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ABSTRACT:

The main obstacles to monitoring aquatic ecosystems have always been the lack of data, the 
complex socio-economic context and the lack of specialised expertise that characterise the 
West African region. To overcome these challenges, it is necessary to invest in the definition 
of context-appropriate approaches that allow good ecological assessment, improve 
understanding of the functioning of these ecosystems and facilitate data collection. This 
study focused on using benthic macrofauna to assess the risks of moving away from Good 
Ecological Status towards the functioning of an anthropised system (Nokoué-Benin), based 
on the definition of reference values for macroinvertebrate metrics, stress thresholds and 
the responses of selected metrics to stressors. The approach used is a combination of a joint 
species distribution model and Bayesian networks. We used JSDM to select relevant metrics 
and generate posterior probabilities. We then converted these posterior probabilities into 
posterior response probabilities for each of the stress levels and fed them into a Bayesian 
network. We used the Bayesian network response predictions to define the reference values 
of the metrics and the stress thresholds derived from the probability density plots for the low 
pressure levels. An application of this approach was then carried out on a lagoon sampled 
during high and low water periods for three years, with 33 macroinvertebrate taxa present 
in all seasons and sampling points, and measurements of 14 environmental parameters used 
as application data. The relevance of the results, despite the small sample size, supports 
wider application of the approach in West Africa.

Keywords:  Bayesian Inference; Bayesian Network; Lagoon Nokoué; Functional traits; 
Monitoring
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INTRODUCTION  
Coastal lagoons are known for their great biological diversity and for the many ecosystem 
services they provide (WRI 2001). They are also ecotones with a fragile balance (Lloret et al. 
2008) highly impacted by multiple human activities (Parry et al. 2007). Some of the 
anthropogenic impacts on the lagoons range from intense pollution to eutrophication and 
sedimentation, to the scarcity of water exchanges with the sea (Carlier et al. 2008; Souchu 
et al. 2010). In addition the threats extend to the effects of climate change, and often to the 
expansion of non-native and sometimes invasive species (Chapman 2012; Reizopoulou et al. 
1996; Suarez-Menendez et al. 2020). 
In Africa, the extent of impacts on lagoons is often unknown given the lack of monitoring 
data (Ahoutou et al. 2021). However, as population growth is likely to continue to increase 
strongly (UNECA 2016), the impact of multiple anthropogenic pressures is expected to be 
even more important in these tropical environments than in temperate regions (Ahoutou et 
al. 2021), while the use of these ecosystems is of paramount importance, as demonstrated in 
North Africa (El Mahrad et al. 2020).
Considering the distribution of organisms to account for the impacts of environmental 
stressors on the ecosystems and their ecological integrity (Carignan & Villard 2002; Siddig 
et al. 2016) is a very common practice (Birk et al. 2012). Among the biological components 
used as biological indicators, macroinvertebrates are often considered for their ability to 
respond to abrupt changes in quality and their sensitivity to pollution (Tutu 2017; Uherek & 
Pinto Gouveia 2014; Villantes 2015). 
This paper presents a methodological approach aiming to assess the risks to ecosystem 
functioning in anthropized environments, by defining reference values of macroinvertebrate 
metrics as well as stress thresholds beyond which its trajectory would move away from good 
ecological status. We used Joint Species Distribution Models (JSDM) to simultaneously 
consider environmental factors and biotic interactions (Tikhonov et al. 2017) in the responses 
of metrics to stressors. Bayesian Networks (BN), are used for their effectiveness in modeling 
biotic interactions (Staniczenko et al. 2017) and simulating the responses of 
macroinvertebrates to anthropogenic pressures (de Vries et al. 2021a). BNs make it easier 
to consider synergistic, antagonistic, and additive interactions in the pressures/impact’s 
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relationships. Indeed, incorporating the effect of interactions in the assessment of ecological 
status and in the establishment of so-called "reference" values is perceived as necessary 
(Miguet et al. 2019; Piggott et al. 2015), to the extent that its abstraction can lead to 
surprising responses to disturbances (Paine et al. 1998). Our approach included 3 steps i): 
Identifying the relevant stable metrics that best respond to the stressors (physico-chemical 
parameters, artificial substrates, and non-natural land cover of the watershed); ii) Predicting 
the responses of the metrics to multiple stressors simultaneously and then iii) Deducing the 
reference and stress thresholds values. The Nokoué, a lagoon in the Gulf of Guinea, subject 
to strong environmental constraints linked to various activities on the lake (fishing, 
acadjas...) and its watershed served as a framework for the development of the approach. 
According to previous monitoring work, its quality seems to be decreasing (Gnohossou 
2006a) : a loss of 42% of its fish species richness, for example, was observed between the 
1960s and 2000 (Djihouessi et al. 2019) and there is an urgent need for effective impact 
measurement. 

MATERIALS AND METHODS   
1.1. Study Area

The Nokoué (Fig. 1), located between parallels 2°24' and 2°37' North and meridians 6°23' 
and 6°28' East (Mama et al. 2012), is a lagoon in the Gulf of Guinea in the Republic of Benin, 
West Africa. The Ouémé River and the Sô River in the North are its freshwater tributaries, 
while the Porto-Novo lagoon in the East, the Cotonou Channel and the Totchè Canal are its 
southern limits (Mama et al. 2012). 
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Fig. 1: Reproduced map of the study area and sampling points; on the map, the ellipses 
indicate seven zones in which stations are distinguished. The station codes are formed by a 
letter designating the zone (E for mouth, V for Vêki, G for Ganvié, Z for Zogbo, C for Chenal 
and A for Atchonvi), then a letter designating the type of habitat (N for bare lake or open 
water, V for vegetation or macrophyte, A for acadjas) and, finally, the station number) 
(Gnohossou, 2006).

1.2.  Macroinvertebrates data
The macroinvertebrate data were extracted from the PhD thesis of Gnohossou  (2006). Two 
sampling campaigns were carried out during low water seasons (February 2005/February 
2006) and two others during floods (September 2004/September 2006), on 80 stations 
(Fig.1). The sampling consisted of collecting species present on a structure made of basket 
(diameter: 20 cm; height: 14 cm; mesh size: 0.5 cm), filled with bottom substrate and 
branches/fagots placed on the bottom for a one month immersion. This sample was 
completed by the use of a modified Surber of 50 cm width and 30 cm height with a 300 mm 
mesh net, dragged on the bottom in the manner of a dredge over a distance of about 3 m 
using a rope (Gnohossou, 2006). 
Thirty-three of the 76 taxa (level of determination: family and/or species) sampled in at least 
79% of the stations were included in the analysis because they are represented throughout 
the year, at different points during high and low water and, most importantly, they are the 
best described in the literature in terms of function. These 33 macroinvertebrate taxa 
represent groups with different sensitivity to pollution. We distinguished taxa such as 
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chironomids, annelids (Nereidae, Serpulidae and Naididae), beetles (Dytiscidae, Noteridae), 
crustaceans (Aoridae, Melitidae, Amphilocus, Photidae, Sphaeromatidae, Cirolanidae, 
Tanaidae, Balanidae, Mysidae, Parguridae, Munnidae, Palaemonidae, Peneidae, Alpheidae, 
Portunidae), molluscs (Potamididae, Bithynidae, Mytilidae, Trochidae), bivalves (Corbulidae, 
Ostreidae), odonates (Libellulidae), heteropterans (Pleidae, Naucoridae, Veliidae) as well as 
ephemeropterans (Baetidae, Caenidae).
We described the 33 species based on seven traits: Life cycle duration, locomotion and 
substrate relation, food, feeding habits, substrate preference, trophic level and saprobity. 
The trait of each taxa was determined according to the literature (Bis and Usseglio-Polatera 
(2005), Demars et al. (2012) and Tachet et al. (2010) and completed by dedicated scientific 
and online resources (inpn.mnhn.fr/; www.marinespecies.org/; species-identification.org/; 
www.biotaxa.org/Zootaxa/). Some traits of taxa initially defined in Bis and Usseglio-Polatera 
(2005) were adapted according to information provided by experts of the lagoon. For some 
taxa, we used the experience of native fishermen as well as information from commercial 
journals. Each macroinvertebrate trait was subdivided into one or more secondary traits, and 
for each of these, three modalities were defined using fuzzy coding (Chevene et al. 1994; 
Tachet et al. 2010). In this coding system, for a given trait, a value of zero indicates the 
absence of affinity of a taxon and a value of five correspond to very high affinity. See 
Appendix SI-Tables [Tables 1 & 2] for lists of taxa and traits. For each sample point, diversity 
was calculated as the total number of taxa or traits observed 
Calculation of macro-invertebrate metrics and expected responses to pressure
Fifty-four candidate metrics related to the diversity, composition and abundance of species 
considered from a taxonomic or functional point of view (sharing a trait) were selected (SI-
Appendix-Tables [Table 3]), for their effectiveness in accounting for environmental 
alterations in previous studies and their availability. Abundance metrics are the ratio of the 
total number of individuals constituting the taxa of a target group at a given sampling point 
to the total number of individuals of all taxa present at that sampling point. Functional 
metrics were obtained as the ratio of the total number of individuals sharing a trait for a 
given sample point divided by the total number of individuals for that sample point.  A first 
group of candidate metrics included four species diversity indices: Simpson's λ index 
(Sim_iL), Margalef's index (dMa), Berger Parker index (Bpi) and Shannon-Wiener diversity 
index (He). For these 4 diversity metrics, we expected lower overall species richness and 
diversity in the face of anthropic pressure (Erasmus et al. 2021). 
A second group included metrics related to the taxonomic composition of the sample : the 
relative abundance of amphipods (Aamp), bivalves (Abiv), chironomids (Achi), oligochaetes 
and naididae (AOl_Nai), polychaetes (Apoly), mayflies (AEph) insects (AInsect), mollusks 
(Amol), gastropods, oligochaetes, and dipterans (AGOLD), mollusks and chironomids (Moch), 
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gastropods (Agast), crustaceans (Acru), non-insect taxa (Ano_Insect), and potamids (Apot). 
For crustaceans, we would expect a decrease in abundance with sewage discharge, 
desalination (Navarro-Barranco, Ros, Tierno de Figueroa, et al. 2020) and siltation, although 
they are poor indicators of low environmental disturbance. Bivalves are expected to increase 
in abundance due to their resistance to environmental stress (Helmholz et al. 2016); 
chironomids are associated with high disturbance (Lencioni et al. 2012); the same trend 
applies for annelids; oligochetes increase under organic pollution (Kazanci & Girgin 1998), 
while ephemeropteran abundance decreases significantly under oxygen depletion (Menetrey 
et al. 2008); Coleopterans are associated with low phosphorus levels and are indicative of 
trophic status with negative responses to high anthropogenic stresses (Šidagytė et al. 2013).  
A third group of metrics was defined, related to the functional and or response traits of the 
species: eutrophic (Teutro), oligotrophic (Toli), polysaprobes (Tpoly), endobenthic and 
interstitial (Tint_end); consumer taxa, live microphytes (Tli_micro), dead animals (Tdead_an), 
detritus plants (Tpla_detri), detritus (Tdetri), living microinvertebrates (Tli_miinv), living 
macroinvertebrates (Tli_mainv), macrophytes (Tli_macro); predatory taxa (Tpred), 
permanently attached to the substrate (Tperma), with a preference for substrates, muddy 
(Tmud), sandy (Tsand), flag/rock/cobble/pebble (Tfbcp), silty (Tsilt), twigs/roots (Ttwi_ro), 
macrophytic (Tmac), organic litter/detritus (Torg_li); the relative abundance of taxa, 
burrowing epibenthic (Tbur_epi), crawling (Tcraw), filter feeders (Tfilf), scrapers (Tscrap), 
piercers (Tpier), shredders (Tshred), and finally the relative abundance of taxa with a life 
cycle less than or equal to 1 year (LCF_inf). In the case of trophic level related metrics such 
as Teutro, Toli and Tpoly, an increase in their characteristic taxa would be expected with at 
low pH, and for the Tint_end metric, its taxa are expected to respond positively to interstitial 
clogging (Archaimbault 2003; Archaimbault et al. 2010; Laine 2013). At high levels of total 
phosphorus, orthophosphates, nitrates and hypoxia, the relative abundance of scrapers 
(Tscrap) and predators (Tpred- Tli_miinv- Tli_mainv) would be reduced, and taxa related to 
the metrics Tpier, Tcraw, Tint_end (Charvet et al. 1998), Tbur_epi, Tshred and Tfilf (Trichet-
Arce 2013) would increase instead. Orthophosphates and nitrates would be expected to 
induce macrophyte growth and hence Tmac and Tli_macro, and lead to a decrease in BOD 
(Redha & Al-Zurfi 2021). If bottom substrates were areas of high biogenic accumulation, 
particularly through increased levels of nitrogen compounds, one would expect a negative 
response of substrate-related metrics (Tperma, Tsand, Tfbcp, possibly Tmud and Tsilt) to 
increased trophic level (Brysiewicz et al. 2022)…

