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Abstract16

In view of the very strong degradation of aquatic ecosystems, it is ur-17

gent to set up monitoring systems that are best able to report on the18

effects of the stresses they undergo. This is particularly true in develop-19

ing countries, where specific and relevant quality standards and funding20

for monitoring programs are lacking. The objective of this study was to21

make a relevant and objective choice of physico-chemical parameters in-22

formative of the main stressors occurring on African lakes and to identify23

their alteration thresholds. Based on statistical analyses of the relation-24

ship between several driving forces and the physico-chemical parameters25

of the Nokoué lagoon, relevant physico-chemical parameters were selected26

for its monitoring. An innovative method based on Bayesian statistical27

modeling was used. Eleven physico-chemical parameters were selected for28

their response to at least one stressor and their threshold quality stan-29

dards also established: Total Phosphorus (<4.5mg/L) , Orthophosphates30

(<0.2mg/L), Nitrates (<0.5 mg/L), TKN (<1.85 mg/L), Dry Organic31

Matter (<5 mg/L) , Dissolved Oxygen (>4 mg/L), BOD (<11.6 mg/L)32

, Salinity (7.6 ‰) , Water Temperature (<28.7 °C) , pH (>6.2) , and33
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Transparency (>0.9 m) . According to the System for the Evaluation of34

Coastal Water Quality, these thresholds correspond to ”good to medium”35

suitability classes, except for total phosphorus. One of the original fea-36

tures of this study is the use of the bounds of the credibility interval of the37

fixed-effect coefficients as local weathering standards for the characteriza-38

tion of the physico-chemical status of this anthropized African ecosystem.39

Keywords: Driving forces, Alteration thresholds, Acadjas, Monitoring,40

Modeling, Human activities.41

1 Introduction42

Human activities around the world affect ecosystems and the biological com-43

munities they shelter, thus leading to their alteration(Barnosky et al., 2011;44

Bowler et al., 2020; Dornelas et al., 2019; Isbell et al., 2017). Among these45

ecosystems, aquatic ecosystems are the most threatened and degraded environ-46

ments, whose biodiversity is in clear decline (IPBES, 2019) and for which the47

evolution forecasts are bleak (Sala et al., 2000). These observations are even48

more negative because aquatic ecosystems are part of many ecosystem ser-49

vices. This is particularly true of the great African lakes. Indeed, the African50

Great Lakes are an immense source of dietary protein and clean water as51

well as of avenues for transport, recreation, tourism, and fish export (Ogutu-52

Ohwayo, Hecky, Cohen, & Kaufman, 1997). Nearly 17% of inland fisheries53

and over 85% of water withdrawals for agriculture are from African lakes54

(africa.wetlands.org)1(Mulonga, 2022).These lakes are threatened by global55

and local environmental challenges, including climate change, water pollution,56

and overfishing (Plisnier, Nshombo, Mgana, & Ntakimazi, 2018), in the face of57

a growing population whose natural resource needs exceed what the ecosystem58

can support (Juma, Wang, & Li, 2014). Given the crucial role of these lakes in59

Africa (UNEP & Belgium, 2006) and the fact that they are likely to face even60

greater threats in the coming decades (Jenny et al., 2020), it has become ur-61

gent to set up a monitoring program that is able to facilitate protection and/or62

restoration actions. In addition, water quality monitoring is expected to be an63

increasingly major concern for these developing countries, especially given the64

rapid population growth and urbanization rate they also encounter (Sim & Tai,65

2018). Maintaining and restoring the quality of aquatic ecosystems are at the66

origin of various ambitious regulatory commitments. Most of them are based67

on increased monitoring of the biotic and/or abiotic components of ecosystems68

to diagnose their status and quality. Among these regulatory frameworks is69

the United States Clean Water Act of 1972 that has enabled the US govern-70

ment and industry to help reduce water pollution through extensive investment71

1https://africa.wetlands.org/en/our-approach/water-stores-from-mountains-to-sea/rivers-and
-lakes/
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programs (Shapiro & Keiser, 2018). Another example is the European Wa-72

ter Framework Directive (WFD, Directive 2000/60 / EC, October 23, 2000),73

which is a decisive signal in the monitoring and assessment strategy of wa-74

ter quality of European continental waters (Laronde & Petit, 2010). Although75

African lakes play a vital role for local populations, nothing similar is set up76

in Africa. Integrated water resources management (IWRM) is the main West77

African mechanism that has emerged as a panacea for the increasing socio-78

environmental degradation and insufficient funding for public actions related79

to water resources management (Molle, 2012). Unfortunately, according to the80

status report on the implementation of IWRM in Africa (UNEP-DHI, 2018)81

and that of the Water Research Commission (Jonker, 2007), a large number of82

African countries are still struggling with the implementation of this mecha-83

nism. The IWRM program, which should lead to the development of tools and84

monitoring mechanisms, has become a shadow of its former self and is only set85

up as a goodwill of the various states (Molle, 2012). Indeed, with rare excep-86

tions (e.g., lakes Malawi, Tanganyika, Victoria), environmental monitoring of87

African lakes is often lacking (Plisnier et al., 2018). The only actions associ-88

ated with the monitoring of water quality in West Africa are essentially those89

sporadically carried out within the framework of individual scientific research,90

the activities of some water agencies with private or foreign funding, and those91

sometimes noted within the framework of tourism and fisheries development92

projects, producers of wealth. Nokoué, the largest lake in southeastern Benin,93

is a eutrophic (Djihouessi, Mahougnon Bernauld Djihouessi, & Aina, 2019)94

subtropical coastal lagoon (Villanueva et al., 2006). It is part of the shallow,95

