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Water quality degradation associated with wastewater discharges compromises the production of marine living
resources. Water quality indices (WQIs) are relevant tools for water quality management, but most applications
are limited to the suitability of freshwater for drinking. In this study, a novel WQI was developed to assess the
effects of urban wastewater treatment plant (WWTP) discharges on the water quality in Ria Formosa coastal
lagoon, targeting the condition of bivalve molluscs and consumer food safety (WQIB). The application of WQIB
was compared with an adapted version of the Canadian Council of Ministers of the Environment Water Quality
Index, using similar parameters (CCME-WQIg). WQIB and CCME-WQIg were applied to four areas next to
WWTPs, over a 2-year period. WQIB integrated seven sub-indices (salinity, unionized ammonia, dissolved ox-
ygen, suspended solids, chlorophyll-a, Escherichia coli and toxigenic phytoplankton), using a weighted additive
aggregation function. Water quality ranged from very poor to very good and generally improved with distance
from the effluent discharge points, and during the cold period. Highest influence of WWTP discharges was
detected in areas under weak hydrodynamics. In areas under strong hydrodynamics, poor water quality was
caused by the advection of toxigenic phytoplankton from adjacent coastal waters during the warm period.
Although correlated, the use of WQIB should be preferred over CCME-WQI due its greater sensitivity, use of
weighted parameters and application at the sampling event scale. Our novel index extends the limited number of
WQIs applied to marine systems and can be adapted to other systems and water use purposes.

1. Introduction contamination with faecal material and associated pathogenic microbes

(e.g., Cravo Uddin et al, 2022a, and references therein). These

Coastal lagoons are among the most productive systems on Earth
(Kennish and Paerl, 2010), providing a wide range of goods and
ecological services that are highly valued by man, including the pro-
duction of edible resources such as bivalve molluscs (Chapman, 2012;
Newton et al., 2018; Nunes et al., 2021). However, the sustainability of
coastal lagoon services is currently being challenged by water quality
issues that require the implementation of appropriate ecosystem man-
agement strategies (e.g., Filgueira et al., 2016; Bonometto et al., 2022).
In recent decades, the discharge of wastewater effluents into coastal
ecosystems has generally impaired the water quality (Seiler et al., 2020),
namely by promoting eutrophication problems and harmful algal
blooms (HABs), reduction in dissolved oxygen levels, and the
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anthropogenically-induced environmental changes have been reported
for coastal lagoons worldwide, including major bivalve mollusc pro-
duction centers in southern Europe, such as the Thau (Derolez et al.,
2020) and Ria Formosa lagoons (Cravo et al., 2015, 2022a). In these
systems, water quality degradation can negatively affect the physio-
logical condition of bivalves (Mendon¢a Uddin et al.,, 2022), and
compromise their safety as food for human consumers, posing a relevant
threat to public health. These issues globally limit production, sustain-
ability (e.g., Gray, 2019; Cravo Uddin et al., 2022a) and other ecosystem
services provided by shellfish production areas (review by Olivier et al.,
2020).

The use of specific environmental policies and legislation (e.g.,
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Urban Wastewater Treatment Directive, Council Directive 91/271/EEC,
1991; Shellfish Waters Directive, Directive 2006/113/EC, 2006; Water
Framework Directive, WFD, Directive 2000/60/EC, 2000), along with
well-grounded monitoring strategies, enables the selection of effective
ecosystem management actions, a key challenge for the protection of
shellfish production areas and the safety of human consumers (Gray,
2019; Brown et al., 2020; Webber et al., 2021; Braga et al., 2023). The
diversity and complexity of water quality monitoring data stimulated
the development of water quality indices (WQIs), which synthesize
multiple water quality parameters into a single value that can be easily
perceived and effectively interpreted. These indices have been a popular
tool for management purposes since the 1970s. Overall, the definition of
any WQI involves four sequential stages: (1) selection of a set of pa-
rameters representative of the water quality; (2) development of sub-
index functions and unitless values for each parameter; (3) assignment
of the parameter weighting values; and (4) aggregation of weighted sub-
index values (reviews by Gupta and Gupta, 2021; Uddin et al., 2021;
Chidiac et al., 2023; Lukhabi et al., 2023; Mogane et al., 2023). Despite
this generalized workflow, the index structure, number and type of
water quality parameters, parameter metrics and transformations, and
aggregation functions used to establish WQIs are diverse, resulting in
different WQIs (e.g., Weighted Arithmetic Water Quality Index, US
National Sanitation Foundation Water Quality Index, Canadian Council
of Ministers of the Environment Water Quality Index, Irish Water
Quality Index). This index diversity also reflects data availability, local
water quality regulatory guidelines, and water body type and intended
uses (reviews by Sivaranjani et al., 2015; Kachroud et al., 2019; Uddin
et al., 2021, 2023; Mogane et al., 2023). Despite their widespread use,
none of the WQIs has so far been universally accepted (e.g., Gupta and
Gupta, 2021). In fact, many studies have applied multiple WQIs and
approaches and analysed their relative advantages and disadvantages
when applied to freshwater (Landwehr and Deininger, 1976; Said et al.,
2004; Lumb et al., 2011; Akkoyunly and Akiner, 2012; Fataei et al.,
2013; Behmanesh, 2014; Finotti et al., 2015; Darvishi et al., 2016;
Hamlat et al., 2017; Kachroud et al., 2019; Zotou et al., 2019; Alexakis,
2020; Calmuc et al., 2020; Lencha et al., 2021; Ramirez-Morales et al.,
2021; Gamvroula and Alexakis, 2022; Marcelina Uddin et al., 2022),
transitional (Tiwari Uddin et al., 2022) and marine (Gupta et al., 2003;
Woodward et al., 2020; Uddin Uddin et al., 2022; Nada et al., 2024)
ecosystems. Overall, ca. 91 % of WQI applications have been used to
assess water quality in freshwater systems (Uddin et al., 2021), mostly to
examine the suitability of water quality for drinking purposes (Gupta
and Gupta, 2021). Therefore, the development and application of WQIs
in transitional and marine systems, namely for other beneficial uses of
water, including their use to support bivalve production, is largely
unexplored.