1.3.  Pressure data and other environmental variables
The physico-chemical stressors considered in the analyses were BOD, pH, dissolved oxygen 
(DO), total phosphorus (TP), nitrates, ortho phosphates (Ortho_P), total kjeldahl nitrogen 
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(TKN), dry organic matter (DOM), temperature (Temp), transparency (Trans) and salinity 
(Sal). These physico-chemical parameters were measured at the same time as the sampling 
of benthic macroinvertebrates (data from Gnohossou et al.(2006c)). The hydromorphological 
alterations considered include: siltation relative to the alteration of the substrate, the depth 
(Depth) relative to the anthropic modification of the hydraulic geometry taken by sounding, 
the presence of acadjas (Acadjas) and absence of bank macrophytes (Macrophytes). Then an 
integrating stressor parameter represented by non-natural land cover (Oc_nN), calculated 
as the proportion of urban/agricultural cover in a 5km circular buffer around a sampling 
point. Hydromorphological parameters and Oc_nN describe habitat degradation. The other 
forcing factors included as covariates were average wind speed (AWS), monthly average 
water level (MAWL), and year. All data on environmental and forcing factors came from 
published data (Hounyèmè & Daouda 2021). In addition, we included a station fixed effect 
(variable ''Sites'') and a random effect of the sampling units (Random sample).

1.4. Modeling
We used a Bayesian framework based on JSDM named HMSC (Ovaskainen et al. 2017). For 
all HMSC models run, the MCMC convergence needed to validate the reliability of the 
inference as well as the results is evaluated quantitatively using the criteria of effective 
sample sizes (ess) and potential scaling factors (psrf). Such that ess is very close to the 
theoretical value of the effective number of samples, while psrf is very close to one.  The 
methodological approach consisted of four steps.
In a first step, to avoid the risk of multicollinearity between metrics and to save 
computational time, a redundancy analysis with linearity forcing between macroinvertebrate 
metrics was performed (step 1) using the "redun" function in the Hmisc-Harrell 
Miscellaneous package (Frank 2022). 
Selection of relevant metrics - In a second step, the selected metrics were injected into 
a Bayesian framework (Drouineau et al. 2010). HMSC models enable Bayesian inference. 
The HMSC model was considered here as a pressure-impact model to simultaneously select 
the most robust and relevant measures that respond to anthropogenic alterations at the 
sampling site. A metric was selected if its model contained at least one stress parameter that 
was significantly expressed with or without natural covariates, such as the plotBeta graph 
(representing the β parameters, i.e. the responses of metrics to stress parameters), with at 
least 95% posterior probability of being positive or negative in the model indicating posterior 
support of the tracing threshold (supportLevel) greater than or equal to 0.7. In addition, the 
Pearson correlation coefficient (R²) between expected and observed values had to be greater 
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than or equal to 0.3 (Argillier et al. 2012a) at the end of 3 successive HMSC analyses 
conducted on 2 training sub data sets corresponding to high and low flow periods, HMSC 1 
and 2 respectively, and on a selection synthesis analysis sub data set performed on 1/3 of the 
stratified observations randomly taken on the whole data set (HMSC 3). With regard to the 
selection of stable metrics, the initiated HMSC 3 analysis allows more flexibility in the 
sampling period. Four chains (nChains = 4), 200 samples per chain (samples = 200), a long 
transient period (transient = 30,000), for a total of 90,000 iterations are used to fit the HMSC 
model with Bayesian inference. For all of the models, we specified a "normal" distribution.
The third step consisted of calculating response probabilities. The a posteriori 
probability of metrics responding to the different levels of a pressure was then collected from 
two equivalent HMSC models: HMSC_bru and HMSC_dis corresponding to models built and 
run respectively on the raw observation dataset and on the observation dataset manually 
discretized into different quality classes (Pressure Levels) for each of the pressure 
parameters. We assume that the a posteriori probability when a metric responds positively 
to a pressure (obtained via the output of the HMSC_bru model) is equal to the sum of the a 
posteriori probability that the same metric that has different levels of the same pressure, 
also responds positively (obtained from the output of the HMSC_dis model). It should be 
noted that, as in regression models with qualitative variables, the a posteriori probabilities 
obtained from the output of the HMSC_dis model all refer to a reference level (Pearson 2020). 
Taking the example of a pressure with 3 levels (High-Medium-Low) and whose reference 
modality is "High", the Prob1, Prob2, Prob3 and Prob4 values of the probabilities output from 
the HMSC_dis model can be represented as equations a (with Prob1+Prob2 =1) and 
equations b (with Prob3+Prob4 =1):

     a)   
Pr (metric│PressureMedium+)

Pr (metric│PressureHigh+)
 = Prob1        ;               

Pr (metric│PressureMedium
-)

Pr (metric│PressureHigh-)
 = Prob2           

     b)  
Pr(metric|PressureLow+)

Pr (metric│PressureHigh+) = Prob3              ;                
Pr(metric|PressureLow

-)
Pr (metric│PressureHigh-) = Prob4  

                        
The a posteriori probability of responses for each of the metrics knowing these different 
levels was determined from equations 1 and 2 below, and from equations a and b, then 
normalized.

1)
Pr (metric│Pressure+)

= Pr (metric│PressureHigh+) + Pr (metric│PressureMedium+) + Pr(metric|Pressur
eLow+)
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2)
Pr (metric│Pressure-)

= Pr (metric│PressureHigh
-) + Pr (metric│PressureMedium

-) + Pr(metric|Pressure
Low

-)
Table 1 below shows the different pressure levels used to calculate the response probabilities 
of the different metrics. The intervals were defined on the basis of the change standards 
previously established for this lagoon (Hounyèmè et al. 2023).
Table 1: Pressure levels and discretization ranges 

Stressors 
(Units)

Pressu
re 

Levels 

Interval
s

Stressors 
(Units)

Pressure 
Levels 

Intervals

Transparency 
(m)

High 0-0.9 Granulometry 
(%)

Muddy 0-20

Low >0.9 Sandy-Muddy 
(SM)

>20-55

BOD (mg/L) High >15 Sand and 
Silt(SS)

>55-79

Medium 12-'15 Sand >79
Low <12 Orthophospha

tes (mg/L)
High >1

pH 
(acidification

)

Acid <6.8 Medium >0.5-1

Alkaline >6.8 Low <0.5
Temp (°C) High >28.7 Nitrates 

(mg/L)
High >0.5-1

Medium 26-28.7 Medium >0.2-0.5
Low 22-26 Low <0.2

Depth (m) High 0-1 Salinity (‰) High >7.6 
(Downstream)

Medium 1.- 3 Low 0-7.6 
(Upstream)

Low >3 Oc_nN Semi-Natural <0.5
DOM (%) Low 0-5 Artificial >0.5-1

Medium 5.- 7 TKN (mg/L) High >1.85
High >7 Medium 1-1.85

DO (mg/L) High 0-4 Low <1
Low >4 Acadjas Openwater No acadjas

TP (mg/L) High >4.5 Acadjas Present
Medium >1.5-4.5 Macrophytes Openwater No macrophytes

Low 0-1.5 Macrophyte Present

The step 4 consisted of simulating macroinvertebrate metric responses to multiple 
stressors by learned BN (de Vries et al. 2021a) and then extracting reference threshold 
values from probability density plots. The value of the intercession points between the 
negative and positive density curves, for a low-pressure level was considered as the 
reference threshold (Johnson et al. 2013). For this purpose, the a posteriori probability 
calculated in step 3 and the a priori probabilities directly derived from the interval 
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discretized stressors (Table 1) applied to the data to transform them into discretized data, 
constituted the conditional probability table (CPT) describing the relationship between the 
nodes of the directed acyclic graphs (DAG) structure of the constructed BN. The DAG covers 
all relevant processes, with the aim of keeping the complexity of the model as low as possible. 
Indicators such as R2, Standard Deviation (SD) and RMSE allowed evaluation of DAG 
performance. The a posteriori probability of the calculated responses was compared to the 
expected responses of the metrics based on the literature to determine their validity. For 
unknown relationships, we kept those suggested by unsupervised learning. A better 
compromise, which would result from the different reference thresholds derived by this 
approach, would be to take the most severe reference value among all those obtained for the 
same stressor as the most appropriate for the definition of a reference station (discriminating 
stress thresholds). For analysis and interpretation, only the probabilities of metric responses 
to increased pressure are presented and discussed, due to the large number of pressure 
levels that make the number of derived posterior probabilities so large. Figure 2 shows the 
main steps of the implemented approach.                     
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Fig.2: Flowchart of the method for defining the reference thresholds (The dotted, 
rectangular or square representations are for the number of metrics selected and the circular 
ones specify the variant of the HMSC model used; the solid, rectangular, arched-edge 
representations are for the data used and all others are indicative of the process).
RESULTS 
MCMC convergence diagnostics

Very low autocorrelation between consecutive samples were observed (Figure 3). Similarly, 
effective sample sizes were very close to the number of effective samples, and potential scale 
reduction factors close to 1 for all HMSC models run (Figure 3). This clearly indicates that 
the resulting posterior samples are representative of the true posterior distribution and 

inference reliability.