naturally warm, and most productive West African ecosystems (Djihouessi et96

al., 2019; Laleye, 1995; Villanueva et al., 2006; Welcomme, Azim, Verdegem,97

van Dam, & Beveridge, 2005). Historically, the fishery resources taken from98

this lake have been used for the survival of entire communities in the south99

of Benin. Nevertheless, from a commercial point of view, there has been a de-100

crease in income associated with a reduction in the size of the catch and an101

increase in fishing populations. To compensate for these losses of income, the102

target of the riparian populations is now an increased exploitation of the sand103

quarries of the lake. Due to its multiple functions, this West African lake is ex-104

posed to various pressures. These include the intensification of fishing practices105

through the acadjas, urbanization around the lake, increasing nutrient loading106

through wastewater, almost permanent discharge of solid waste by the riparian107

populations (Djihouessi et al., 2019), the opening of the Cotonou canal (19th108

century) followed by the construction of a deep water port (20th century), and109

the development of sand dredging activities. Nokoué was the subject of a se-110

ries of studies within the framework of several research works initiated at the111

University of Abomey-Calavi based on its own resources and through interna-112

tional financing collaborative programs. One of these includes the recording of113

numerous physicochemical parameters in various parts of the lagoon (Gadel114

& Texier, 1986; Gnohossou, 2006; Mama, 2010; Zandagba, Adandedji, Mama,115

Chabi, & Afouda, 2016). This information, however, is collected but not used116

3            
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from a management perspective. This is due to the difficulty of disentangling117

the variability of the values of physicochemical parameters linked to stressors118

from the variability that results from ”natural” environmental factors. For all119

surface water scientific publications that use drinking water quality standards120

or other standards and indicators established in one context to assess water121

status in other contexts, defining reference values for each of these parameters122

is also an issue. The purpose of this study is to understand the relationships123

between driving forces and physicochemical parameters in order to select rel-124

evant physicochemical monitoring parameters and alteration thresholds that125

reflect the status of the Nokoué lagoon’s water quality and that can provide126

information on the origin of the disturbances it is undergoing. Our approach127

also aims to consider the concerns of managers and local authorities through128

a simple and inexpensive implementation of monitoring programs.129

2 Materials and methods130

2.1 Study Area131

Located between parallels 2 °24’ and 2 °37’ North and meridians 6 °23’ and132

6 °28’ East, Nokoué (Fig. 1) is one of the vast lagoons and lake water bod-133

ies that border the Atlantic coast in the Gulf of Guinea (Gnohossou, 2006;134

Goussanou, 2012; Odountan, de Bisthoven, Koudenoukpo, & Abou, 2019). The135

surface area of the Nokoué is approximately 150 km2 in the dry season, with136

the largest dimensions of 20km × 11km measured, respectively, from east to137

west and from north to south, (Le Barbé et al., 1993; Mama et al., 2011; Ven-138

netier, 1991). It is fed by four main tributaries: the Ouémé and Sô rivers to the139

north and the Cotonou and Totchè canals to the south, which connect Nokoué140

to the Atlantic Ocean and to the Porto-Novo lagoon, respectively. Nokoué is141

subject to a sub-equatorial climate characterized by two alternating rainy and142

dry seasons of unequal duration: a long dry season (mid-November to mid-143

March), a long rainy season (mid-March to mid-July), a short rainy season144

(mid-September to mid-November), and a short dry season (mid-July to mid-145

September) (Gnohossou, 2006). Humidity is high and often above 72% Foscolo146

(1985). Due to the crystalline subsoil, the rainfall recorded in August in the147

north and center of Benin is almost entirely drained to the south. This is the148

origin of the floods observed in the Ouémé and Sô rivers, which, together with149

the Nokoué and its deltaic region, can reach more than three times the sum-150

mer surface area of the lagoon (Pétrequin & Pétrequin, 1984). Hydrodynamic151

functioning with its sedimentary inputs, eutrophication (Maiga, Denyigba, &152

Allorent, 2001; Mama, 2010), and the exponential development of the acadjas153

(system of branch parks stored as fish traps) has led to the filling of the lagoon154

by approximately 0.03 m/year (Mama et al., 2011).155

4            
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Figure 1 Location of the sampling sites (Source : Adapted and modified from Zandagba
et al. (2016)))

2.2 Physicochemical parameters, stressors, and natural156

forcing variables157

The data collection covered a 9-year period divided into three subperiods:158

2002-2006 and 2014-2016 as model training data and a set of new observations159

over 2021, i.e., approximately 5% of the observations for cross-validation. All160

data were acquired from several comparable scientific studies using the same161

sampling protocols and laboratory analyses based on standardized methods162

(AFNOR (1997); SIAppendix,Table1)163

5            
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2.2.1 Physicochemical parameters164

A total of 17 physicochemical parameters were monitored on 20 sampling165

points (Fig. 1): water temperature (Temp), transparency (Trans), turbidity166

(Turb), conductivity (Cond), salinity (Sal), pH, dissolved oxygen (DO), bio-167

chemical oxygen demand (BOD), chemical oxygen demand (COD), Kjeldahl168

nitrogen (TKN), ammonium (NH+
4 ), nitrates (NO−

3 ), nitrites (NO−
2 ), dry169

organic matter content (DM), orthophosphates (PO
(
43−)), total phosphorus170

(TP), and suspended matter (SM). The geographical distribution of these sam-171

pling points was selected to cover the entire lagoon complex while considering172

the inflows and outflows at the level of the tributaries, the salinity gradient, the173

diversity of substrates, as well as the areas where various human activities take174

