 £ 4.45mg L") and orthophos-
phate (0.13+0.03mgL~!) were recorded during February.
In April, high values were obtained for dissolved oxygen
(3.63+1.14mgL~1), oxygen saturation (49.44 £ 16.04 %),
salinity (0.2440.01mgL~"), TDS (255.34+7.66mgL™"),
and EC (508.72+17.19 s cm~!). On the other hand,
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turbidity (30.33 £5.79NTU), pH (7.73£0.23), nitrite
(0.037 £0.01 mgL~"), nitrate (10.66+0.53mgL~!) and
ammonium (0.28 +0.05 mg L") recorded their maximums
during June. Analysis of variation between sampling months
revealed that water depth, SDD, pH, temperature, salinity,
EC, nitrate, ammonium and orthophosphate showed signifi-
cant differences (p < 0.05). Dissolved oxygen, oxygen sat-
uration, and nitrite did not show any significant differences
between the months.

3.3 Relationship between water physicochemical
parameters in Lake Toho

The correlation matrix between the physicochemical water
parameters of Lake Toho is presented in Table 3. The re-
sults reveal that temperature was positively and significantly
(p <0.01) correlated with TDS, water depth, dissolved oxy-
gen, and oxygen saturation, while it was negatively corre-
lated with turbidity. Furthermore, EC was positively corre-
lated with salinity and TDS, which were negatively corre-
lated (p <0.01) with pH. There is also a high positive cor-
relation between nitrate and pH, while a high negative and
significant correlation (p <0.01) exists between this vari-
able and parameters such as salinity, EC, TDS, and temper-
ature. Ammonium was negatively correlated with TDS, oxy-
gen dissolved, oxygen saturation, temperature, salinity, EC,
SS and nitrate. Finally, orthophosphate was positively corre-
lated with SDD, water depth, SS and nitrate.
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Table 1. Variation of water physicochemical parameters across sampling stations in Lake Toho between February and June 2024. Letters a,
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b, and c indicate significant differences between means according to the post-hoc Tukey test (p < 0.05).

Parameters ST1 ST2 ST3 ST4 STS ST6  Sig.
Water depth (m) ~ 1.912°4+373 171242450 1.80°+27.45 1.89%P+3235 2012P+28.14 224> +5745 *
SDD (cm) 213324406 243%+436  2340+2.92 258 4+3.12 2644°+255 26444 +336 *
Turbidity (NTU) ~ 33.7284+4.72  32.822+4.88 29.90%°+4.94  28.8%¢+3.04 23.79°+£2.97 246 +£1.83 ***
pH 7.062+042 7352 +043 74320 +0.44 7.68° +0.19 7.492b +0.1 7.65°+£021  **
OD (mgL™1) 27224+098  3.342+0.72 3.082 +£0.58 3.232 +0.44 3.872+£1.43 3.892+1.25 ns
Saturation (%) 36.8824+12.7 44532 +£9.80 41.57°+£8.63  44492+6.72 53.27°+£2027 5231%°+£16.66 ns
Temperature (°C) 30424057 31.122+120 312022+124 31.94+120 31.91°+1.04 32254086 **
Salinity (gL~1) 0.2324+0.01 0232 40.014 0.232 4+0.01 0.232 +0.01 0.232 +0.01 0.23+0.01 ns
TDS (mgL~1) 24242 +£9.15 2499 £1328 2484 +13.57 243.8°+£8.07 256.1°+£31.95 24642 +84 ns
EC (usem™1) 48242 +18.8 497.7+269 488.7°+£23.72 4873%+1576 489241524 508.32+36.40 ns
SS (mgL~1) 252804390 272224482 258 +353 26786 +274 25481151 2256P+213 *
NO; (mgL~!) 0.0424+0.00  0.038% £0.00 0.04240.00  0.03584+0.00 0.036*+0.00  0.0372°+0.00 ns
NO; (mgL~!) 8.844+132 9.056%+1.63 9.082 4 1.63 8.982 +1.77 8982 +1.49  89224+1.096 ns
NH, (mgL~!) 0222 +0.04  0.222+0.04 0.20% +0.05 0.212 +0.04 0.232 +0.07 0.242+£0.09 ns
PO, (mgL~1) 0.13*+0.04 0.1098+0.03  0.10°+0.021  0.112£0.023 0.0978+0.025  0.1012+0.03 ns

SDD = Secchi Disk Depth; DO = Dissolved Oxygen; TDS = Total Dissolved Solids; SS = Suspended Solids; EC = Electrical Conductivity; NO; = Nitrate; NO; = Nitrite;

NHZr = Ammonium; PO;”f = Orthophosphate; degree of significance: ns = no significant (p >5%); p < 5% (*); p < 1% (**); p < 1 %o (***).

Table 2. Variation of water physicochemical parameters in Lake Toho across months between February and June 2024. Letters a, b, and ¢
indicate significant differences between means according to the post-hoc Tukey test (p < 0.05).