   Fig. 3: Histograms of effective sample sizes and potential scale reduction factors (psrf) for 
Beta parameters
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Selection of metrics (Step 1+Step 2)

The HMSC models (HMSC 1, HMSC 2 & HMSC 3) selected seven metrics (Table 2) out of 
the 45 candidate metrics tested. This selection is the result of eliminating 26 metrics 
resulting from linearization and redundancy analysis, and finally 12 unstable metrics (R² < 
0.3).

During the flood period, the model (HMSC 1) selected 10 metrics, while 13 were selected 
from samples collected during the low flow period (HMSC 2). Among these metrics, eight 
were selected by both models. The best model predictions were obtained for Bpi, dMa, Sim-
iL and Tpier. No seasonal differences were observed in the prediction quality of Bpi, Tperma 
and Tshred. The prediction quality of dMa, Sim_iL and especially Tpier is much better during 
high water than during low water. Conversely, Abiv and Tmud have a higher prediction 
quality during low water.  Finally, HMSC 3 shows the instability of Tpier (R2 =0.17). All 
selected metrics were sensitive to at least one stressor.

Table 2: Selection of the HMSC 3 model on the stratified random sample;'-': Negative 
response; '+': Positive response; 'O': No response). Abiv (bivalve abundance), Bpi (Berger-
Parker index), dMa (Margalef index), Sim_iL (Simpson index λ), Tmud (% substrate taxa with 
muddy preference), Tperma (% taxa permanently attached to the substrate), Tpier (% 
piercing taxa) and Tshred (% shredding taxa); R2: Pearson correlation.

          
Metrics

Variables

Abiv Bpi dMa Sim_iL Tmud Tperma Tshred Tpier

BOD O O - O + O - O
DOM + - - + - O - +
DO - - - + + O O O

Nitrate - - O O - O O -
pH O - O + - O + +

Temp - + + - O O + +
TKN O - - + + O O +
TP - O O - O O O O

Trans O + + O O O + +
Ortho_P O O + - - - O O

Physico-chemical 
stressors 

Sal - + + O + O + O
Siltation + O O O + + + O

Depth + O O O O + - O
Acadjas + + + - O + O O

Hydromorphological
stressors

Macrophyte - + + - O - + -
Non-natural land 

cover 
Oc_nN + + + O + + O O
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AWS O O - O O O O +
MAWL - O - - O - O O

Other covariates

Year O O O O O O O O
 R2 0.38 0.80 0.82 0.76 0.36 0.32 0.36 0.17

Three of the seven selected metrics are species diversity indices: Bpi (Berger-Parker index); 
dMa (Margalef index); Sim_iL (Simpson index λ). Three others are related to species traits: 
Tmud (% substrate taxa with a preference for mud: Tanaidae, Peneaeidae, Portunidae and 
Caenidae); Tperma (% taxa permanently attached to the substrate: Balanidae, Mytilidae, 
Ostreidae and Serpulidae); Tshred (% shredding taxa: Aoridae, Melitidae, Amphilocus sp., 
Photidae, Munnidae, Dytiscidae, Noteridae) and one on the taxonomic composition of the 
sample: Abiv (abundance of bivalves (Corbulidae, Ostreidae)). None of the metrics selected 
in Table 2 showed any variation from year to year. While ''dMa'' was most sensitive to wind 
(AWS) and tides (MAWL), Bpi, Tmud and Tshred did not respond to any of the forcing factors. 
Tperma, Sim_iL and Abiv responded negatively to the effect of tides. Only Tpier eliminated 
by HMSC 3, responded positively to the effect of wind.

Metrics-pressure relationships

Trends in metric response probabilities (values > 0.5) for high degradation levels shows 
many common responses between metrics but also some dissimilarities (Table 3). The set of 
response probabilities for all other pressure levels is in SI-Appendix-Tables [Table 4].

Table 3: Responses (trends) of selected metrics to an increase in pressure; (-): Negative 
Response (Decrease); (+): Positive response (Increase); Abiv (bivalve abundance), Bpi 
(Berger-Parker index), dMa (Margalef index), Sim_iL (Simpson index λ), Tmud (% substrate 
taxa with muddy preference), Tperma (% taxa permanently attached to the substrate), Tpier 
(% piercing taxa) and Tshred (% shredding taxa); Siltation; Oc_nN: artificialization of 
watershed (Agricultural and urban occupation). 

               
Metrics 
Pressure

Abiv Bpi dMa Sim_iL Tmud Tperma Tshred

BOD - - - - + + -

DOM + + + + - + +

DO - - - + + - -

Nitrate + + + - - - +

pH - - - + - - +

Temp - - + + + - +

Physico-chemical 
stressors

TKN - - - - - - -

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

14

TP + + - - - - -

Trans - + + - + - +

Ortho_P + - - + - + -

Sal - + + - + + +

Siltation + + + - + + +

Depth + - - + - + -

Acadjas + + + - + + +

Hydromorphological
 stressors

Macrophyte - + + - + - +

Non-natural land 
cover 

Oc_nN - + + - - - +

As expected, Abiv, Bpi, dMa, Sim_iL, Tshred react negatively to the decrease in DO due to 
biodegradable organic matter, expressed by the parameter BOD, for which Tmud and 
Tperma react positively. The same is true for all parameters except Tmud, which reacted 
positively to an increase in the organic load (DOM). The response of Tmud seems a priori to 
be incoherent. The negative responses of Abiv, Bpi, dMa, Tshred and Tperma to hypoxia (DO) 
and to the stress factor TKN are in line with our expectations. Conversely, we observe a 
positive response of Sim_iL and Tmud to hypoxia. This is not what we expected. TP and 
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orthophosphates are expected to increase, favouring Abiv and Tperma. This is not the case 
for Bpi and Sim_iL. The positive effect of Abiv and Tshred following the increase in nitrate 
and the negative response of Tmud, Tperma and Sim_iL seem to be as expected. This is not 
the case for Bpi and dMa. Acidification, however, induces the expected positive response of 
Sim_iL and Tshred. As expected, increasing temperature reduces the taxonomic community 
of bivalves (Abiv), the most dominant taxa (Bpi) and those permanently attached to the 
substrate (Tperma). The expected responses were also observed at high salinities, which 
were unfavourable for the bivalve molluscs (Abiv) and Sim_IL and favourable for the other 
species. This is also the case for Abiv, Sim_iL and Tperma, which show a negative sensitivity 
to the decrease in transparency compared to the other metrics. Concerning the 
hydromorphological stressors, siltation and acadjas positively influence Bpi, dMa and Tshred 
as expected. While acadjas have a positive effect on Tmud and Tperma, land artificialisation 
(Oc_nN) has a negative effect on the same metrics. This opposite response is also observed 
for these two metrics with respect to stressors such as depth and macrophytes.

Fig. 4: DAG showing the relationships between environmental variables, stressors, forcing 
factors, and metrics: In yellow ellipse are the metrics, in rectangle the pressure proxies, in 
diamond shape the natural factors. The arrows interpret cause and effect relationships.). Bpi 
(Berger-Parker index); dMa (Margalef index); Sim_iL (Simpson index λ; Abiv (bivalve 
abundance); Tmud (substrate taxa with a muddy preference); Tperma (taxa permanently 
attached to the substrate); Tshred (shredding taxa).   

The specification of the relationships between macroinvertebrate parameters and proxies, 
presented in the form of DAGs, clearly showed the influence of stressors on the metrics and 
thus on the ecological quality of the lagoon (Fig. 4). The DAG also showed coherent 
interactions between the different parameters (physico-chemical stressors, 
hydromorphological and forcing factors). Conversely, among the relationships in the model 
in Fig. 4, the one between 'Acadjas' and 'Macrophytes' does not seem obvious. 

The prediction performances of the seven metrics for the BN model are high: Tshred (R2= 
0.837; sd=0.28; RMSE=0.11), Tmud (R2= 0.77; sd=0.13; RMSE=0.065), Tperma (R2= 
0.817; sd=0.187; RMSE=0.084), Abiv (R2= 0.85; sd=0. 195; RMSE=0.078), dMa (R2= 0.82; 
sd = 0.48; RMSE=0.21), Bpi (R2= 0.81; sd = 0.94; RMSE = 0.43), Sim_iL (R2= 0.79; sd = 
0.24; RMSE =0.12). However, large standard deviations and RMSEs appear for the "Bpi" 
and "dMa" metrics.

Metrics reference values - Stress thresholds
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Table 4 summarises all the predicted reference values and stressor thresholds extracted from 
the density plots representing the different predicted metric responses to different pressure 
levels (SI-Appendix_graph). It also highlights the most severe stressor thresholds that could 
be used to define a reference station type or in monitoring assessments. It also shows the 
reference values for the metrics (last row of Table 4) and the stress thresholds for the stress 
parameters below (BOD, DOM, Nitrates, Water Temperature, TKN, TP, Orthophosphates, 
Salinity, Siltation, Oc_nN) and above (DO, pH, Trans, Depth) which are considered to be in 
reference status.