The Ria Formosa (RF) is a highly productive, coastal lagoon system,
on the southern coast of Portugal that represents the most important
bivalve mollusc production area, providing multiple ecosystem services
with high socio-economic value (Newton et al., 2014, 2018, 2020; Cravo
et al., 2022a). However, the RF water quality has been negatively
impacted by the discharges from urban wastewater treatment plants,
WWTPs (e.g., Martins et al., 2006; Cravo et al., 2015, 2022a, 2022b;
Jacob et al., 2020; Newton et al., 2022; Rosa et al., 2022; Caetano et al.,
2023). Most studies addressing water quality issues in the RF have used
physico-chemical quality elements and chlorophyll-a (Newton et al.,
2003; Loureiro et al., 2006; Goela et al., 2009; Brito et al., 2012; Cravo
et al., 2015; Rodrigues et al., 2021; Newton et al., 2022; Rosa et al.,
2022). However, most of these approaches have neglected critical water
quality parameters (e.g., faecal contaminants, phycotoxins) that are
relevant for appropriate protection and management of bivalve shellfish
production areas. WQIs are potentially important tools for assessing the
impacts of WWTP discharges on RF receiving waters and nearby shell-
fish production areas, thus contributing to the implementation of man-
agement actions, and evaluation of their effectiveness. In addition, there
is a need to establish integrative WQIs, that can also be applied to
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different temporal scales, allowing the identification of critical episodes
in terms of water quality and bivalve safety for consumers, as well as
long-term trends in water quality classification.

In this context, the aim of this study was to develop a novel WQI to
assess the impact of WWTP discharges, specifically targeting the phys-
iological condition of bivalves and consumer food safety (WQIB). In
addition, WQIB was compared with an adapted version of the conven-
tional Canadian Council of Ministers of the Environment Water Quality
Index (CCME-WQI), whose flexibility enabled the use of similar water
quality parameters. The Trophic Index (TRIX) was also used to evaluate
the impact of treated effluent disposal on the trophic status of the study
areas. WQIs were applied to lagoon areas in the vicinity of the main
WWTP discharge areas, exposed to variable environmental conditions
and wastewater loading regimes. A set of water quality parameters
directly affecting the physiological condition of bivalves and/or food
safety for human consumers, including chemical and biological vari-
ables, were considered in both WQIs.

2. Material and methods
2.1. Ria Formosa coastal lagoon: Description of the study areas

The RF is a shallow coastal lagoon system, that extends ca. 55 km
along the southern coast of Portugal (total wet area: 105 km?) and is
connected to the ocean by six inlets (Fig. 1). RF is an euryhaline meso-
tidal, well mixed system, with several main channels and a branched
system of creeks (review by Barbosa, 2010). The tides are semidiurnal,
with a mean tidal range around 2 m, and ca. 50-75 % of the lagoon
water volume is daily exchanged with the ocean (Mudge et al., 2008).
The Gilao River is the only permanent natural freshwater source
affecting the lagoon, but with a low mean annual discharge rate (2.44
m®s~!; Lima et al., 2023), and the adjacent coastal ocean is affected by
regular upwelling events that ultimately affect the outer lagoon areas
(Barbosa, 2010; Cravo et al., 2014, 2020). Despite its semi-confined
nature, the lack of significant salinity gradients and freshwater inputs
is associated with the classification of the RF lagoon system as sheltered
coastal waters, rather than transitional waters, in the context of the WFD
(Newton et al., 2014). The RF coastal lagoon is a protected area, under
national and international conventions (Newton et al., 2022), and is a
breeding and nursery ground for many species of fish and molluscs,
especially bivalves (Newton et al., 2003, 2020, 2022). The RF represents
the main bivalve production area in Portugal, an activity that directly
and indirectly involves about 10,000 people (Cravo et al., 2015). The
three main municipalities in the RF drainage basin (Faro, Olhao and
Tavira) have ca. 140,000 resident inhabitants (PORDATA, the Database
of Contemporary Portugal; https://www.pordata.pt/#AnchorCensos),
but this number increases markedly during the summer due to the influx
of visitors.