Parameters February April June  Sig.
Water depth (m) 2.152 +£0.46 1.66° +0.2 1.97° 4028  ***
SDD (cm) 287224196  22.39°+243 223924238
Turbidity (NTU) ~ 27.522 +3.51 292 46.13 30.332+£5.79 s
pH 7.412+£0.28 7.192 +£0.39 77324023
DO (mgL~1) 3422 41.12 3.632+1.14 3.012+0.65 ns
Saturation (%) 470415 49.44% +16.04 40.08% +8.58 ns
Temperature (°C)  32.532 +0.83 31.46° +1.04 30.43¢£0.49
Salinity (gL~ 0.232 +0.00 0.24° +0.01 0.22°4+0.00 ***
TDS (mgL~1) 246.6° £6.54 25532 +766 241.22P+2463 *
EC (uscm™!) 49748 4+2625 508.72284+17.19  470.56> £7.13
SS (mgL~h) 27.612 £4.45 2472 +2.56 24112 +197 **
NO; (mgL~1) 0.042 £0.00 0.042 £ 0.00 0.042+£0.00 ns
NO; (mgL~1) 8.982+0.13 7.29 +0.37 10.66° £0.53  ***
NH, (mgL~h) 0.18%+0.03 0218+£0.04  028°4£0.051 ***
PO, (mgL~!) 0.132 £0.03 0.08" +0.01 0.11°4£0.02  ***

SDD = Secchi Disk Depth; DO = Dissolved Oxygen; TDS = Total Dissolved Solids; SS = Suspended Solids;
EC = Electrical Conductivity; NO3™ = Nitrate; NO, = Nitrite; NHj‘r = Ammonium; P037 =
Orthophosphate; degree of significance: ns = no significant (p > 5%); p <5% (*); p < 1% (**); p < 1%o

3.4 Principal component analysis and projection of
physicochemical variables

The results of the principal component analysis (PCA)
showed that 49.7 % of the variance of water physicochem-
ical parameters is explained by two principal components
(Fig. 2). The first principal component of the PCA (Dim1)
explained 27.2 % of the variation of physicochemical param-
eters. This component explains better the variation of ni-
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trate, EC, salinity, temperature and ammonium. The second
principal component (Dim?2) explained 22.5 %. It explains
more variation of water depth, TDS, pH, temperature and
orthophosphate. PCA ordination shows that Lake Toho was
influenced during February by SDD, water depth, dissolved
oxygen, oxygen saturation and orthophosphate (Fig. 3). Dur-
ing April, Lake Toho is characterized by high values of salin-
ity, EC and TDS. These parameters contrast with variables

https://doi.org/10.5194/piahs-388-1-2025
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Figure 2. Principal component analysis of water physicochemical
parameters at Lake Toho.
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Figure 3. Projections of water physicochemical parameters on the
first 2 axes across sampling months.

such as nitrite, nitrate, ammonium and turbidity obtained in
June.

4 Discussion

The water physicochemical parameters of Lake Toho showed
more significant variations between months than between the
sampling stations. These results reveal that habitat conditions
are homogeneous at the sampling stations in this study. The
physicochemical characteristics observed are those of small,
shallow tropical lakes, similar to those of Lake Bunyonyi
in Uganda (Saturday et al., 2021) and Lakes Victoria and
Baringo in Kenya (Ouma et al., 2016). These lakes generally
display low spatial variability for parameters such as tem-
perature and EC. Temporal variation of physicochemical pa-
rameters are often decisive in explaining variability in these
ecosystems (Chouti et al., 2011; Alcocer et al., 2022). The
fluctuations of physicochemical parameters values observed
in this study can be attributed to the transition between the
long dry season (February) and the long rainy season (June).

https://doi.org/10.5194/piahs-388-1-2025

This explains the low values for SDD, salinity and EC in
February, as well as the high turbidity values recorded in
June, characterized by higher rainfall.

Water depth of Lake Toho during this study (1.17 and
3.05 m) differs slightly from the values reported by Adanded-
jan et al. (2018) in same ecosystem. The difference observed
can be explained by the different hydrological periods con-
sidered. The lake can therefore be described as shallow, with
no permanent stratification of the water column (Lévéque,
1997).

SDD (24.5cm) is low compared to results observed by
Lingofo et al. (2024) in Lake Nokoué and by Capo-Chichi
et al. (2022) in Lake Toho-Todougba. It can be explained by
high levels of turbidity and suspended matter (Dimon et al.,
2014; Saturday et al., 2021). Indeed, in this lake, there are
numerous anthropogenic activities such as intensive fishing,
gravel mining and especially market gardening activities that
regularly put suspended matter. In addition, the proliferation
of algae contributes to a reduction SDD.

The pH values measured (6.57 and 7.95) reveal that the
waters of Lake Toho are close to neutral and characterize
the majority of surface waters and therefore do not indicate
the acidity or basicity of the waters of Lake Toho. These re-
sults are in line with the variations observed by several au-
thors such as Mama et al. (2011), Djihouessi et al. (2021),
Capo-Chichi et al. (2022), Lingofo et al. (2024) in Lake Nok-
oué. The pH values are close to those reported for the same
ecosystem (Gbaguidi et al., 2020; Hounkpevi et al., 2024).
These values are in line with WHO recommendations, which
stipulate that pH of surface water should be between 5.5 and
8.5 (WHO, 2017).