Table 4: References values & stressors thresholds (* severe stress thresholds); Bpi (Berger-
Parker index); dMa (Margalef index); Sim_iL (Simpson index λ; Abiv (bivalve abundance); 
Tmud (substrate taxa with a muddy preference); Tperma (taxa permanently attached to the 
substrate); Tshred (shredding taxa).

 Metrics
Stressors

Abiv Bpi dMa Sim_iL Tmud Tperma Tshred

BOD(mgL) 9.33 7.9 8.68 8.95 7.19* 9.27 9.33

DOM(%) 2.75* 8.93 12.49 3.39 4.18 7.25 4.08
DO (mg/L) 7.73 7.67 7.82* 6.1 7.72 7.76 4.01

Nitrate(mg/L) 0.36 0.41 0.3 0.38 0.39 0.39 0.24*

pH 8.62 8.5 7.83 8.6 8.7 7.81 7.58*
Temp(°C) 25.25 23.71* 24.96 27.2 23.87 27.08 25.82

TKN(mg/L) 1.02 1.11 0.99 1.11 0.9* 0.96 1.06
TP(mg/L) 3.52 5.6 4.54 5.81 1.21 2.36 1.03*
Trans(m) 1.15 1.12 1.24 1.31 1.32* 1.12 0.56
Ortho_P 
(mg/L)

0.3 0.33 0.26 0.23* 0.34 0.3 0.25

Physico-chemical 
stressors 

Sal (‰) 2.08* 7.16 8.86* 3.33 5.08 3.65 7.9
Siltation 29.44 25.54 29.79 7.66* 28.73 55.12 27.14Hydromorphological

stressors Depth(m) 2.94 3.07* 2.35 1.64 1.13 2.79 2.7
Non-natural land 

cover 
Oc_nN 0.63 0.57 0.45* 0.61 0.62 0.69 0.6

 Metrics 
references 

values

>0.02 <1.33 >0.18 <0.21 >0.03 <0.02 <0.28

Regardless of the metric considered, the different values (Table 4) follow the same order of 
magnitude. The standard deviation between the thresholds obtained for the same stressor is 
small, except for DOM (3.55). With regard to the thresholds for severe stress, each of the 
different metrics, with the exception of Tperma, seems to be suitable for monitoring at least 
one stressor, since it has at least one discriminating threshold. This may indicate a 
complementarity between the metrics in the context of a water quality assessment. For 
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salinity and according to the typology of transitional environments such as freshwater 
lagoons, we considered two thresholds. Thus, in the freshwater part, i.e. upstream, the 
threshold could be 2.08‰ and downstream, i.e. close to marine waters, would be closer to 
8.86 ‰.  

The reference values of all the metrics are very close to the minimum values of the metrics, 
except for Tshred (Fig.5). Converting the observations of each metric into percentiles 
positions their reference values as follows: percentile 12 (Sim_iL, dMa); percentile 25 (Bpi); 
percentile 60 (Tshred, Tmud); percentile 65 (Abiv) and percentile 70 (Tperma). Reference 
condition corresponded to values above 0.02, 0.18 and 0.03 for Abiv, dMa and Tmud 
respectively and below values of 1.33, 0.21, 0.02 and 0.28 for Bpi, Sim_iL, Tperma and Tshred 
respectively (Table 4).  

Fig. 5: Positioning of the reference values (green) in relation to the distribution of the mean 
values of the metrics over the years (Red dotted line = reference value; blue dotted line = 
max value; orange dotted line = min value).

DISCUSSION

Selected metrics and coherence of metric responses 

This study represents a significant advance in the ecological assessment of West African 
ecosystems, as all the selected metrics cover all facets of diversity except genetics, and we 
were able to determine responses to most of the identified stresses. Of these relevant 
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metrics, only those, or combinations of metrics, that can distinguish between one or more 
quality classes or that have a strong correlation with the disturbance gradient should be 
included in the assessment (Hering et al. 2004; Schoolmaster et al. 2013). The approach 
implemented allowed the selection of 7 non-redundant, non-collinear, spatially stable metrics 
that could be calculated regardless of the season sampled and that responded simultaneously 
to different stressors. Three functional trait metrics 'Tperma', 'Tmud' and 'Tshred', known to 
respond well to anthropogenic disturbance in other environments (Vandewalle et al. 2010), 
were shown to respond to several stressors occurring in the Nokoué lagoon. The use of a 
%clingers metric similar to Tperma has already been described in the Overseas Assessment 
System to measure human impacts that alter food sources or habitat characteristics 
(Wagenhoff 2016). In addition, the bioindication potential of the taxa constituting "Tperma" 
has been justified by several authors : Balanidae (Poirrier & Partridge 1979), Mytilidae (Azizi 
et al. 2018) , Ostreidae (Mai 2013), Serpulidae [Polychaetes] (Lu et al. 2017). 

Tmud including crustaceans (Tanaidae-Peneaeidae-Portunidae) and insects (Caenidae) was 
included in a quality index assessing the trophic status of a New Zealand shallow estuary 
(Robertson et al. 2016). The inclusion of Tmud in this index allowed the identification of areas 
with high potential for the rapid accumulation of muddy sediments generally associated with 
increased organic matter and nutrient content and decreased oxygenation. The potential for 
indicator taxa included in this metric were demonstrated in the literature: Crustaceans 
(Tampo et al. 2021), Caenids [mayflies] (Dalu & Chauke 2019; Alhejoj et al. 2014). 

Similarly, ‘Tshred' which is only the association of crustaceans (Aoridae -Melitidae - 
Amphilocus sp. - Pothidae - Munnidae) and beetles (Dytiscidae - Noteridae) in our case, was 
selected as a good indicator of most of the stressors considered. This metric has previously 
been used to indicate changes in the processing of stream organic matter (Wagenhoff 2016). 
Crustaceans and Coleoptera that constitute this metric were demonstrated to respond well 
to several physico-chemical stress factors including pH, temperature, dissolved oxygen, 
salinity...(Kaboré et al. 2016; Kang & King 2012; Correa-Araneda et al. 2010; Gesteira & 
Dauvin 2000; Navarro-Barranco, Ros, Figueroa, et al. 2020). However, despite the good 
indicator qualities of the 'Tshred' metric, intraspecific variation in among life history stages, 
seasonal type, or other ecological characteristics have been reported (Applegate et al. 2007; 
Greenwood 1992). This led Thorp and Covich (date) to reject it from their index. The present 
results showed the seasonal stability of Tshred in our dataset, but analyses that are more 
specific could be performed to verify its stability regardless of the species considered, the 
development stage or even other ecological characteristics.

The only taxonomic composition metric selected, Abiv, is a long-standing bioindicator, dating 
back to the first international biomonitoring program (the Mussel Watch Program; (Bélanger 
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2009). Bivalves are sensitive to disturbance and instability in marine ecosystems (Nerlović 
et al. 2011). They are additionally used as bioindicators to assess marine pollution along 
coastal zones (Yusof et al. 2004). The positive responses of 'Abiv' bivalves abundance to dry 
organic matter (DOM) as well as nutrients (Nitrate, TP, Ortho phosphates) are consistent, as 
bivalves are considered filterers of large volumes of water and also concentrators of organic 
matter (Petersen et al. 2019). However, the overabundance of organic matter can lead to a 
reduction in species abundance due to hypoxia and the accumulation of toxic by-products 
from the degradation of these materials (Hyland et al. 2005). This may explain the negative 
response of mussels to the high levels of organic pollution (BOD) and hypoxia (DO) 
observed.Ammoniacal nitrogen, as a by-product of TKN, is an important pollutant which is 
potentially harmful to aquatic organisms including bivalves and shellfish (Lu et al. 2022). 
Many bivalve species are known to inhabit muddy habitats (Lazo 2004) and also have a high 
sedimentation rate (Petersen et al. 2019). This explains the positive response of the "Abiv" 
metric for the "Siltation" pressure parameter. We can also explain the negative influence of 
dredging activities (Observation characteristic of this type of pressure proxy 'Depth') which 
likely lead to the suspension of sediment in the water column, by its abrasive effects on the 
eggs, by its reduction of the pumping rate of the bivalves and by their direct mortality (Wilber 
& Clarke 2001). In the context of Nokoué, resuspension is also driven by waves (wind effect 
or AWS) (Hounyèmè et al. 2023). The negative effects of acidification (Bressan et al. 2014; 
Ventura 2018), temperature and salinity on bivalves have also been demonstrated in the 
literature. Many studies have shown that bivalves react negatively to an increase in 
temperature above an optimal threshold (Bae et al. 2021; Galimany et al. 2011; Maynou et 
al. 2020; Steeves et al. 2018). It was the same for the salinity, which also beyond a certain 
optimal threshold would lead to mortality (Bae et al. 2021). The negative impact induced by 
the absence of bank macrophytes explained the disappearance of taxa living on their root 
systems. Low transparency (High-pressure level) corresponds to an increase in turbidity. The 
role of bivalves in increasing transparency is also noted (Rong et al. 2021). Mussel 
recruitment was negatively impacted by water color and turbidity (Österling & Högberg 
2014). As for the strong artificialization of soils (Oc_nN), its negative impact on bivalves 
could be explained in many ways. For example, agricultural pollution and pesticides can have 
negative effects on bivalves such as Corbicula fluminea (Damásio et al. 2010). This becomes 
more obvious when we know that agriculture almost always has negative impacts and very 
few positive effects in marine environments (Galloway et al. 2008; OECD & Díaz 2010; Tilman 
et al. 2001). Last, we must note the systematic presence of bivalves such as corbulidae in the 
benthic macrofauna observed in the acadjas (Sankare et al. 2021). This would justify the 
positive response of 'Abiv' to the acadjas. 
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Selected diversity indices such as Simpson λ index (Simpson 1949), Margalef index 
(Margalef 1958) and Berger-Parker index (Berger & Parker 1970), were already shown to be 
indicative of disturbance (Boyle et al. 1990; Ntislidou et al. 2018), supporting our results. 
These metrics, which have shown their usefulness in assessing the impact of water quality 
degradation (Teixeira 2010; Gamito et al. 2012; Nguyen et al. 2014; Van Loon et al. 2018; 
Ávila et al. 2018) on phytoplankton (Francé et al. 2021)  and fish, are also useful for 
invertebrates, according to our results. It should also be noted that water quality 
improvement is most often indicated by an increase in the Margalef index (Patrício et al. 
2009), while the Berger-Parker index increases with the level of water pollution 
(Padmanabha 2011) . The different responses of the metrics to the presence of acadjas seem 
to indicate a local increase in taxonomic and functional macrobenthic diversity or its 
heterogeneity. Note that all metrics respond consistently to one or another of the pressures, 
following the variabilities imposed on them according to the sensitivities of their constituent 
taxa. 