Until recently, five main WWTPs located near the cities of Faro,
Olhao and Tavira discharged their effluent into five RF lagoon areas (see
Fig. 1): (1) Northwestern Faro (FNW); (2) Faro-Olhao (F—O); (3)
Western Olhao (OW); (4) Eastern Olhao (OE); and (5) Almargem-Tavira
(Alm-T). However, in late October 2018, two of the WWTPs underwent
major alterations: the OW WWTP (with aerobic stabilization ponds) was
decommissioned, and its influent was redirected to the upgraded F—O
WWTP. Since then, the later WWTP has received the influents from both
Faro and Olhao cities, which has increased the equivalent population
served and the effluent discharge (from 10,000 to 16,000 mid) by
about 60 % (Jacob et al., 2020; Cravo et al., 2022a). Wastewater
treatment at the FNW, OE, and Alm-T WWTPs includes primary physical
treatment, followed by secondary biological treatment using activated
sludge, and final ultraviolet disinfection. The upgraded F—O WWTP
includes an advanced biological treatment, NEREDA®, designed to
remove N and P nutrients (Khan et al., 2015), and the introduction of
ultraviolet (UV) disinfection of effluent, after September 2019 (Jacob
et al., 2020). The main characteristics of the effluents discharged by
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Fig. 1. Map of the Ria Formosa (RF) coastal lagoon, and location of all the five study areas and sampling stations. The red stripped polygon, retrieved from the
Portuguese Institute of the Sea and Atmosphere (https://www.ipma.pt/en/bivalves/docs/), represent the classified lagoon bivalve production area “Olhao 2”. Study
areas (coloured boxes): Northwestern Faro (FNW); Faro-Olhao (F—O); Western Olhao (OW); Eastern Olhao (OE); and Almargem-Tavira (Alm-T). For each area, blue
arrows represent the location of the effluent discharge points from the main urban wastewater treatment plants (WWTP), white circles denote the main sampling
stations used to derive the water quality indices (WQIB and CCME-WQIg) and the trophic index (TRIX), and bi-coloured white-red circles represent stations used for
TRIX only, and the white-delimited polygons represent bivalve mollusc harvesting grounds, provided by Agéncia Portuguesa do Ambiente. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

these five WWTPs, and the five receiving study areas, including hydro-
dynamic conditions, are summarized in Table S1 (Supplementary Ma-
terial, Section E). All lagoon areas in the vicinity of the WWTP discharge
points, except Alm-T, include shellfish harvesting grounds, which are
more extensive in the OE study area (Fig. 1).

2.2. Sampling strategy

The impact of effluents derived from five WWTPs on the water
quality of Ria Formosa was investigated for five lagoon areas, during a
ca. 2-year period (September 2018-September 2020). Sampling was
generally undertaken monthly, during low neap tides, the most critical
tidal stage for lagoon water quality (Cravo et al., 2022a). However,
sampling in the OW area was less frequent, especially for biological
variables, due to the decommissioning of the WWTP.

For each study area, water samples were collected along longitudinal
transects of the effluent dispersion, starting at 250 m from the WWTP
discharge point (EDP) to a maximum distance of 2000 m (Fig. 1). As the
impact of effluent discharges has been detected up to 750 m from the
EDPs (Cabaco et al., 2008; Cravo et al., 2015), the first three stations
sampled for each area were equally spaced, by 250 m, up to 750 m.
Farthest stations from the EDPs were located in main lagoon channels

and/or in the vicinity of bivalve mollusc production areas, and distance
between intermediate stations generally increased due to weaker envi-
ronmental gradients (Cabaco et al., 2008; Cravo et al., 2015). Thus, from
four to 11 stations were sampled for each of the five study areas (total:
29 stations; Fig. 1). Basic water physico-chemical variables (water
temperature, salinity, dissolved oxygen) were measured in situ, and
surface water samples (ca. 20-30 cm) were collected for the analysis of
dissolved inorganic macro-nutrients, suspended solids, Escherichia coli,
chlorophyll-a, and phytoplankton abundance and composition. Water
physico-chemical variables and chlorophyll-a were measured at all 29
stations, but the abundance of toxigenic phytoplankton and E. coli and
the WQIs were only analysed for 16 stations (see white circles in Fig. 1).

2.3. Analysis of variables indicative of water quality

Water temperature, salinity, dissolved oxygen, and pH were
measured in situ with a multiparametric probe YSI (EXO 2; see Cravo
et al., 2020 for details on range and accuracy). Suspended solids and
dissolved inorganic macro-nutrients (nitrate, nitrite, ammonium, phos-
phate, and silicate) were quantified using gravimetric and spectropho-
tometric methods, respectively (Grasshoff et al., 1999; see Cravo et al.,
2022a for details). Unionized ammonia (NH3) was calculated as a
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fraction of ionized ammonia (ammonium ion, NHZ) concentrations,
based on water temperature and pH (Emerson et al., 1975). Abundance
of E. coli in water samples was assessed using the Quanti-Tray method,
with the defined-substrate assay Colilert system (see Cravo et al., 2022a
for further details).

Chlorophyll-a concentration (Chl-a), used as a proxy for total
phytoplankton biomass, was analysed spectrophotometrically
(Lorenzen, 1967). Phytoplankton abundance and species composition,
based only on strictly autotrophic and mixotrophic taxa, were evaluated
using inverted microscopy, according to Utermohl (1958). This strategy
prevented the analysis of picophytoplankton (e.g., cyanobacteria and
eukaryotes <2 pm) and morphologically inconspicuous nano-
phytoplankton (2-20 pm). Phytoplankton were identified to the lowest
taxonomic level possible (see Cravo et al., 2022a, and Lima et al., 2023,
for details). In addition to our phytoplankton dataset, information on the
abundance of potentially toxigenic phytoplankton taxa for the classified
shellfish production area ‘Olhao 2’ (ca. 200 m east from station OE 250),
analysed as part of the Portuguese shellfish safety monitoring program,
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was retrieved from the public database of the Portuguese Institute of Sea
and Atmosphere (IPMA) (http://www.ipma.pt/pt/index.html/), for the
study period (IPMA, 2018, 2019, 2020). This database, derived from
approximately weekly sampling, included the abundance of the toxi-
genic taxa commonly reported in Portuguese coastal exposed and
confined ecosystems. These taxa included Pseudo-nitzschia spp.,
Dinophysis spp., and Gymnodinium catenatum, which are responsible for
the amnesic, diarrhetic and paralytic shellfish poisoning syndromes in
humans (ASP, DSP, and PSP), respectively (for details on the use of the
IPMA database, see Lima et al., 2022, 2023). Information from other
classified RF lagoon shellfish production areas was not used due to the
large distance between the IPMA sampling sites and our study areas.