place around and on the lagoon. Physicochemical parameters were extracted175

from several publications (Gnohossou, 2006; Odountan et al., 2019; Zandagba176

et al., 2016) and completed by unpublished and additional physicochemical177

data collection. Parameters were measured according to the four seasons of the178

year in samples taken at 5 cm from the surface. The measurement methods179

and variation ranges of the parameters can be found in SIAppendix,Table1180

2.2.2 Stressors181

A circular buffer of 5 km around each physicochemical sampling point was182

defined as a station. We selected nine driving forces that described factors183

likely to induce pressures and to explain the physicochemical characteristics184

of the station (Bouchoucha, Battut, Laugier, & Derolez, 2010; Pirrone et al.,185

2005). The absence (0) or presence (1) of a lake village (LV) and of acadjas186

(Acd) was determined for each sampled year. Frequentation (Frq) of the sta-187

tion corresponds to the number of visits estimated from the counts made by188

Sossou-Agbo (2009), some data from the Department of Tourism and mostly189

from observations of people familiar with the place. Frq is the expression of190

the approximate cumulative number of tourists, lagoon sand dredgers, traders,191

and users of pirogues or motorboats. Frq was coded into three classes: low192

(class 1, frequency of 3,000 or fewer visits), medium (class 2, frequency of193

3,000-10,000 visits), or high (class 3, frequency of more than 10,000 visits).194

Potential sources of discharges (Sdr: dumps, direct discharges of solid and195

household waste, domestic sewage, sewage outfall discharges, and stormwater196

collectors) were determined by the number of sources present in the area of197

each station. Sdr was encoded into four classes: ”No release sources” (0); ”One198

release source” (1); ”Two release sources” (2); and ”More than three release199

sources” (3). The number of fishermen and fish wholesalers (FW) operating in200

a station was coded into two classes: number of FW below 3,000 (1) and above201

3,000 (2). These three qualitative variables were established based on extrap-202

olations made from the monographs of the various communes and on personal203

knowledge of the lagoon and its environment. Tributaries were considered at204

the origin of considerable nutrient and sediment loading in the lagoon. Their205

6            
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impacts were taken into account by measuring the distance in kilometers sep-206

arating each of the four main tributaries [Sô River (So), Ouémé River (MR),207

Totchè channel (TC), and Djonou River (DR)] from each of the stations with208

Arc GIS (10.4.1). Land cover data were obtained using land cover maps de-209

veloped from Sentinel-1A imagery, satellite imagery, and existing land cover210

maps, corresponding to each of the years sampled. We thus defined for each211

year the proportion of each station area occupied by forest (OcF), agriculture212

(OcA), and urbanized (OcU) land. OcF includes mangrove patches, wet grass-213

lands, swamps, herbaceous cover, tree and shrub cover, forest patches, and214

coconut groves; OcA includes food crops, crops under palms and palm groves,215

cultivated savannahs, market gardens, and cultivated land; and OcU gathers216

built-up areas, paved main and secondary roads, industrial areas, residential217

areas, bridges, and culverts.218

2.2.3 Natural forcing environment219

Temporal variation was assessed using years and seasons (SWS: short wet sea-220

son or flood period; SDS: short dry season; LWS: long wet season; LDS: long221

dry season) as explanatory variables. In addition, the monthly average water222

level (MAWL) and average wind speed (AWS), known to influence the physic-223

ochemical parameters in the context of Nokoué (Mama, 2010), were also used224

as variables able to explain the physicochemical variability and therefore to225

improve the modeling of the physicochemical parameters. MAWLs were re-226

duced averages calculated on the basis of water heights taken hour by hour on227

the SHOM site2(SHOM, 2022) for the Port of Cotonou (Coordinates: 006 °21’228

00.0” N, 002 °26’ 00.0” E), excluding 20% of the extremum of the daily tidal229

heights observed over a month. AWS was an arithmetic average of values taken230

month by month from the history of wind speed recorded at Cadjehoun Airport231

(Cotonou) and available on the Weather Underground website3(Underground,232

2022). The data set had approximately 16% of missing data for all these physic-233

ochemical and stressor observations. Missing data imputation was performed234

using the ”missForest” nonparametric analysis algorithm for mixed-type data235

(Stekhoven & Bühlmann, 2012).236

2.3 Selection of physicochemical parameters for water237

quality monitoring238

Selection of the physicochemical monitoring parameters comprised four steps239

(Fig. 2).240

Step 1: Multicollinearity of the data is often a source of redundancy241

(Chang, Wu, Tsai, & Herricks, 2009; Kovács, Petres, & Tóth, 2006), instabil-242

ity, and regression interpretation problems (Adedayo & Ojo, 2018). The aim243

of this step was therefore to remove the redundant (multicollinear) predic-244

tors (stressors, temporal variables, and natural forcing environment variables)245

2https://maree.shom.fr/harbor/COTONOU/wl/0?date=2021-04-15&utc=1
3https://www.wunderground.com/history/daily/bj/cotonou/DBBB
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Figure 2 Schematic view of the selection steps

through a hierarchical Bayesian model developed by Curtis and Ghosh (2011),246

where some coefficients of the posterior medians are forced to be zero. For247

each of the physicochemical parameters, only predictors with non-zero coeffi-248

cients of the posterior medians are non-redundant and thus retained. To this249

end, data preprocessing consisted in centering the response variables (physico-250

chemical parameters), then in centering and scaling the predictors so that the251

intercept term may be ignored.252

Step 2: The most significant predictors explaining each physicochemical253

parameter taken individually were selected by a Bayesian multiple linear re-254

gression analysis. It aims at testing each of the physicochemical parameters255

one after the other among the non-redundant predictors associated with them256

(step 1). This step will lead to the design of an effect matrix (EM) summing up257

the relationships between the predictors and the physicochemical parameters258

(response variables).259

Step 3: A spatiotemporal prediction of each of the physicochemical param-260

eters was necessary to confirm their effective variability with respect to their261

different observations. This modeling will allow us to deduce, for each predicted262

physicochemical parameter, the limits of the credibility interval of the intercept263