Looking at the results, we note that among the relationships in the model in Figure 4, the 
link between 'acadjas' and 'macrophytes' does not seem obvious. The fact that these two 
substrates are of the same nature, i.e. fixation supports for macroinvertebrates, possibly 
explains this causal relationship.

Literature or expert opinion is often used to define how parameters should respond to 
anthropogenic pressures (Drouineau et al. 2010; Drouineau et al. 2012). However, there are 
often contradictions between the meaning given by experts and the effects expected and 
induced by pressure proxies. The practice of extrapolation may explain this. The option taken 
in this study to consider only the valid inference of environmental effects produced by joint 
species distribution models (Roberts et al. 2022) seems appropriate given the results 
obtained here. The posterior probabilities of responses calculated from the available data 
provide trends, clear indications of the responses of each metric at each level of each 
pressure, and are valid in the absence of expert opinion.

Coherence of metrics reference values and stress thresholds

A comparison with recently proposed reference thresholds for West African rainforest rivers, 
based on best professional judgement (BPJ) and trisection methods (Kamelan et al. 2022), 
shows that our current stress thresholds are below their proposed lower limits for 
temperature (25.10-25.33°C) and nitrate (0.450 - 0.625 mg/L), and then place our stress 
thresholds above their upper limits for DO (6.33 - 6.40 mg/L), pH (6.86 - 7.04) and TP (0.123 
- 0.134 mg/L). Our approach leads to a more severe assessment, although we are not in the 
same environment. Bathymetric analyses of the bottom of the Nokoué lagoon, described 
since 1906 have positioned the depth around 2 m (Sossou-Agbo 2013). Considering that this 
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depth value was already the result of alterations, a better compromise in relation to a stress 
threshold value would be a Depth >2m. According to the triangle of division of the 
sedimentary dynamics, based on the method of Flemming (2000), it is obvious to consider 
the sandy texture (<5% mud) as the granulometric stress threshold value  compared to the 
muddy one (>95% mud). The stress threshold value of 7.66 % (Table 4) is of course close to 
the sandy texture.  The threshold value of non-natural land use deducted from our analyse 
was high (45% for a minimum of 55% natural area). This  is not very severe compared to the 
options taken in other studies/areas (Argillier et al (2012b). This may be due to the sampling 
points not being in a position to reflect the changes in the catchment (Hounyèmè et al. 2023). 
Regarding TKN, the 0.9 mg/L corresponds to the standard lower limit proposed for effluent 
discharge to surface waters, which is on the order of 100 mg/L (Dash 2013; Maiti 2003) and 
slightly below the minimum standards recommended by the US EPA. Knowing the 
anthropogenic nature of TKN, the proposed stress threshold value is in accordance with the 
values proposed by the US EPA standards. The stress threshold value obtained for total 
phosphorus (1.03mg/L), it is well above the US EPA reference (0.03-0.1mg/L). Such a high 
total phosphorus threshold is unique to this lagoon system which already has an endogenous 
stock of total phosphorus (Hounyèmè et al. 2023). Overall, the current stress thresholds 
observed are above the US EPA threshold for BOD (< 6 mg/L for US EPA vs 7.19 mg/L) and 
orthophosphates (range of 0.025-0.18 mg/L for US EPA vs 0.23-0.41 mg/L). On the other 
hand, they are equivalent or better for nitrates (0.25-45 mg/L vs 0.25-0.41 mg/L), DO (3-5 
mg/L for US EPA vs 4.01-7.82 mg/L), transparency (0.3-2.5 m for US EPA vs 0.56-1.32 m), 
temperature (20-30oC for US EPA vs 23.71-27.2) and pH (6-8.5 for US EPA vs 7.58-8.7). The 
proposed stress thresholds for DOM (2.75-4.18%) are in the same trend range as those of 
the "good-moderate" classes for the quality status obtained in the low salinity areas of the 
Mira estuary (Portugal)(Medeiros et al. 2012). For salinity in freshwater lagoons, the lowest 
stress threshold (2.08 ‰) was used as the stress threshold for the downstream freshwater 
part and the highest (8.86 ‰) for the upstream area close to the sea. These two stress 
thresholds appear to be consistent with the metrics that allowed their determination. Indeed, 
the Abiv metric, made up of freshwater taxa, corresponds to the lowest salinity stress 
threshold value, while the 'dMa' metric, which is very sensitive to natural variability, 
corresponds to the high stress threshold salinity value (Table 5). Supporting this argument, 
these two stress thresholds values fit into the top 2 of the five overlapping biological salinity 
zones (0-4, 2-14, 11-18, 16-27, and 24-marine). These salinity zones were defined through 
fish and invertebrate communities along mid-Atlantic estuaries (U.S.A.)(Bulger et al. 1993), 
then confirmed on estuaries in the northern Gulf of Mexico (Christensen et al. 1997), and 
finally on the Suwannee River (Florida)(Farrell et al. 2005). 
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Regarding the evidence on the metrics themselves, some consistent trends can be noted. 
Despite the increase in polychaetes (Serpulidae) under stressful conditions, they are still less 
sensitive to anthropogenic disturbance than crustaceans and molluscs (Reise 1982; Warwick 
& Clarke 1993; Wildsmith et al. 2009; Wildsmith et al. 2011) . Knowing this, the directions 
of quality and degradation shown by the 'Abiv' and 'Tperma' metrics at the 0.02 reference 
value seem appropriate. Some geographical areas with specificities can give reference 
values for the Berger-Parker index higher than 1 (Soudant & Belin 2011) as is the case (Table 
4), whereas it should normally be in the range [0,1] (Patrício et al. 2009). The closer the 
Simpson index value λ is to 0, the more diverse the community (Davis & Wing 2012). Thus, 
a more diverse ecosystem is indicated by the current reference value (<0.21) for the Sim_iL 
index.

Methodological considerations

The appeal to HMSC made in this approach is mainly justified by its outputs, the flexibility 
of its structure and its performance compared to other JSDMs (Ovaskainen et al. 2017). The 
approach developed has several advantages, including making the nature of interactions 
between stressors themselves and between stressors and their responses more explicit in 
the context of African ecosystems, where communities and their expected responses to stress 
are poorly documented. This would further improve our knowledge of these interactions (de 
Vries et al. 2021b; Zhou et al. 2022; Brooks et al. 2021). Furthermore, the approach offers 
flexibility and potential for extension to many other biological systems, as it could 
incorporate expert advice, where available, in an explicit and reproducible manner, and also 
account for small sample sizes, high variability in transitional environments, and 
uncertainties in designing experimental protocols (Drouineau et al. 2010). The HMSC model 
precisely provides in its output an a posteriori probability for the different expected 
responses for the metrics, which once transformed are equivalent to expert knowledge. 
Depending on whether the credibility interval contains negative or positive values, it was 
also possible to assess the relevance and importance of the probability of a metric as a 
function of changes in the value of the environmental covariate causing the disturbance 
(Norberg et al. n.d.). Thus, depending on whether the credibility interval contains negative 
or positive values, it can be said that a metric responds in a positive or negative way to the 
pressure parameter. Finally, the predictive power of the HMSC model through cross-
validation is an important bias-reducing asset, as it allows for adjustment as the analysis 
progresses (Tikhonov et al. 2020).
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The choice of the HMSC 3 (Step 2) model for the selection of the metrics is specific to this 
work, as the choice of the metrics best suited to each sampling period would have been 
sufficient. In fact, beyond the flexibility we were looking for in terms of seasonality, we felt 
that the manager should not burden his budget with extra sampling. As one of the 
assumptions in this work was to ensure that the sample points were independent, a random 
effect was introduced at the sample unit level (Ovaskainen et al. 2017). Our results clearly 
showed the negligible role of the sampling units in the model fit. Regarding potential 
generalization issues, the stratified random sampling option used in the HMSC 3 (step 2) 
model of metric selection seemed relevant to avoid pseudoreplication problems that could 
affect inferential validity (Lazic et al. 2020).  Finally, the absence of autocorrelation (Figure 
3) is evidence that the independence assumption has not been violated.

Conclusions

The present results show that different stressors induce responses in the invertebrate 
communities sampled in the Nokoué freshwater lagoon. The approach used here is 
innovative because it allows us to dispense with expert opinion and to predict the responses 
of each of the metrics for any given stress level, which is essential for defining the reference 
values of the metrics and the stress thresholds. Our approach advocates the need to 
determine the sensitivity of the selected metrics to human perturbations as well as their 
robustness. The reference value and the derived stress thresholds are comparable to the 
existing ones, but with some specificities that could be attributed to the environment. The 
approach has proven its relevance in that it has produced very good inferences. The relevant 
metrics (Berger-Parker index, Margalef index, Simpson λ index, % of substrate taxa 
preferring mud, % of taxa permanently attached to the substrate, % of shredded taxa, bivalve 
abundance), the reference values of the metrics and the stress thresholds provide at least a 
framework for assessing the ecological quality of this system with perspectives for improving 
management (pressure reduction measures, implementation of monitoring plans, 
restoration, prevention of erosion of its macrobenthic diversity, etc.). This assessment 
framework could be considered for extrapolation to other environments in the region, given 
the taxonomic composition of the selected metrics and the range extension of these species 
across the region. To the best of our knowledge, the set of response probabilities for each of 
the pressure levels indicating the trend of degradation, the reference values of the metrics 
and the stress thresholds obtained are particularly rare and therefore valuable data for 
African lakes or lagoons of this type. One of the prospects arising from the present work 
would be to envisage the construction of a multi-metric index and the valid extension of the 
approach to other ecosystems in the region. Indeed, with the selected metrics, we could 
envisage the construction of a multimetric index following the approach of 
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Schoolmaster(2013), while initially defining disturbance gradients according to Hering et 
al.(2006).