2.4. Analysis of the trophic state of the study areas

The trophic index TRIX (Vollenweider et al., 1998) was used to
characterize the general trophic status of the study areas and evaluate
the influence of treated effluent disposal. TRIX combines pressure
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Fig. 2. Spatial variability of the mean values of the trophic index TRIX (bars) with distance (in meters) from the effluent discharge points in all the five study areas,
between September 2018 and September 2020. The bar colours represent the trophic statuses and water quality classes associated with the mean TRIX values. Black
squares and gray triangles represent mean values for the cold and warm period, respectively. Note differences in scales for both axes. See Fig. 1 for location of study

areas and sampling stations.
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variables (nutrients) and response variables (oxygen and Chl-a) related
to eutrophication and was calculated according to Vollenweider et al.
(1998; see Supplementary Material, Section A). TRIX index values were
categorized into four trophic statuses, associated to four quality classes,
using the following quality boundary values (Penna et al., 2004; Salas
et al., 2008; Cabrita et al., 2015; Cervantes-Duarte et al., 2021): (a) Low
trophic level/Oligotrophic (high quality): [0-4[; (b) Moderate trophic
level/Mesotrophic (good quality): [4-5[; (c) High trophic level/Meso-
trophic to Eutrophic (moderate quality): [5-6[; and (d) Very high tro-
phic level/Eutrophic (poor quality): [6-10]. This index was applied to
the five study areas (FNW, F—O, OW, OE and Alm-T) and to each of the
29 stations (Fig. 2) and, for each station, integrated over the entire 2-
year study period, and over two specific periods (warm period:
April-September; and cold period: October-March), as also applied for
the WQIB and CCME-WQBI indices.

2.5. Development of a novel water quality index for bivalves and
consumer safety (WQIB)

2.5.1. Water quality parameters, and parameter sub-index functions and
values

Our novel index, specifically targeting the condition of bivalve
molluscs and consumer safety (WQIB), integrates nine parameters: (a)
key environmental determinants of water quality and physiological
condition of bivalve molluscs, including suspended solids (e.g., Sobral
and Widdows, 2000; Webber et al., 2021), Chl-a (e.g., Vaz et al., 2021),
dissolved oxygen saturation (e.g., Sobral and Widdows, 1997; Sampaio
et al., 2021; Scanes and Byrne, 2023), salinity (Navarro and Gonzalez,
1998; Carregosa et al., 2014; Pourmozaffar et al., 2020; Rato et al.,
2022), and unionized ammonia (Batley and Batley and Simpson, 2009;
Salmond and Wing, 2022); and (b) variables that mostly control shellfish
safety for consumers (E. coli, and three common toxigenic phyto-
plankton taxa). Some of these water quality parameters (salinity, sus-
pended solids, and E. coli) have been used as proxies for wastewater
discharges (Cravo et al., 2022a; Mendonca et al., 2022) and have been
included in legal frameworks for shellfish waters (Directive 2006/113/
EC, 2006, no longer in force but transposed into national legislation, see
Decree-Law (DL) 236/98; Diario da Reptblica, 1998). E. coli was
selected since it is currently considered the preferred indicator for faecal
contamination (Uddin et al., 2021). As generally recommended
(Swamee and Tyagi, 2000; CCME, 2017; Ma et al., 2020), the water
quality parameters used in the WQIB were not highly correlated (see
sub-section 2.7), considering a threshold correlation coefficient (rs) of |
rg| > 0.70 (Dormann et al., 2013; Lima et al., 2023).

The concentration or level of each WQIB parameter was transformed
into unitless sub-index values by categorical scaling (i.e., linear
segmented functions), considering integer numbers between 1 (best
quality) and 4 (worst quality), as follows: 1 - very good; 2 — good; 3 —
moderate; and 4 — poor. For each parameter, the threshold levels used to
define the worst and best quality categories (Tables 1 and 2) were
selected using non-arbitrary regulatory or recommended water quality
standards and, in the case of Chl-a, from analysis of in situ observations
from the RF lagoon (see below). Threshold parameter levels used to
classify intermediate quality categories were further defined as quasi-
proportional deviations from extreme threshold levels. Despite some
degree of subjectivity associated with the later stage, this strategy for
determining the sub-index values for each parameter avoided the
normalization of observed parameter levels to sometimes subjective
rating curves or functions (e.g., Giordani et al., 2009; Shah and Joshi,
2017). The definition of parameter thresholds based on species-specific
tolerance and optimum levels (e.g., Vincenzi et al., 2006; Vaz et al.,
2021) was also not considered due to their variability for different RF
bivalve mollusc species (e.g., MMO, 2019), and the need to use the index
parameters as indicators of the influence of WWTP discharges. Detailed
information on the rationale behind the definition of water quality
parameter sub-index functions and values, and supporting references,
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Table 1
Water quality parameters used in the water quality index for bivalve and con-
sumer safety, WQIB (excluding toxigenic phytoplankton), threshold or range
levels used to define each of the four quality categories, and associated sub-index
values.