8            
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term (beta0) as a local alteration standard. This consideration comes from the264

fact that beta0 is the estimated mean of the response variable in all groups265

when the within-subject predictors are assumed to be equal to 0 (Kruschke,266

2015). Indeed, in most cases, water quality in watersheds is subject to both267

temporal and spatial changes. These changes are the results of various combi-268

nations of natural and/or anthropogenic factors (Bojarczuk, Jelonkiewicz, &269

Lenart-Boron, 2018). The model developed here integrates factors character-270

izing seasonal and interannual temporal variability (sub-model 1) and one or271

more spatial random effects (sub-model 2) and should therefore lead to the se-272

lection of physicochemical parameters with a good fit R2 ≥ 50% following their273

prediction. Stressors associated with each of the response variables (step 2)274

were used for the modeling. The implementation of this model was performed275

with R software version 4.0.4 (R Development Core Team, 2010) and Bayesian276

inference with jags packages that are rjags (Plummer, Stukalov, Denwood, &277

Plummer, 2016) and R2jags (Su, Yajima, Su, & SystemRequirements, 2015).278

MCMC simulation with a Gibbs sampler was used as a computational tool to279

generate samples of the posterior distribution Gilks (2005). Three chains per280

parameter were used with 30,000 iterations per chain and burning the first281

5,000 iterations. Details of the model are shown in SIAppendix,Figure1282

Step 4: The objective of this step is to determine among the physico-283

chemical parameters selected at the end of step 3 (Fig. 2), those that were284

redundant and, when two of these parameters were redundant, to select only285

the one presenting more responses to the stressors and fewer temporal varia-286

tions. The Bayesian equivalent of Spearman’s correlation test (Rasmus, 2013)287

between the response variables was used to detect redundancies (rho≥0.75).288

This value of rho in our case seems to be more consistent with the approach289

used and is just as robust as the 0.8 proposed by Hering, Feld, Moog, and290

Ofenböck (2006).291

2.4 Definition of quality thresholds and prediction292

validation criteria293

We assume that the greater the impact of the stressors, the further a station’s294

water quality will deviate from the intercept term (beta0). A better compro-295

mise for the threshold value will be the lower limit of the credibility interval296

(C−interval) of beta0 for all parameters except Trans, pH, and DO. For these297

three parameters, the compromise was the upper limit of the C − interval of298

beta0. When this lower bound was negative, we opted for the median value of299

C − interval. These threshold values were considered as local alteration stan-300

dards or those defined with the minimum disturbance conditions (Stoddard,301

Larsen, Hawkins, Johnson, & Norris, 2006). The cross-validation of the model302

was assessed by the following group of 03 indicators: R2, nRMSE (Normalized303

Root Mean Square Error), and bias.304

9            
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3 Results305

3.1 Physicochemical elements selected and impacts of306

stressors307

Among the 17 physicochemical parameters analyzed, 16 responded to at least308

one of the factors considered (Table 1); 11 parameters fluctuated with the sea-309

sons and/or the year. This makes these two temporal variables ”stable factors”310

that cause significant changes and impact the water quality of the lagoon. Sev-311

eral of the most significant seasonal changes occurred during SWS and to a312

lesser extent during LWS(Table 1). Interannual variability was observed for313

the following physicochemical parameters: PO
(
43−);NO−

3 ;NO−
2 ;NH+

4 ; TKN;314

Turb; DO (Table 1). Overall, PO
(
43−);NO−

3 and DO contents tended to de-315

crease, while there was an increasing trend instead for NO−
2 , NH+

4 , TKN, and316

Turb. Stressors represented by the Ouémé River (MR) did not significantly317

affect any physicochemical parameter. Temperature was influenced by three318

driving forces. OcA and LV contributed to a reduction in water temperature319

while a positive effect of FW was noted. The number of discharge sources (Sdr)320

contributed to an increase in total phosphorus while a negative influence of321

forests on this chemical parameter was indicated. The increase in PO
(
43−) is322

the result of four driving forces: agriculture (through fertilizers) and repeated323

point source discharges by lagoon and non-lagoon populations and acadjas.324

The negative effect of winds that was highlighted reflects the small impact of325

this natural forcing factor on sediment resuspension in our case. OcF and OcA326

tend to acidify the lagoon while, conversely, Sdr, LV, and FW tend to make it327

alkaline. In addition, flooding (SWS) and wind (AWS) cause acidification of328

the lagoon. NH+
4 is negatively influenced by the stressors OcA and Acd. TKN329

is sensitive to six of the 12 stressors and is therefore influenced by human activ-330

ities. The stress factor Frq causes a decrease in nitrate content. The Nokoué is331

enriched in nitrates by effluents (Sdr) and through soil leaching by runoff dur-332

ing floods. While OcF, Acd, and MAWL cause the Nokoué to be depleted in333

nitrates, OcU, Sdr, and FW induce its enrichment in nitrites. In total, five out334

of seven stressors negatively influence nitrate (Table 1). The annual accumu-335

lation of NO−
2 , NH+

4 , and TKN in the lagoon further fuels its eutrophication.336

Djonou and Totchè supply the lagoon with organic matter. Although DM in-337

puts might be expected to increase during floods and the main rainy season,338

they in fact tend to decrease. Acadja parks are systems with less organic mat-339

ter. The very turbid character of the lagoon is maintained under the influence340

of OcA, LV, Acd, and floods as well as winds. Surprisingly, Djonou and Totchè341

do not contribute to the turbidity of the Nokoué, although they contribute342

to an increase in its organic matter. Sô and Totchè increased the oxygenation343

level of the lagoon while Sdr induced its hypoxia. Three stressors (LV, Frq,344

Sdr) are involved in the decrease of transparency. The negative impact of OcF345

and Acd on BOD is also noted. Winds influence DO negatively. In addition to346

continental and marine inputs of salt water, the dissolved salt content of the347
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lagoon is positively related to four stressors: OcA, Totchè, Sô, and Sdr. These348

human activities therefore contribute significantly to its secondary salinity.349