References: 

Ahoutou MK, Djeha RY, Yao EK, Quiblier C, Niamen-Ebrottié J, Hamlaoui S, Tambosco K, 
Perrin J-L, Troussellier M, Bernard C, Seguis L, Bouvy M, Pédron J, Konan FK, 
Humbert J-F & Coulibaly JK (2021) Assessment of some key indicators of the 
ecological status of an African freshwater lagoon (Lagoon Aghien, Ivory Coast). 
PLOS ONE 16, e0251065.

Alhejoj I, Salameh E & Bandel K (2014) Mayflies (Order Ephemeroptera): An Effective 
Indicator of Water Bodies Conditions in Jordan. IJSRES 2.

Applegate JM, Baumann PC, Emery EB & Wooten MS (2007) First steps in developing a 
multimetric macroinvertebrate index for the Ohio River. River Res. Appl. 23, 683–
697.

Archaimbault V (2003) Réponses bio-écologiques des macroinvertébrés benthiques aux 
perturbations: la base d’un outil diagnostique fonctionnel des écosystèmes d’eaux 
courantes. Univ. Metz.

Archaimbault V, USSEGLIO‐POLATERA P, Garric J, WASSON J-G & Babut M (2010) 
Assessing pollution of toxic sediment in streams using bio‐ecological traits of 
benthic macroinvertebrates. Freshw. Biol. 55, 1430–1446.

Argillier C, Causse S, Gevrey M, Pédron S, Bertoli J, Brucet S, Emmrich M, Jeppesen E, 
Lauridsen T, Mehner T, Olin M, Rask M, Volta P, Winfield I, Kelly F, Palm A & 
Holmgren K (2012a) Development of a fish-based index to assess the eutrophication 
status of European lakes. Hydrobiologia 704, 193–211.

Ávila MP, Carvalho RN, Casatti L, Simião-Ferreira J, Morais LF de & Teresa FB (2018) 
Metrics derived from fish assemblages as indicators of environmental degradation 
in Cerrado streams. Zool. Curitiba 35. Available at: 
https://doaj.org/article/acb5e337277c4c8eb78e4e36391b40a7 [Accessed August 25, 
2022].

Azizi G, M. A, Baghour M, Mostafa L & Moumen A (2018) The use of Mytilus spp. mussels 
as bioindicators of heavy metal pollution in the coastal environment. A review. J. 
Mater. Environ. Sci. 9.

Bae H, Im J, Joo S, Cho B & Kim T (2021) The Effects of Temperature and Salinity Stressors 
on the Survival, Condition and Valve Closure of the Manila Clam, Venerupis 
philippinarum in a Holding Facility. J. Mar. Sci. Eng. 9, 754.

Bélanger D (2009) Utilisation de la faune macrobenthique comme bioindicateur de la 
qualité de l’environnement marin côtier.

Berger WH & Parker FL (1970) Diversity of planktonic foraminifera in deep-sea sediments. 
Science 168, 1345–1347.

Birk S, Bonne W, Borja A, Brucet S, Courrat A, Poikane S, Solimini A, van de Bund W, 
Zampoukas N & Hering D (2012) Three hundred ways to assess Europe’s surface 

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

25

waters: An almost complete overview of biological methods to implement the Water 
Framework Directive. Ecol. Indic. 18, 31–41.

Bis B & Usseglio-Polatera P (2005) The EU-STAR: Species traits analysis: The application of 
species trait analysis to the establishment of reference conditions and the 
assessment of Ecological Status for the implementation of the Water Framework 
Directive (Deliverable N2). , 588.

Boyle TP, Smillie GM, Anderson JC & Beeson DR (1990) A Sensitivity Analysis of Nine 
Diversity and Seven Similarity Indices. Res. J. Water Pollut. Control Fed. 62, 749–
762.

Bressan M, Chinellato A, Munari M, Matozzo V, Manci A, Marčeta T, Finos L, Moro I, 
Pastore P, Badocco D & Marin MG (2014) Does seawater acidification affect 
survival, growth and shell integrity in bivalve juveniles? Mar. Environ. Res. 99, 136–
148.

Brooks A, Bray J, Nichols S, Shenton M, Kaserzon S, Mac Nally R & Kefford B (2021) 
Sensitivity and specificity of macroinvertebrate responses to gradients of multiple 
agricultural stressors. Environ. Pollut. 291, 118092.

Brysiewicz A, Czerniejewski P, Dąbrowski J & Formicki K (2022) Characterisation of 
Benthic Macroinvertebrate Communities in Small Watercourses of the European 
Central Plains Ecoregion and the Effect of Different Environmental Factors. Anim. 
Open Access J. MDPI 12, 606.

Bulger AJ, Hayden BP, Monaco ME, Nelson DM & McCormick-Ray MG (1993) Biologically-
based estuarine salinity zones derived from a multivariate analysis. Estuaries 16, 
311–322.

Carignan V & Villard M-A (2002) Selecting Indicator Species to Monitor Ecological 
Integrity: A Review. Environ. Monit. Assess. 78, 45–61.

Carlier A, Riera P, Amouroux J-M, Bodiou J-Y, Desmalades M & Grémare A (2008) Food 
web structure of two Mediterranean lagoons under varying degree of 
eutrophication. J. Sea Res. 60, 264–275.

Chapman PM (2012) Management of coastal lagoons under climate change. Estuar. Coast. 
Shelf Sci. 110, 32–35.

Charvet S, Kosmala A & Statzner B (1998) Biomonitoring through biological traits of 
benthic macroinvertebrates: perspectives for a general tool in stream management. 
Arch. Für Hydrobiol. 142, 415–432.

Chevene Fran, Doléadec S & Chessel D (1994) A fuzzy coding approach for the analysis of 
long-term ecological data. Freshw. Biol. 31, 295–309.

Christensen JD, Monaco ME & Lowery TA (1997) An index to assess the sensitivity of Gulf 
of Mexico species to changes in estuarine salinity regimes. Gulf Caribb. Res. 9, 219–
229.

Correa-Araneda F, Contreras A & De Los Ríos-Escalante P (2010) Amphipoda and 
Decapoda as potential bioindicators of water quality in an urban stream (38°S, 
Temuco, Chile). Crustaceana 83, 897–902.

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

26

Dalu T & Chauke R (2019) Assessing macroinvertebrate communities in relation to 
environmental variables: the case of Sambandou wetlands, Vhembe Biosphere 
Reserve. Appl. Water Sci. 10, 16.

Damásio J, Navarro-Ortega A, Tauler R, Lacorte S, Barcelo D, Soares A, Lopez Robles MA, 
Riva M & Barata C (2010) Identifying major pesticides affecting bivalve species 
exposed to agricultural pollution using multi-biomarker and multivariate methods. 
Ecotoxicol. Lond. Engl. 19, 1084–94.

Dash A (2013) Characterization of domestic wastewater at bhubaneswar, odisha, india.

Davis JP & Wing SR (2012) Niche partitioning in the Fiordland wrasse guild. Mar. Ecol. 
Prog. Ser. 446, 207–220.

Demars BO, Kemp JL, Friberg N, Usseglio-Polatera P & Harper DM (2012) Linking biotopes 
to invertebrates in rivers: biological traits, taxonomic composition and diversity. 
Ecol. Indic. 23, 301–311.

Djihouessi MB, Mahougnon & Aina MP (2019) A review of habitat and biodiversity research 
in Lake Nokoué, Benin Republic: Current state of knowledge and prospects for 
further research. Ecohydrol. Hydrobiol. 19, 131–145.

Drouineau H, Delpech C & Lepage M (2010) Fish assemblage responses to eutrophication 
and suggestion of a method for the definition of reference status.

Drouineau H, Lobry J, Delpech C, Bouchoucha M, Mahévas S, Courrat A, Pasquaud S & 
Lepage M (2012) A Bayesian framework to objectively combine metrics when 
developing stressor specific multimetric indicator. Ecol. Indic. 13, 314–321.

El Mahrad B, Abalansa S, Newton A, Icely J, Snoussi M & Kacimi I (2020) Social-
Environmental Analysis for the Management of Coastal Lagoons in North Africa. 
Front. Environ. Sci. 8.

Erasmus JH, Lorenz AW, Zimmermann S, Wepener V, Sures B, Smit NJ & Malherbe W 
(2021) A diversity and functional approach to evaluate the macroinvertebrate 
responses to multiple stressors in a small subtropical austral river. Ecol. Indic. 131, 
108206.

Farrell MD, Good J, Hornsby D, Janicki A, Mattson R, Upchurch S, Champion K, Chen J, 
Grabe S & Malloy K (2005) Technical report: MFL establishment for the lower 
suwannee river and estuary, little fanning, fanning, and manatee springs. Water 
Resour. Assoc. Tampa Fla.

Flemming BW (2000) A revised textural classification of gravel-free muddy sediments on 
the basis of ternary diagrams. Cont. Shelf Res. 20, 1125–1137.

Francé J, Varkitzi I, Stanca E, Cozzoli F, Skejić S, Ungaro N, Vascotto I, Mozetič P, 
Ninčević Gladan Ž, Assimakopoulou G, Pavlidou A, Zervoudaki S, Pagou K & Basset 
A (2021) Large-scale testing of phytoplankton diversity indices for environmental 
assessment in Mediterranean sub-regions (Adriatic, Ionian and Aegean Seas). Ecol. 
Indic. 126, 107630.

Frank EHJ (2022) Hmisc: Harrell Miscellaneous. R package version 4.7-0. Available at: 
https://CRAN.R-project.org/package=Hmisc [Accessed July 7, 2022].

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

27

Galimany E, Ramón M & Ibarrola I (2011) Feeding behavior of the mussel Mytilus 
galloprovincialis (L.) in a Mediterranean estuary: a field study. Aquaculture 314, 
236–243.

Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai Z, Freney JR, Martinelli LA, 
Seitzinger SP & Sutton MA (2008) Transformation of the nitrogen cycle: recent 
trends, questions, and potential solutions. Science 320, 889–892.

Gamito S, Patrício J, Neto JM, Teixeira H & Marques JC (2012) Feeding diversity index as 
complementary information in the assessment of ecological quality status. Ecol. 
Indic. 19, 73–78.

Gesteira JLG & Dauvin J-C (2000) Amphipods are Good Bioindicators of the Impact of Oil 
Spills on Soft-Bottom Macrobenthic Communities. Mar. Pollut. Bull. 40, 1017–1027.

Gnohossou PM (2006a) La faune benthique d’une lagune ouest africaine (le lac Nokoue au 
Benin) : diversité, abondance, variations temporelles et spatiales, place dans la 
chaine trophique. Université d’Abomey-Calavi. Available at: 
http://www.theses.fr/11425558X [Accessed January 16, 2020].