Parameters (units) Sub-index values for each parameter quality category

1 (Very 2 (Good) 3 4 (Poor)
good) (Moderate)
Salinity (% variation <5 [5-10[ [10-20[ >20
in respect to
reference)
Suspended Solids (% <10 [10-20[ [20-30([ >30
variation in
respect to
reference)
Dissolved Oxygen 100-120 [80-100[, [60-80[, <60, >160
(% saturation) [120-140([ [140-160[
Unionized ammonia <0.02 [0.02-0.1[ [0.1-0.2[ >0.2
(NH3-N L7}, mg
LY
Escherichia coli <100 [100-200( [200-300[ >300
(Most Probable (sensitive
Number/100 mL) areas)
<100 [100-500( [500-2000[ >2000 (non-
sensitive
areas)
Chlorophyll-a (pg <2 [2-8[ [8-15[ >15
LN
Table 2

Potentially toxigenic phytoplankton taxa used in the water quality index for
bivalve and consumer safety (WQIB), threshold or range levels used to define
each of the four quality categories for each taxa, and associated sub-index
values. Alert levels are underlined, and interdiction levels are shown in bold.

Phytoplankton Sub-index values for each parameter quality category
taxa (units) 1 (Very 2 (Good; alert 3 (Moderate; 4 (Poor; >
good; level/2 — alert alert level — interdiction
<alert level) interdiction level)
level/2) level)
Pseudo- <40,000  [40000-80,000  [80000-200,000  >200,000
nitzschia spp. [ [
(cells L™Y)
Dinophysis spp. <100 [100-200[ [200-500( >500
(cells L)
Gymnodinium <250 [250-500[ [500-1500[ >1500
catenatum
(cells L)

are provided as Supplementary Material (see Section B).

The abundances of key potentially toxigenic phytoplankton taxa,
including Pseudo-nitzschia spp., Dinophysis spp. and Gymnodinium cate-
natum, were also used but aggregated into a single component of the
WQIB index. In the case of the OE study area, the highest phytoplankton
abundance between our estimates and the data from ‘Olhao 2’ classified
shellfish production area, retrieved from the IPMA public database for
the date closest to our sampling dates, was applied to all stations. For
each toxigenic phytoplankton taxa, the threshold levels for the four
water quality classes (Table 2) were based on the regulatory alert
(trigger) and interdiction levels used by the IPMA regular monitoring
program (https://www.ipma.pt/en/bivalves/docs/). The alert level,
which imposes an increase in sampling frequency but allows bivalve
harvesting, was used as the lower threshold for moderate water quality.
The interdiction level, which imposes a closure of bivalve harvesting due
to risks to human health regardless of bivalve phycotoxin content, was
used as the threshold for the worst (‘poor’) water quality (Table 2). The
value for this index component was the worst value of the three toxi-
genic taxa, as required by the “One Out - All Out” precautionary prin-
ciple of the WFD (Directive 2000/60/EC, 2000).
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2.5.2. Sub-index weighting factors and aggregation of weighted sub-index
values

The final WQIB index value was estimated using a weighted additive
function (e.g., Uddin et al., 2021) based on the values of each sub-index
and the weight given to each sub-index, using Egs. 1 and 2:

WQIB = " SIi x Wi @
i=1

> wi=1 @)

i=1

where SJ; is the sub-index value for the i-th water quality parameter (1 <
SI; < 4, unitless integer), W; is the weighting factor of the i-th water
quality parameter, i.e., its importance with respect to the other param-
eters (0 < W; < 1, unitless), and n is the number of aggregated sub-
indices (seven).

However, if the sub-index value of critical water quality parameters
for bivalve condition and/or consumer safety was equal to 4 (worst
quality, i.e., ‘poor’), regardless of the values of other sub-index com-
ponents, the final WQIB index value was also scored as 4 (‘poor’), as
prescribed by the WFD precautionary principle (‘One Out - All Out’;
Directive 2000/60/EC, 2000). This approach represents an adjustment
of the “minimum operator function” (Mogane et al., 2023 and references
therein). These critical parameters included concentration of dissolved
oxygen and unionized ammonia, and abundance of E. coli (Table 1) and
potentially toxigenic phytoplankton taxa (Table 2). The final WQIB
index values were categorized into the following four water quality
classes: (a) Very Good: WQIB = [1.0-1.5[; (b) Good: WQIB = [1.5-2.5[;
(c) Moderate: WQIB = [2.5-3.5[; and (d) Poor: WQIB = [3.5-4.0].

A sensitivity analysis was run to determine how changes in param-
eter weights affected the WQIB values. The first scenario assumed
similar weights (0.143) for each of the seven parameters (Scenario 1,
unweighted function). Other scenarios tested (Scenarios 2-4) used var-
iable weights for each parameter (from 0.05 to 0.30; see Table 3). These
were defined using published information on their potential impact on
bivalve condition and consumer safety, expert knowledge from the RF
lagoon system, and considering the need to use the index parameters as
indicators of the potential impacts of WWTP discharges on bivalve
condition and consumer safety, including unquantified environmental
pressures (e.g., pesticides, metals, microplastics, pharmaceutical con-
taminants, potentially associated with discharges). The rationale behind
the four scenarios tested and the results are included as Supplementary
Material (see Section C and Table S2, respectively).