Water temperature is an essential ecological factor, which
strongly influence aquatic life. It affects gas solubility, disso-
ciation of dissolved salts, pH and the rate of chemical reac-
tions (Lingofo et al., 2024). The temperature recorded during
our sampling correspond to those observed by Adandedjan et
al. (2018) and Topanou et al. (2020) in this ecosystem. The
favorite temperature to fish growth are generally situated be-
tween 24 and 35 °C (WHO, 2017).

Dissolved oxygen is a crucial parameter for aquatic ecol-
ogy, essential for respiration of heterotrophic organisms and
decomposition of organic matter by microorganisms (Ouma
etal., 2016; Lingofo et al., 2024). Dissolved oxygen indicates
the health of an aquatic ecosystem and, among other things,
makes it possible to assess the quality of fish habitats. This
parameter is an integral part of ecosystem metabolism. Fish
and other animals consume it to maintain their metabolism
(cellular respiration). The average dissolved oxygen in Lake
Toho is 3.36mgL~! during this study, which is compara-
ble to values observed in other lakes of Benin (Dimon et al.,
2014; Capo-Chichi et al., 2022; Lingofo et al., 2024). The
EPA (2016) recommends a concentration of at least 5 mg L~}
to maintain a healthy aquatic environment. Low dissolved
oxygen concentration could indicate a high pollutant load or
high temperature (Lingofo et al., 2024).

Proc. IAHS, 388, 1-8, 2025
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In addition, ammonia, often represented as ammonium ion
(NHI), has high values of between 0.18 and 0.28 mg L1,
compared to the limit value of 0.02mgL~! (BE, 2012). The
distribution of ammonium in an aquatic environment varies
according to the level of productivity of the ecosystem and its
degree of pollution by organic matter. Its presence in water
is thought to result from the aerobic degradation of organic
nitrogen, much of which comes from market gardening and
agricultural activities (Hounkpevi et al., 2024).

The nitrate concentrations (7.29 and 10.66 mg L) ex-
ceed the international standard set at 0.02mg L} (BE,
2012). These high nitrate concentrations are primarily due
to the presence of minerals resulting from agricultural activ-
ities, fish farms and household waste of all kinds discharged
into the lake by runoff. As for nitrite, a value observed
(0.04mgL~") exceeds 0.02 mgL~! standard permitted in
normal surface water. These high concentrations can affect
the development of aquatic species, as water containing even
low levels of nitrite can be considered suspect, even lethal,
for fish. These levels can also be explained by the anaerobic
conditions that exist in some areas, due to the abundance of
macrophytes, and which promote the extensive nitrification
of organic matter.

Orthophosphate result from bacterial degradation of or-
ganic phosphates from wastewater discharges such as
metabolism, washing powders, food, chemical industries and
fertilizer use. Assimilable by plants and photosynthetic or-
ganisms, they play a decisive role in eutrophication (BE,
2012). However, above a certain concentration and under fa-
vorable conditions, it can cause excessive growth of algae
and aquatic plants (Djihouessi et al., 2021; Lingofo et al.,
2024). The values found in this study are higher than the per-
mitted tolerances and therefore reflect excessive input from
leaching and runoff from fertilized farmland.

The correlations observed among water physicochemical
parameters are consistent with those reported in other trop-
ical lake environments (Dimon et al., 2014; Capo-Chichi et
al., 2022). Mineralization plays a key role in enriching the
water with nutrients, which in turn promotes excessive algal
growth and leads to the accumulation of salts and ions (Lin-
gofo et al., 2024). Furthermore, the results of PCA show an
increasing of inorganic pollution during months sampling.

During the long rainy season and the short dry season,
nutrient levels, especially nitrogen and phosphorus, become
high (Capo-Chichi et al., 2022; Lingofo et al., 2024). These
nutrient are drained by run-off water loaded with leaching
products from watersheds and by the arrival of continental
waters, rich in organic matter. This creates organic pollu-
tion in the lake (Adandedjan et al., 2018). It is also linked
to the excessive use of chemical fertilizers in farming activi-
ties around Lake Toho.
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5 Conclusions

Lake Toho underwent significant temporal variation of water
physicochemical parameters, while very few variables fluctu-
ated spatially. The physicochemical conditions of Lake Toho
are more or less homogeneous in sampling stations and re-
veal a progressive degradation of water quality across the
months, due to significant point source organic pollution.
This degradation is the result of emerging anthropogenic ac-
tivities such as household waste, intensive fishing and, in
particular, agriculture, whose cleaning products enrich the
lake waters with nutrients and can lead to eutrophication. Ef-
fective management strategies must be implemented to re-
duce nutrient inputs from agriculture and livestock, which
are threatening the stability of this sensitive ecosystem.
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