Greenwood MT (1992) Ecology and classification of north american freshwater 
invertebrates, Edited By James H. Thorp and Alan P. Covich, Academic Press, New 
York, 1991. no. of pages 991. ISBN 0 12 690645 9. price: $36.50. Regul. Rivers Res. 
Manag. 7, 305–306.

Helmholz H, Ruhnau C, Pröfrock D, Erbslöh H-B & Prange A (2016) Seasonal and annual 
variations in physiological and biochemical responses from transplanted marine 
bioindicator species Mytilus spp. during a long term field exposure experiment. Sci. 
Total Environ. 565, 626–636.

Hering D, Johnson RK, Kramm S, Schmutz S, Szoszkiewicz K & Verdonschot PFM (2006) 
Assessment of European streams with diatoms, macrophytes, macroinvertebrates 
and fish: a comparative metric-based analysis of organism response to stress. 
Freshw. Biol. 51, 1757–1785.

Hering D, Moog O, Sandin L & Verdonschot PFM (2004) Overview and application of the 
AQEM assessment system. Hydrobiologia 516, 1–20.

Hounyèmè R & Daouda M (2021) Dataset related to article “Bayesian inference of physico-
chemical quality elements of a tropical lagoon Nokoué.” Available at: 
https://zenodo.org/record/5865635 [Accessed January 4, 2023].

Hounyèmè R, Logez M, Mama D & Argillier C (2023) Bayesian inference of 
physicochemical quality elements of tropical lagoon Nokoué (Benin). Environ. Monit. 
Assess. 195, 446.

Hyland J, Balthis L, Karakassis I, Magni P, Petrov A, Shine J, Vestergaard O & Warwick R 
(2005) Organic carbon of sediments as an indicator of stress in the marine benthos. 
Mar. Ecol. Prog. Ser. 295, 91–103.

Johnson R, Lindegarth M & Carstensen J (2013) Establishing reference conditions and 
setting class boundaries.,

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

28

Kaboré I, Jäch M, Oueda A, Moog O, Melcher A & Guenda W (2016) Dytiscidae, Noteridae 
and Hydrophilidae of semi-arid rivers and reservoirs of Burkina Faso: species 
inventory, diversity and ecological notes. J. Biodivers. Environ. Sci. 8, 1–14.

Kamelan T, Diomande A, Yao K, Berte S & Kouamelan E (2022) Reference values of the 
physico-chemical parameters of the water streams of Tai national Park (Côte 
d’Ivoire). Int. J. Biol. Chem. Sci. 16, 1331–1349.

Kang S-R & King SL (2012) Influence of salinity and prey presence on the survival of 
aquatic macroinvertebrates of a freshwater marsh. Aquat. Ecol. 46, 411–420.

Kazanci N & Girgin S (1998) Distribution of Oligochaeta species as bioindicators of organic 
pollution in Ankara Stream and their use in biomonitoring. Turk J Zool 22, 83–87.

Laine M (2013) Une approche multi-compartiments (macroinvertébrés benthiques, 
diatomées, macrophytes et faune piscicole) afin d’évaluer l’impact de rejets 
industriels sur un cours d’eau landais: mise en évidence d’indicateurs de toxicité.

Lazic SE, Mellor JR, Ashby MC & Munafo MR (2020) A Bayesian predictive approach for 
dealing with pseudoreplication. Sci. Rep. 10, 2366.

Lazo DG (2004) Bivalve Taphonomy: Testing the Effect of Life Habits on the Shell Condition 
of the Littleneck Clam Protothaca (Protothaca) staminea (Mollusca: Bivalvia). 
PALAIOS 19, 451–459.

Lencioni V, Marziali L & Rossaro B (2012) Chironomids as bioindicators of environmental 
quality in mountain springs. Freshw. Sci. 31, 525–541.

Lloret J, Marín A & Marín-Guirao L (2008) Is coastal lagoon eutrophication likely to be 
aggravated by global climate change? Estuar. Coast. Shelf Sci. 78, 403–412.

Lu J, Yao T, Shi S & Ye L (2022) Effects of acute ammonia nitrogen exposure on metabolic 
and immunological responses in the Hong Kong oyster Crassostrea hongkongensis. 
Ecotoxicol. Environ. Saf. 237, 113518.

Lu Y, Aitken RJ & Lin M (2017) Detailed analysis of the male reproductive system in a 
potential bio-indicator species – The marine invertebrate Galeolaria caespitosa 
(Polychaeta: Serpulidae). PLOS ONE 12, e0174907.

Mai H (2013) Evaluation of the deleterious effects of heavy metals and pesticides on early 
life stages and gametes of the Pacific Oyster, Crassostrea gigas: application to the 
pollution context of the Arcachon Bay. , 237.

Maiti SK (2003) Handbook of methods in environmental studies, ABD publishers Jaipur.

Mama D, Aina M, Alassane A, Boukari O, Chouti W, Deluchat V, Bowen J, Afouda A & 
Baudu M (2012) Caractérisation physico-chimique et évaluation du risque 
d’eutrophisation du lac Nokoué (Bénin). Int. J. Biol. Chem. Sci. Available at: 
https://go.exlibris.link/LbC1lT4X.

Margalef R (1958) Information theory in biology. Gen. Syst. Yearb. 3, 36–71.

Maynou F, Galimany E, Ramón M & Solé M (2020) Impact of temperature increase and 
acidification on growth and the reproductive potential of the clam Ruditapes 
philippinarum using DEB. Estuar. Coast. Shelf Sci. 247, 107099.

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

29

Medeiros JP, Chaves ML, Silva G, Azeda C, Costa JL, Marques JC, Costa MJ & Chainho P 
(2012) Benthic condition in low salinity areas of the Mira estuary (Portugal): 
Lessons learnt from freshwater and marine assessment tools. Ecol. Indic. 19, 79–88.

Menetrey N, Oertli B, Sartori M, André W & Lachavanne J (2008) Eutrophication: are 
mayflies (Ephemeroptera) good bioindicators for ponds? Hydrobiologia 597, 125–
135.

Miguet P, Logez M & Argillier C (2019) Incertitudes liées aux interactions de pressions. , 
30.

Navarro-Barranco C, Ros M, Figueroa J & Guerra-García J (2020) Marine Crustaceans as 
Bioindicators: Amphipods as Case Study. In pp.435–463.

Navarro-Barranco C, Ros M, Tierno de Figueroa JM & Guerra-García JM (2020) Les 
crustacés marins en tant que bioindicateurs : les amphipodes en tant qu’étude de 
cas. In G. Lovrich & M. Thiel, eds. Fisheries and Aquaculture: Volume 9. Oxford 
University Press, pp.0. Available at: 
https://doi.org/10.1093/oso/9780190865627.003.0017 [Accessed April 14, 2023].

Nerlović V, Doğan A & Hrs-Brenko M (2011) Response to oxygen deficiency (depletion): 
Bivalve assemblages as an indicator of ecosystem instability in the northern Adriatic 
Sea. Biologia (Bratisl.) 66, 1114–1126.

Nguyen HH, Everaert G, Gabriels W, Hoang TH & Goethals PLM (2014) A multimetric 
macroinvertebrate index for assessing the water quality of the Cau river basin in 
Vietnam. Limnologica 45, 16–23.

Norberg A, Tikhonov G, Blanchet FG, Abrego N & Ovaskainen O USER MANUAL FOR THE 
SOFTWARE PACKAGES HMSC-MATLAB 2.0 AND HMSC-R 2.0. , 66.

Ntislidou C, Lazaridou M, Tsiaoussi V & Bobori DC (2018) A new multimetric 
macroinvertebrate index for the ecological assessment of Mediterranean lakes. Ecol. 
Indic. 93, 1020–1033.

OECD & Díaz RJ (2010) Agriculture’s impact on aquaculture: Hypoxia and eutrophication in 
marine waters. In Advancing the Aquaculture Agenda. OECD, pp.275–318. Available 
at: https://www.oecd-ilibrary.org/agriculture-and-food/advancing-the-aquaculture-
agenda/agriculture-s-impact-on-aquaculture-hypoxia-and-eutrophication-in-marine-
waters_9789264088726-20-en [Accessed August 26, 2022].

Österling M & Högberg J-O (2014) The impact of land use on the mussel Margaritifera 
margaritifera and its host fish Salmo trutta. Hydrobiologia 735, 213–220.

Ovaskainen O, Tikhonov G, Norberg A, Blanchet FG, Duan L, Dunson D, Roslin T & Abrego 
N (2017) How to make more out of community data? A conceptual framework and 
its implementation as models and software. Ecol. Lett. 20, 561–576.

Padmanabha B (2011) Diversity of Macroinvertebrates as a Tool to Assess Aquatic Pollution 
in Lentic Ecosystems. , 3.

Paine RT, Tegner MJ & Johnson EA (1998) Compounded Perturbations Yield Ecological 
Surprises. Ecosystems 1, 535–545.

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

30

Parry M, Canziani O, Palutikof J, van der Linden P & Hanson C (2007) Climate Change 
2007: Impacts, Adaptation and Vulnerability. In Contribution of Working Group II to 
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change.

Patrício J, Neto JM, Teixeira H, Salas F & Marques JC (2009) The robustness of ecological 
indicators to detect long-term changes in the macrobenthos of estuarine systems. 
Mar. Environ. Res. 68, 25.

Pearson RK (2020) Mining Imperfect Data: With Examples in R and Python, Second Edition, 
SIAM.

Petersen JK, Holmer M, Termansen M & Hasler B (2019) Nutrient Extraction Through 
Bivalves. In A. C. Smaal, J. G. Ferreira, J. Grant, J. K. Petersen, & Ø. Strand, eds. 
Goods and Services of Marine Bivalves. Cham: Springer International Publishing, 
pp.179–208. Available at: https://doi.org/10.1007/978-3-319-96776-9_10 [Accessed 
August 24, 2022].

Piggott JJ, Townsend CR & Matthaei CD (2015) Reconceptualizing synergism and 
antagonism among multiple stressors. Ecol. Evol. 5, 1538–1547.

Poirrier M & Partridge M (1979) The Barnacle, Balanus subalbidus, as a Salinity 
Bioindicator in the Oligohaline Estuarine Zone. Estuaries 2, 204–206.