Sensitivity analysis showed no significant differences in the WQIB
values between the four different scenarios, either for the entire dataset
(Kruskal Wallis test, p = 0.843; see Table 3) or for each of the 16 sam-
pling stations (Kruskal Wallis test, p > 0.05; see Table S2). However, due
to the variable impact of each water quality parameter on bivalve con-
dition and consumer safety (see Supplementary Material, Sections B and
C), we considered that the water quality targeting bivalve condition and
consumer safety was best described by the individual parameter weights
used in Scenario 4 (Table 3). In total, the summed weight of index

Table 3
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parameters related to the condition of bivalves (oxygen saturation,
unionized ammonia and salinity) and consumer safety (toxigenic
phytoplankton and E. coli) was 0.55 and 0.35, respectively.

The WQIB value was estimated for four study areas (FNW, F—O, OE
and Alm-T), and for each of the 16 stations and sampling dates, during
the 2-year study period. If, for any reason, information on one or more
index parameters was not available, the final WQIB value was not
calculated. Thus, the less frequent sampling of biological parameters
precluded the analysis of WQIB in the OW area. For comparison pur-
poses with other WQIs, mean WQIB values were also calculated for the
entire study period and for two specific time periods. These included the
warm period: April — September, i.e., spring — summer), and the cold
period cold period: October — March, i.e., autumn - winter).

2.6. Application of the adapted Canadian Council of Ministers of the
Environment Water Quality Index (CCME-QWI) for bivalves and
consumer safety

The CCME-WQI has been widely used to assess the quality of riverine
and marine waters and protect aquatic life (e.g., CCME, 2001; Gupta and
Gupta, 2021). This flexible index requires the use of at least four water
quality parameters, and is calculated, objectively, according to specific
quality guidelines and their violations (Tyagi et al., 2013; Uddin et al.,
2021). Considering our study aims, a CCME-WQI index targeting the
condition of bivalve molluscs and consumer safety was developed
(CCME-WQIp), based on all water quality parameters used in our novel
WQIB index, except suspended solids. Considering that each CCME-WQI
parameter has a fixed weight and increases in suspended solids at
shallower stations can result not only from WWTP discharges, but also
from sampling and/or natural resuspension events, this parameter was
not considered. The eight water quality parameters and guidelines used
were as follows: (1) salinity >30 (typical value for marine waters); (2)
dissolved oxygen close to saturation, 100 % =+ 20 % (80 %-120 %, De-
cree Law 236/98); (3) Chl-a <5 pg L1 (typical values for the RF lagoon
areas not impacted by effluent disposal; Barbosa, 2010; Cravo et al.,
2022a); (4) unionized ammonia <0.05 NH3-N Lt mg L7t (see values
referred for marine organisms by Haywood, 1983 and US EPA, 1989);
(5) E. coli < 300 MPN/100 mL or < 2000 MPN/100 mL (see Table 1);
(6-8) abundance of specific toxigenic phytoplankton taxa below regu-
latory alert levels imposed by IPMA (see Table 2). Conservative guide-
lines were selected for most index parameters (usually within good to
very good WQIB levels, see Tables 1 and 2), as this is considered more
accurate (Lumb et al., 2011; CCME, 2017).

The CCME-WQIp index value was calculated according to CCME
(2017), based on three measures of variance from the selected water
quality guidelines (see Supplementary Material, Section D): (a) scope of
exceedance; (b) frequency; and (c) amplitude. The CCME-WQIp index
values, which range from zero (worst quality) to 100 (best quality), were
converted into four water quality classes using the following categori-
zation scheme (CCME, 2017): (a) Excellent (i.e., Very good): CCME-
WQIg = 95-100 (virtual absence of threat or impairment); (b) Good:
CCME-WQIp = 80-94 (minor degree of threat or impairment); (c) Fair
plus Marginal (i.e., Moderate): CCME-WQIg = 45-79 (occasional to

The four scenarios used to test the influence of parameter weighting factors (0-1) on the water quality index for bivalves and consumer safety (WQIB) in the Ria
Formosa coastal lagoon, considering the entire dataset (period: September 2018 — October 2020), with mean WQIB values (+ 1 standard error) for each scenario. Index
parameters - O sat.: oxygen saturation; E. coli: abundance of Escherichia coli; HABs: abundance of potentially toxigenic phytoplankton; NHs: concentration of unionized
ammonia; Chla: chlorophyll-a concentration; Sal: salinity; and SS: suspended solids.

Scenario Parameter weighting factors WQIB
O, sat. E. coli HABs NH; Chla Sal. SS Mean + SE
1 0.143 0.143 0.143 0.143 0.143 0.143 0.143 2.50 £1.25
2 0.30 0.20 0.20 0.10 0.075 0.075 0.05 2.47 +£1.26
3 0.25 0.15 0.175 0.225 0.075 0.075 0.05 2.45 +1.27
4 0.25 0.15 0.20 0.20 0.05 0.10 0.05 2.46 +1.27
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frequent threat or impairment); and (d) Poor: CCME-WQIz = 0-44
(almost always threatened or impaired). This strategy represents an
adaptation of the original five quality classes (CCME, 2001; 2017).
Merging the CCME-WQI original marginal and fair classes into a mod-
erate class allowed for a direct comparison with our WQIB values.