OcF negatively affects salinity as well as the hydrodynamics induced by wind350

speed. The direct effects of land use are generally less perceptible. A better351

positioning of the sampling points, to consider what is happening directly in352

the watershed, would make the interpretations more readable.353

Table 1 Effects matrix (EM) between physicochemical parameters and associated
predictors

Physico-chemicals Parameters ”Water Temperature” ”TotalPhosphorus” PO
(
43−) NO−

3 NO−
2 NH+

4 TKN Turbidity Dissolved oxygen
”Driving Forces” Forest Occupation - - -

Agricultural Occupation - + - - +
Urbanized occupation + -
Totchè - +
Mouth river (MR)
River So +
Djonou - -
Lake village - + +
Acadjas + - - - +
”Discharge or Release Sources” (4+) + (3)+ (2+) (2-)
Frequentations (2)(3)- (3)-
”Fishermen and Wholesalers” + +

”Variables Temporal” Seasons LWS’SDS’SWS’- SWS’+ SWS’+
Year - - + + + + -
Average Winds Speed - + -
Monthly Average Water Level -

Selected variables or not S S S S X X S D S
Physico-chemicals Parameters Transparency Dry Organic Matter ”Suspended Matters” BOD COD pH Salinity Conductivity
”Driving Forces” Forest Occupation - - - -

Agricultural Occupation - - +
Urbanized occupation
Totchè + +
Mouth river (MR)
River So - +
Djonou +
Lake village - +
Acadjas - -
”Discharge or Release Sources” - (3+) (2)+
Frequentations - (3-)
”Fishermen and Wholesalers” + +

”Variables Temporal” Seasons LWS/SWS’- SWS’+ SWS’-
Year
Average Winds Speed - - - - -
Monthly Average Water Level

Selected variables or not S S N S D S S N

Note:N = No significant response to predictors (dropped since step 2); X = Reject after step 3;
D = Delete after step 4; S =Selected parameters; ” + ”: Positive effect; ” − ” Negative effect;

(2)(3)(4) = Level of a categorical variable.

3.2 Modeling and redundancy deletion354

Following step 2, the parameters Conductivity and SM were dropped because355

they did not respond to any stressors. In step 3 modeling, NO−
2 (R2=3.89%),356

NH+
4 (R2 =14.62%) were also excluded. Among the parameters responding357

to stressors (Step 4), COD and BOD were highly correlated (rho=0.879;358

C95%- interval [0.857, 0.897]) as were turbidity and DM (rho=-0.76; C95%-359

interval [-0.798, -0.725]). From this correlation analysis, BOD and DM were360

retained because they respond to more stressors and presented less natural361

variability than COD and turbidity. Finally, 11 of the 17 physicochemical pa-362

rameters were selected for the monitoring of the water quality of Nokoué:363

TP,PO
(
43−),NO−

3 ,TKN, DM, DO, BOD, Sal, pH, Trans, and Temp. The re-364

sults of cross-validation reveal a model that generalizes well, and predictions365

are relevant for all physicochemical parameters (R2 ∼= 0.99). For all predictions,366

the model produced low bias and variance (Table 2).367

The goodness-of-fit of the model to predict these physicochemical param-368

eters showed that the stressors used for the prediction induced the actual369

changes in the observed physicochemical status. For verification, the graphi-370

cal results of the predictions are presented in SIAppendix,Fig.2 In addition to371
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Table 2 Validation results of the prediction models

Predicted parameters nRMSE (%) Bias (%) Predicted parameters nRMSE (%) Bias (%)
TP 0.7 -0.11 DM 0.7 -0.086
BOD 1.6 -0.31 TKN 1.5 -0.49
Temp 0 -0.048 Sal 0.1 0.012

DO 0.4 -0.13 NO−
3 0 0.1

PO
(
43−) 7.7 0.015 pH 0.1 0.15

the robust selection made (Step 4), the credibility intervals of the intercept372

term (beta0) for each of the modeled parameters (Step 3) allow us to define373

alteration norms for each of them. These different standards as well as the374

main stressors associated with the physicochemical parameters are presented375

in Table 3. These quality threshold values (Table 3) enable the evaluation of376

the degree of degradation.377

Table 3 Alteration standards and stressors associated with physicochemical parameters

Physico-chemical
monitoring parameters

Suggested physico-chemical alteration standards Main Stressors Associated

BOD GS≤ 11.6≤ BS (BOD,mg/L) OcA;OcU;Totchè;
Djonou;Acd

DM GS≤ 5≤ BS (DM ,mg/L)
Nitrates GS≤ 0.5≤ BS (Nitrates,mg/L)

Frq;OcF;OcA;
OcU;Sdr;Acd

TKN GS≤ 1.85 ≤ BS(TKN,mg/L)

TP GS≤ 4.5 ≤ BS(TP,mg/L)
Orthophosphates GS≤ 0.2≤ BS (Orthophosphates,mg/L)