Redha HA & Al-Zurfi SKL (2021) Impact of Physicochemical Parameters on 
Macroinvertebrates distribution attached to aquatic plants. In IOP Conference 
Series: Earth and Environmental Science. IOP Publishing, pp.012045.

Reise K (1982) Long-term changes in the macrobenthic invertebrate fauna of the Wadden 
Sea: are polychaetes about to take over? Neth. J. Sea Res. 16, 29–36.

Reizopoulou S, Thessalou-Legaki M & Nicolaidou A (1996) Assessment of distubance in 
Mediterranean lagoons: An evaluation of methods. Mar. Biol. 125, 189–197.

Roberts SM, Halpin PN & Clark JS (2022) Jointly modeling marine species to inform the 
effects of environmental change on an ecological community in the Northwest 
Atlantic. Sci. Rep. 12, 132.

Robertson BM, Stevens L, Robertson B, Zeldis J, Green M, Madarasz-Smith A, Plew D, 
Storey R, Hume T & Oliver M (2016) NZ Estuary Trophic Index Screening Tool 2: 
determining monitoring indicators and assessing estuary trophic state. Prep. 
Envirolink Tools Proj. Estuar. Trophic Index MBIENIWA Contract, 68.

Rong Y, Tang Y, Ren L, Taylor WD, Razlutskij V, Naselli-Flores L, Liu Z & Zhang X (2021) 
Effects of the Filter-Feeding Benthic Bivalve Corbicula fluminea on Plankton 
Community and Water Quality in Aquatic Ecosystems: A Mesocosm Study. Water 13, 
1827.

Sankare Y, Kodjo E & Kouassi N (2021) L’aquaculture en habitat artificiel (acadja-enclos): 
modifications et transformations du milieu lagunaire (lagune Tendo - Côte-d’Ivoire) 
Aquaculture in artificial habitat (Acadja-enclos): Modification and transformation of 
the lagoonal environment (Tendo lagoon - Ivory Coast). , 9.

Schoolmaster DR, Grace JB, Schweiger EW, Guntenspergen GR, Mitchell BR, Miller KM & 
Little AM (2013) An algorithmic and information-theoretic approach to multimetric 
index construction. Ecol. Indic. 26, 14–23.

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

31

Šidagytė E, Višinskienė G & Arbačiauskas K (2013) Macroinvertebrate metrics and their 
integration for assessing the ecological status and biocontamination of Lithuanian 
lakes. Limnologica 43, 308–318.

Siddig AAH, Ellison AM, Ochs A, Villar-Leeman C & Lau MK (2016) How do ecologists 
select and use indicator species to monitor ecological change? Insights from 14 
years of publication in Ecological Indicators. Ecol. Indic. 60, 223–230.

Simpson EH (1949) Measurement of diversity. nature 163, 688–688.

Sossou-Agbo AL (2013) La mobilité dans le complexe fluvio-lagunaire de la basse vallée de 
l’Ouémé au Bénin, en Afrique de l’Ouest. phdthesis. Université de Grenoble. 
Available at: https://tel.archives-ouvertes.fr/tel-00995697 [Accessed January 21, 
2020].

Souchu P, Bec B, Smith VH, Laugier T, Fiandrino A, Benau L, Orsoni V, Collos Y & Vaquer 
A (2010) Patterns in nutrient limitation and chlorophyll a along an anthropogenic 
eutrophication gradient in French Mediterranean coastal lagoons. Can. J. Fish. 
Aquat. Sci. 67, 743–753.

Soudant D & Belin C (2011) Note sur l’approche statistique de la diversité en écologie. 
Application à l’indice composition pour le phytoplancton - Convention 2010 - Action 
1. Available at: https://archimer.ifremer.fr/doc/00037/14843/ [Accessed August 31, 
2022].

Staniczenko PPA, Sivasubramaniam P, Suttle KB & Pearson RG (2017) Linking 
macroecology and community ecology: refining predictions of species distributions 
using biotic interaction networks. Ecol. Lett. 20, 693–707.

Steeves LE, Filgueira R, Guyondet T, Chasse J & Comeau L (2018) Past, present, and 
future: performance of two bivalve species under changing environmental 
conditions. Front. Mar. Sci. 5, 184.

Suarez-Menendez M, Planes S, Garcia-Vazquez E & Ardura A (2020) Early Alert of 
Biological Risk in a Coastal Lagoon Through eDNA Metabarcoding. Front. Ecol. 
Evol. 8. Available at: https://www.frontiersin.org/articles/10.3389/fevo.2020.00009 
[Accessed July 16, 2022].

Tachet H, Bournaud M, Richoux P & Usseglio-Polatera P (2010) Invertébrés d’eau douce: 
systématique, biologie, écologie Editions CNRS., Paris.

Tampo L, Kaboré I, Alhassan EH, Ouéda A, Bawa LM & Djaneye-Boundjou G (2021) Benthic 
Macroinvertebrates as Ecological Indicators: Their Sensitivity to the Water Quality 
and Human Disturbances in a Tropical River. Front. Water 3. Available at: 
https://www.frontiersin.org/articles/10.3389/frwa.2021.662765 [Accessed August 
22, 2022].

Teixeira HLG (2010) Dissertação apresentada à Universidade de Coimbra para obtenção do 
grau de Doutor em Biologia (especialidade Ecologia). , 181.

Tikhonov G, Abrego N, Dunson D & Ovaskainen O (2017) Using joint species distribution 
models for evaluating how species‐to‐species associations depend on the 
environmental context. Methods Ecol. Evol. 8, 443–452.

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

32

Tikhonov G, Opedal ØH, Abrego N, Lehikoinen A, de Jonge MMJ, Oksanen J & Ovaskainen 
O (2020) Joint species distribution modelling with the r-package Hmsc. Methods 
Ecol. Evol. 11, 442–447.

Tilman D, Fargione J, Wolff B, D’Antonio C, Dobson A, Howarth R, Schindler D, Schlesinger 
WH, Simberloff D & Swackhamer D (2001) Forecasting agriculturally driven global 
environmental change. Science 292, 281–284.

Trichet-Arce E (2013) Intérêt des traits fonctionnels des communautés macrobenthiques 
dans le diagnostic dynamique de récupération biotique d’un cours d’eau suite à des 
actions de restauration. Available at: https://hal.univ-lorraine.fr/tel-
01750620/document.

Tutu H (2017) Water Quality, Available at: 
https://www.intechopen.com/books/undefined/books/5355 [Accessed July 18, 2022].

Uherek CB & Pinto Gouveia FB (2014) Biological Monitoring Using Macroinvertebrates as 
Bioindicators of Water Quality of Maroaga Stream in the Maroaga Cave System, 
Presidente Figueiredo, Amazon, Brazil. Int. J. Ecol. 2014, e308149.

UNECA (2016) The Demographic profile of African countries. , 77p.

Van Loon WMGM, Walvoort DJJ, Van Hoey G, Vina-Herbon C, Blandon A, Pesch R, Schmitt 
P, Scholle J, Heyer K, Lavaleye MSS, Phillips G, Duineveld GCA & Blomqvist M 
(2018) A regional benthic fauna assessment method for the Southern North Sea 
using Margalef diversity and reference value modelling. Ecol. Indic. Available at: 
https://www.vliz.be/en/imis?refid=294286 [Accessed August 22, 2022].

Ventura A (2018) Bivalves in the face of ocean acidification. , 49.

Villantes Y (2015) Macroinvertebrates as bioindicators of water quality in labo and clarin 
rivers, misamis occidental, Philippines. 6.

de Vries J, Kraak MHS, Skeffington RA, Wade AJ & Verdonschot PFM (2021a) A Bayesian 
network to simulate macroinvertebrate responses to multiple stressors in lowland 
streams. Water Res. 194, 116952.

Wagenhoff A (2016) A review of benthic macroinvertebrate metrics for assessing stream 
ecosystem health. Prep. Environ. Southl., 49p.

Warwick RM & Clarke KR (1993) Comparing the severity of disturbance: a metaanalysis of 
marine macrobenthic community data. Mar. Ecol. Prog. Ser. 92, 221–231.

Wilber D & Clarke D (2001) Biological Effects of Suspended Sediments: A Review of 
Suspended Sediment Impacts on Fish and Shellfish With Relation to Dredging 
Activities in Estuaries. North Am. J. Fish. Manag. - NORTH AM J FISH MANAGE 21, 
855–875.

Wildsmith MD, Rose TH, Potter IC, Warwick RM & Clarke KR (2011) Benthic 
macroinvertebrates as indicators of environmental deterioration in a large 
microtidal estuary. Mar. Pollut. Bull. 62, 525–538.

Wildsmith MD, Rose TH, Potter IC, Warwick RM, Clarke KR & Valesini FJ (2009) Changes 
in the benthic macroinvertebrate fauna of a large microtidal estuary following 

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

33

extreme modifications aimed at reducing eutrophication. Mar. Pollut. Bull. 58, 
1250–1262.

WRI (2001) Pilot analysis of global ecosystems, Coastal Ecosystems. , 93.

Yusof  ahmad nizam, Yanta N & Wood A (2004) The use of bivalves as bio-indicators in the 
assessment of marine pollution along a coastal area. J. Radioanal. Nucl. Chem. - J 
RADIOANAL NUCL CHEM 259, 119–127.

Zhou XD, Xu MZ, Lei FK, Zhang JH, Wang ZY & Luo YY (2022) Responses of 
Macroinvertebrate Assemblages to Flow in the Qinghai-Tibet Plateau: Establishment 
and Application of a Multi-Metric Habitat Suitability Model. Water Resour. Res. 58, 
e2021WR030909.

 

Statements & Declarations

Funding

The authors also acknowledge the financial support provided by International Foundation 
for Science (IFS) (IFS Grant A/6533-1). We thank the IFS for all that it does for scientific 
research in Africa. 

Competing Interests

The authors have no relevant financial or non-financial interests to disclose.

Author Contributions

 Conceptualization, data management, methodology, analysis, formal interpretation, and 
redaction of the manuscript, by Romuald HOUNYEME; Contribution to data collection and 
commentary on the results, by Mama Daouda; Supervision of the study and contribution to 
the writing, by Christine Argillier; All authors have read and approved the published version 
of the manuscript.

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

ACCEPTED MANUSCRIPT



Acce
pte

d m
an

us
cri

pt

ACCEPTED MANUSCRIPT