CCME-WQIg index values were calculated for each of the 16 stations
in the four study areas and integrated for the entire 2-year study period
and for two specific periods, warm period (April — September) and cold
period (October — March). Since at least four different samples within
the same period are required to estimate the CCME-WQI (Tyagi et al.,
2013), this index was not calculated for individual sampling events, as
was applied for the WQIB. Our strategy for deriving CCME-WQIg values
(eight water quality parameters and 12 samples per sampling site and
year) followed the recommendations of CCME (2017). These include a
minimum of eight quality parameters and about 10 samples per sam-
pling site and year, to ensure meaningful index results, that are repre-
sentative of natural site variability (CCME, 2017).

2.7. Statistical analysis

Basic assumptions for parametric analyses, including data normality
and homogeneity of variance, were tested using the Shapiro-Wilk and
Levene tests, respectively, and nonparametric methods were used when
required. All statistical analyses were considered at a significance level
of o = 0.05 and conducted using R version 4.0.3 (R Core Team, 2020).
Differences in variables between study areas, considering all stations,
were tested using the Kruskal Wallis test, a one-way analysis of variance
by ranks, followed by Dunn’s post-hoc test (Sokal and Rohlf, 1995).
Assuming dependence along longitudinal transects, differences between
stations for each study area and variable were assessed using the
nonparametric Durbin test, a Friedman-type analysis of variance by
ranks, for balanced incomplete block designs, followed by multiple
pairwise comparisons using the corresponding post-hoc test (Durbin,
1951).

The strength of monotonic relationships between environmental
variables, potential index parameters, and WQIs were assessed using the
Spearman rank correlation coefficient, rs (see correlation coefficients in
Table S3). Variables highly correlated (|rg| > 0.70; Dormann et al.,
2013) were not used as index parameters. The influence of index
parameter weighting factors on the WQIB values, evaluated for four
different scenarios (Table 3), considering the entire dataset or each of
the sampling station, was tested using the Kruskal Wallis test, followed
by Dunn’s post-hoc test (Sokal and Rohlf, 1995). This strategy was also
used to test differences in the values of trophic index TRIX and the water
quality indices (WQIB and CCME-WQI) between study areas, and dif-
ferences in WQIB between sampling sites within each study area, and
time periods (spring — summer, and autumn — winter).

3. Results
3.1. Environmental variability between and within the study areas

Basic statistical information on the water quality variables for the
five lagoon areas and temporal variability for each variable and study
area are included as Supplementary Material (see Table S4, and Figs. S1
and S2). Considering the variables conventionally used as indicators of
wastewater discharges, FNW, F—O, and Alm-T study areas showed a
higher influence of WWTP discharges, with lower salinities, and higher
concentrations of suspended solids and E. coli, compared to OW and OE
areas (p < 0.01; Table S4 and Fig. S1). Higher concentrations of ionized
ammonia, ammonium, and Chl-a were also detected in the former study
areas (p < 0.01), namely ammonium in FNW and F—O (Fig. S1), and
Chl-a in F—O and Alm-T areas (Fig. S2). Potentially toxigenic phyto-
plankton generally showed higher abundances in OE, OW and Alm-T
areas (p < 0.01), namely Pseudo-nitzschia spp. (p < 0.01; Table S4 and
Fig. S2).
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Spatial variability along the longitudinal transects of effluent
dispersal was detected for most variables in all study areas (p < 0.05),
except in the FNW (Chl-a) and OE (temperature, suspended solids, Chl-a
and Dinophysis spp.; data not shown). In the FNW, F—O and Alm-T areas,
lower salinities were recorded at the stations closest to the EDPs (p <
0.01), and values below 20 occurred episodically in F—O and Alm-T but
frequently in FNW (Fig. S1). Salinities lower than 20 % of the reference
conditions, the threshold for poor water quality (Table 1), reached sites
up to 750 m from the EDPs and were detected more frequently (ca. 50 %)
in FNW area. Concentrations of suspended solids were higher at the
stations closest to the EDPs (p < 0.01), namely at FNW and F—O
(Fig. S1). Values above 30 % of the reference conditions, used as a
threshold for poor water quality (Table 1), were detected at stations up
to 750 m from the EDPs, more frequently in FNW (33 %) and F—O (ca.
50 %) areas. Concentration of nitrate, ammonium, phosphate and sili-
cate increased at stations closest to the EDPs in all study areas (p < 0.01;
data not shown). Chl-a increased at these stations in the F—O, Alm-T (p
< 0.01), and OW (p < 0.05) areas, and values above 15 pg L’l, the
threshold for poor water quality (Table 1), were not detected in OW and
OE areas, rarely in FNW and Alm-T but regularly detected in F—O area
up to 750 m from the EDPs; Table S4 and Fig. S2).