OcF;Sdr;Acd

pH BS≤ 6.2 ≤ GS (pH)
Transparency BS≤ 0.9 ≤ GS(Trans,m)

FW;Totchè;So;Sdr
Salinity Upstream ≤ 7.6 ≤ Downstream(Sal,‰)

Dissolved Oxygen BS≤ 4 ≤ GS(DO,mg/L)
Water Temperature GS≤ 28.7 ≤ BS(Temp,°C) OcA;So

Note: (Upstream: Close to the So River and or the mouth of Ouémé River; Downstream : Close
to the Totchè and Cotonou canals; GS: Good physicochemical status; BS: Bad physicochemical

status)

4 Discussions378

4.1 Physicochemical parameters selected and impacts of379

stressors380

Our results show that among the 17 physicochemical parameters analyzed, 11381

can be selected to monitor and highlight the anthropic impacts of different382

stressors identified in Nokoué. The temperature decrease observed is justified383

by the shade provided by the lake villages and the influence of the regularly384

flooded vegetation cover present in the Ouémé and Sô watersheds (Mama,385

2010). Shading indeed has a well-known inhibiting effect on river warming386

(Kalny et al., 2017). The presence of trees and shrubs in cultivated areas near387
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the lagoon and the shading caused by stilt houses would also help to explain388

the temperature decrease. However, the increase in temperature by fishing389

activities we observed is more likely a spurious correlation.390

Domestic sewage as a source of discharge (Sdr) is mainly composed of deter-391

gents and is a source of phosphorus (Mama, 2010). Similarly, the composition392

of the acadjas (branch parks) can contribute to phosphorus enrichment (Menon393

& Holland, 2014). Mama (2010) estimate the annual phosphorus input by394

acadjas in Nokoué to be more than 1t. In view of the fact that orthophosphate395

is the bioavailable form of phosphorus in solution (C.S. Reynolds & Davies,396

2001), we are able to determine that the acadjas also cause an increase in or-397

thophosphate content. It should also be noted that wind-induced mixing can398

result in sediment resuspension releasing orthophosphate (Rollwagen-Bollens,399

Lee, Rose, & Bollens, 2018). The roles of the stressors Sdr, LV, and FW in400

increasing pH are comparable and confirm the roles of effluent and discharge401

in the work of Luklema (1969). The acidification of waters by forests is a well-402

described process (Dunford, Donoghue, & Burt, 2012; Nisbet, Evans, Great403

Britain, Forestry Commission, & New Zealand Forest Research Institute, 2014;404

B. Reynolds, 2004), while in agriculture, it is the use of nitrogen fertilizers405

that often causes acidification (Schindler, Turner, & Hesslein, 1985). Freshwa-406

ter inputs leading to upwelling and driven by winds (Kuhlbrodt et al., 2007)407

could also lead to this acidification (Lachkar, 2014). Moreover, the nitrifica-408

tion processes highlighted by our results are also acid-releasing (Stroo, Klein,409

& Alexander, 1986).410

The decrease in the water column nitrate content and in TKN could411

originate from sediment denitrification that releases N2 from nitrates whose412

particulate N remains buried in the sediment, especially in wave-dominated es-413

tuaries (Ryan, 2003). Multiple frequentations (Frq) observed during dredging414

activities, for example, could result in a significant difference in nitrate lev-415

els between dredged and undredged areas (Adekunbi, Elegbede, Akhiromen,416

Oluwagunke, & Oyatola, 2018). OcF and OcA are responsible for the hydroly-417

sis of TKN to ammonia nitrogen. This seems to produce the observed decrease418

in TKN. TKN decreases when one of these components decreases. It should be419

borne in mind that ammonia nitrogen and/or organic nitrogen are the com-420

ponents of TKN (Haghighat & Kim, 2009). Organic nitrogen, a component of421

TKN that is released in OcU, will also hydrolyze to NH+
4 . Then, NH+

4 also422

decreases because it is oxidized by nitrification to NO−
3 and/or NO−

2 (Bern-423

hard, 2010) and this occurs mainly in estuaries (Garnier et al., 2006). Djonou424

inputs and acadjas areas appear to be acidic and have lower TKN. This seems425

to be the consequence of the nitrification process. In agreement with the work426

of Hagebro, Bang, and Somer (1983) on total nitrate inputs, it can be seen that427

inputs would come more from diffuse leaching than from discharge sources.428

Considering the number of stress factors negatively influencing nitrates, we429

could also affirm alongside Seitzinger et al. (2006) that estuaries such as the430

Nokoué are nitrate-loss zones.431
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Allochthonous inputs such as those related to organic matter and from432

near and distant sources in contiguous marine systems are already well known433

in estuaries (Lake & Brush, 2015). The decay in organic matter noted during434

periods of flooding and heavy rainfall is likely due to the rapid degradation435

of organic matter during flooding (Lin, Wood, Haskins, Ryffel, & Lin, 2004).436

Given that the acadjas are input-limiting systems (Guiral, ARFI, DA, &437

KONAN-BROU, 1993), they should a priori harbor less organic matter than438

Nokoué as a whole. Lastly, the decrease in dry organic matter due to OcA439

does not seem to be theoretically explicable. Floodplains during floods, such440

as those in the Totchè watershed and at the entrance to the Djonou River, are441

known to retain some of the suspended elements (Mulder & Syvitski, 1995),442

thus helping to lower turbidity. The extensive grass cover between the Djonou443

entrance and the lagoon could explain this decrease in turbidity. Riparian444

vegetation is generally considered a filter (Tanaka, Minggat, & Roseli, 2021).445

The oxygenation provided by the Sô and Ouémé rivers is coherent since446

they are the main sources of freshwater in Nokoué (Mama, 2010) and carry447

a low COD load: mean COD Sô = 49.39 mg/L, mean COD Totchè = 42.36448

mg/L, mean COD Djonou = 108.63mg/L. The negative impact of winds on449

DO is obviously surprising (Tamburrino & Mart́ınez, 2017). However, it seems450

that winds are more responsible for hypoxic upwelling in our system than for451

mixing. This is even more true since the Nokoué is oligomictic and without452

stratification in its entirety, except in areas close to the sea (Millet, 1985). For453

most of the time, it is likely that hypoxia is maintained by point sources of454

discharge (Jenny et al., 2016) and indirectly by eutrophication (Selman, Sugg,455

Greenhalgh, & Diaz, 2008) as well as the factors favoring the accumulation of456

organic matter (Paerl, Pinckney, Fear, & Peierls, 1998) that are Djonou and457

Totchè.458

The negative impact of forests on transparency highlighted here is hardly459

compatible with the findings from several publications that instead support460

a positive effect of forests on water transparency (Kasangaki, Chapman, &461

Balirwa, 2008; Roozen et al., 2003) or report that they reduce turbidity (Brau-462

man, Daily, Duarte, & Mooney, 2007; Cunha, Sabogal-Paz, & Dodds, 2016),463

and is difficult to interpret. The lower transparency values observed in lake464

villages (LV) with high visitation rates and direct discharge of domestic efflu-465

ent are more consistent with the expected mechanical effects of these stressors466

(Galib et al., 2018). Mangroves not only reduce the total nutrient load (Wang,467

Cheng, Chen, & Kuo, 2021), but they also have the potential to absorb pollu-468

tants (Nguyen, Truong, & Pham, 2020) and should therefore lead to a decrease469

in BOD. Grasslands are also no exception, as they show a negative relationship470

with organic pollution (Xu, Jin, Mo, Tang, & Li, 2020). Acadjas are branched471

parks, where several functional food groups live and feed on the degradation472

products of detritus feeders (Le Lay & Piégay, 2007) including organic pollu-473

tion. Wind speed appears to negatively influence BOD and COD in Nokoué,474

as it does in other eutrophic lakes (Wu, Xia, Li, & Mou, 2014). Considering475

the transfer and transformation of nitrogen at the water-sediment interface476
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(Yongchuan & Li, 2005) to which waves could contribute, on the one hand,477

and the negative correlation that exists between COD in water and sediment478

nitrogen content (Shan et al., 2020), on the other hand, the negative effect of479

Frq on COD could probably be justified.480

Finally, regarding secondary salinization (Cañedo-Argüelles et al., 2013),481

the present study seems to be the only one to reveal this type of alteration. The482

stressors causing such alteration are those generally implicated in the works483

of Létolle and Chesterikoff (1999) and Dikio (2010). The best justification for484

the inability of the model to capture the random fluctuations and variations in485

the training data set for the parameters (NO−
2 , NH+

4 ) (Step3-Table1) would486

be that the significant stressors selected to explain these 02 parameters are487

not the only ones involved, or that the relationship between these parameters488

and the stressors that induce them is not linear.489

Among the 11 physicochemical elements selected, the least common in mon-490

itoring programs is DM. The other physicochemical elements are often selected491

both for their ability to account for or to predict dynamically the environ-492

mental conditions at the origin of the state of the biological compartments.493

Compared to the 62 parameters monitored in India (Evans, Hanjra, Jiang,494

Qadir, & Drechsel, 2012), the 32 monitored in Pakistan (Magtanong, 2015),495

and the large number of physicochemical elements in use in European states496

(Claussen, Müller, & Arle, 2012), this selection of 11 parameters is the least497

exhaustive but is able to highlight the alterations related to all the driving498

forces occurring in Nokoué Lake and probably in other comparable ecosystems499

since these stressors are frequent in such tropical lakes.500

4.2 Suggested thresholds of physicochemical alterations501

The definition of physicochemical thresholds is often required for the man-502

agement of ecosystems (Roubeix et al., 2017).Given the specificity of aquatic503

ecosystems (e.g. environmental context, ecological and typological zonation.),504

it is hardly possible to continue using standards and indicators established in505

one context to assess the status of waters in other contexts. In West Africa, as506

in Nigeria, water quality standards are developed based on a review of stan-507

dards from developed and developing countries and international organizations508

(FEPA, 1991). Although the alteration thresholds proposed in this paper are509

not designed in coherence with the responses of biological communities to envi-510

ronmental gradients as indicated by the European Water Framework Directive511

(WFD, 2000/60/EC) (Roubeix et al., 2017), they are nevertheless comparable512

to those proposed by the System for the Evaluation of Coastal Water Quality513

(SEQ-Eau). The suggested thresholds that we proposed correspond to suitabil-514

ity classes that vary from very good to average, except for total phosphorus.515

The European standard for TP is 0.05 mg/L in lakes and 2 mg/L in Mediter-516

ranean transitional waters according to the decree of July 27, 2018 (Légifrance)517

(Bouchoucha et al., 2019), while we propose a limit of 4.5 mg/L. A sedimen-518

tary geological substrate very rich in phosphorus (Cózar et al., 2007) would519
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explain this difference. Thus, there is an internal stock of total phosphorus in520

the lagoon that is not of anthropogenic origin.521

However, at the African level, the Nigerian Industrial Standard (NIS;522

(Ayandiran, Fawole, & Dahunsi, 2018; Government, 2011) and the WHO Stan-523

dards (Ayandiran et al., 2018) are the ones generally used as reference. In524

terms of defining coastal marine ecosystem quality standards for nutrients, the525

South African Department of Environmental Affairs recommends a range of526

values, derived from statistical/mathematical modeling or based on the 80th527

percentile or on expert basis (PAGE, 2018). Compared to the first two stan-528

dard schemes(NIS; WHO), our threshold value for BOD is higher, while our529

suggested thresholds for pH, nitrate, and dissolved oxygen are lower. It would530

be good to know how these standards have been developed in order to discuss531

the difference observed. These differences are probably since these standards532

consider in their constitution health targets and the possibility of making sur-533

face water sources drinkable. This is not our case. A comparison with other534

international standards without consideration of typology (Table 4), reassures535

us of the validity of the proposed thresholds.536

Table 4 Comparison of selected international standards for water quality parameters
with the present impairment thresholds.

Our Thresholds US EPA * DoE DPHE

Total Phosphorus(mg/L) <4.5 0.03-0.1 - -
BOD(mg/L) <11.6 <6 50 <6
Water Temperature(°C) <28.7 20-30 20-30 20-30
Dissolved Oxygen(mg/L) >4 3-5 4-6 6
Orthophosphates(mg/L) <0.2 0.025-0.18 - -
DM(mg/L) <5 - - -
TKN(mg/L) <1.85 1-1.7 - -
Salinity (‰) 7.6 - - -
Nitrates(mg/L) <0.5 0.25-45 - -
pH >6.2 6.0-8.5 6.5-8.5 6.5-8.5
Transparency (m) >0.9 0.3-2.5 - -

Note : Department of Environment (DoE- Bangladesh) (1997), Department of Public Health
Engineering (DPHE- Bangladesh) (2019), and USEPA - United States Environmental Protection

Agency; US EPA* The value ranges are taken for all types and all available states together.
Source:Extracted values for DoE and DPHE from (Rahman, Jahanara, & Jolly, 2021))

4.3 Data and methodological considerations537

Data-scarce regions of the world will continue to have uncertain assessments538

of their water resources (Stewart, 2015). This can be an a priori hindrance to539

the development of ecosystem management programs. The lack of continuous540

data and observations can lead to biases in the various estimates (Groenwold541

& Dekkers, 2020). The Bayesian approach is best suited to deal with these542

problems (Ma & Chen, 2018). Nevertheless, to avoid mis-specifying the shape543

of the missing data model, which can negatively affect the performance of544
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Bayesian methods (Mason, 2009), imputation of missing data with the non-545

parametric ”missForest” algorithm was a prerequisite. The use of Bayesian546

inference for the rest of the steps of this work was of great value. Indeed, it547

allowed us to bypass the obstacle of imprecise observations (Yao, 2020), to548

overcome more easily the problems of redundancy, to erase the strong natu-549

ral variabilities, to establish the limits of a credibility interval of interest for550

the definition of pseudo-norms of alteration, and finally to infer a selection of551

robust physicochemical parameters for follow-up.552

5 Conclusion553

Using Bayesian inferences, we determined the 11 most relevant physicochemical554

parameters that make it possible to evaluate the impacts of the main stressors555

that may alter the ecological status of the Nokoué. Pseudo-quality standards556

were also proposed to quantify the level of alteration and the impacts of557

stressors on physicochemistry. The impacts of stressors on physicochemistry re-558

vealed a heterogeneous situation in terms of alteration, such as eutrophication559

mainly but also hypoxia, acidification, secondary salinization, and nitrite pollu-560

tion.Overall, the understanding of the relationships between physico-chemical561

parameters and driving forces has made it possible to account for the speci-562

ficity of the ecosystem studied, and to lift the veil on the most relevant and563

adapted parameters for certain evaluations of its state of physico-chemical al-564

teration. It thus appears, following the example of Nokoué (Benin), that each565

ecosystem has parameters and alteration thresholds specific to its monitoring.566

Although most of the thresholds proposed for this ecosystem seem comparable567

to international standards, they are nevertheless very specific to it. This is the568

case for the alteration thresholds for total phosphorus, BOD, TKN.... These569

specificities as well as the understanding of the impacts of certain driving570

forces (Acadjas, Lake Villages, direct discharges, frequentation...) built from571

these analyses should allow to avoid uncertain evaluations of its physicochem-572

ical quality and to support its monitoring process. This set of physicochemical573

parameters and their alteration standards will provide the organizations in574

charge of water and ecosystem management with relevant information to carry575

out restoration actions limiting monitoring expenses. The results of this paper576

also constitute a basis for the monitoring of this ecosystem, which provides577

many services in the long term, and for enhanced knowledge of the system578

through the establishment of a database. In addition, while most West African579

aquatic ecosystems are poorly monitored, the methodology adopted here, ap-580

plicable to all surface waters, could contribute to strengthen the monitoring581

of lakes in the region so as to prevent additional degradation and to alert in582

cases of degradation that may impact the ecosystem services. From this per-583

spective, we plan to extend these physicochemical quality monitoring tools to584

other ecosystems in the region that consider the responses of biological com-585

munities and to design composite and metric indicators that could be even586

more informative.587
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méditerranéennes françaises-Rapport final-Convention 2010-Action 6644

(Expertise No. Convention Onema-Ifremer 2010). ONEMA.645

Bouchoucha, M., Derolez, V., Munaron, D., Gonzalez, J.-L., Cimiterra, N.,646

Tomasino, C. (2019, December). Directive Cadre sur l’Eau. Bassin647
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Chrysichthys, poissons siluri-formes (Claroteidae) du complexe lagu-839
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Le Barbé, L., Alé, G., Millet, B., Texier, H., Borel, Y., Gualde, R. (1993).845

Les ressources en eaux superficielles de la République du Bénin (No. 11).846
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