Unionized ammonia was higher than 0.2 mg L™}, the lethal threshold
concentration (Table 1), only in the FNW area, at stations closest to the
EDP (Table S3). E. coli abundance was higher at the stations closest to
the EDPs, for all study areas (p < 0.01), reaching mean abundances ca.
500-fold higher than at the furthest station in the F—O area (Table S4
and Fig. S1). In the FNW and F—O areas, E. coli threshold abundance for
poor water quality (300 MPN/100 mL; Table 1) was frequently exceeded
up to 750 m of the EDPs (Fig. S1). In OE and Alm-T, E. coli threshold
abundance for poor water quality (2000 MPN/100 mL; Table 1) was
surpassed only once (Fig. S1). Dissolved oxygen saturation levels
indicative of poor water quality (<60 % or > 160 %; Table 1) were
regularly detected in the FNW, F—O and Alm-T areas (Fig. S1), at sta-
tions closest to the EDPs (Table S4). The abundance of toxigenic
phytoplankton was homogeneous within the FNW, OW and OE areas,
but higher in OE, namely in case of Pseudo-nitzschia spp. (Table S4 and
Fig. S2). In OE, abundances above the thresholds for poor water quality
were regularly detected, generally affecting all stations simultaneously.
In the F—O and Alm-T areas, toxigenic phytoplankton increased
significantly with distance from the EDPs (p < 0.01).

Temporal variability showed consistent intra-annual patterns for
most water quality variables. Water temperature (data not shown), and
salinity were generally higher during the late spring — summer period, in
all study areas (Fig. S2). Concentrations of ammonium (Fig. S2) and
other dissolved inorganic nutrients (data not shown) were usually
higher during the autumn-winter period. By contrast, Chl-a showed
maxima in spring (F—O area) or summer (FNW, OE, OW and Alm-T
areas; Fig. S2). In the Alm-T area, extreme oxygen oversaturation
levels (> 300 %) were episodically detected up to 750 m of the EDP,
during a mixed bloom of macroalgae and phytoplankton (July 2019; ca.
140 pg Chl-a L~%; Table S4, and Figs. S1 and S2). Potentially toxigenic
phytoplankton were also more abundant during the summer period, for
most study areas and taxa (Fig. S2). The abundances of Pseudo-nitzschia
spp. and Dinophysis spp. in the classified lagoon shellfish production
areas, retrieved from the IPMA public database, were also generally
higher during summer (Fig. S3). Overall, summer appeared to be the
most critical period for water quality considering chemical and phyto-
plankton variables. However, in the FNW, F—O and Alm-T areas, in-
creases in the abundance of E. coli further promoted a relative water
quality degradation during the cold period (Fig. S1). The decom-
missioning of the OW WWTP, in late October 2018, was followed by a
marked reduction in ammonium, E. coli and Chl-a concentrations, and
the upgrading of the F—O WWTP was followed by a 6-month period of
elevated and highly variable concentrations for these variables, and a
later improvement in water quality (Figs. S1 and Fig. S2).
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3.2. Variability in the trophic status between and within the study areas

The mean values (+ 1 standard error) of TRIX for the five study areas,
considering the two-year study period and all stations within each area
(n = 29; Fig. 2), ranged from 4.0 + 0.2 (mesotrophic, good quality) to
7.5 £ 0.4 (eutrophic, poor quality) in OE and FNW, respectively. Dif-
ferences in TRIX values were detected between the study areas, with
higher values (i.e., lower water quality) in the FNW and F—O areas, and
lower values (i.e., higher water quality) in OE area, where all stations
are in a main lagoon channel (p < 0.01). Mean TRIX values for the entire
study period generally decreased with distance from the EDPs in all five
study areas, more markedly in the FNW and Alm-T areas (Fig. 2). Values
were generally higher during the warm period (April-September)
compared to the cold period (October-March) for most study areas,
namely stations closer to the EDPs. However, in the F—O area, stations
located along the western section showed a higher trophic status during
the cold period (Fig. 2).

3.3. Application of a novel water quality index for bivalves and consumer

safety (WQIB)

The mean values (+ 1 standard error) of the WQIB for the four study
areas considering the two-year study period and all stations within each
area were, in descending order (i.e., ascending water quality), the
following: (a) FNW: 3.15 + 0.13 (moderate quality); (b) OE: 2.38 + 0.17

\ Very Good | | Moderate

Water Quality Classes:
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(good quality); (c) F-O: 2.19 + 0.11 (good quality); and (d) Alm-T: 2.13
+ 0.14 (good quality). WQIB values were detected between the study
areas, with similar lower values in the Alm-T, F—O and OE areas, and
higher values in the FNW area (p < 0.01). The relatively low mean
values detected in the F—O area were partly due to the inclusion of two
stations further away from the EDP, compared to other areas (see
below). The mean WQIB value without these stations (2.53 + 0.14;
moderate quality) still provided the same spatial differences between
areas, yet statistically less strong (p < 0.05).

The spatial variability in the mean WQIB values within study areas,
was significant for all study areas except OE, yet weaker in Alm-T (p <
0.05) than in FNW and F—O areas (p < 0.01). Mean WQIB values pro-
gressively decreased along the longitudinal transect from the EDPs,
indicating an improvement in water quality, also observed in TRIX, and
differences were detected between the closest and the furthest stations
in the FNW, F—O (more marked for the western section), and Alm-T
areas (Fig. 3). In the FNW area, the percentage of samples classified as
poor ranged from ca. 43 % to 86 % at FNW 850 and FNW 250 (station
designation in meters from the EDP), respectively (Fig. S4). In the OE
area, the proportion of samples classified as poor (38-43 %) and very
good (38-57 %) was relatively similar, for all stations (Fig. S4). The
percentage of samples classified as poor ranged from 20 % to 52 % in the
F—O area and was <25 % in the Alm-T area, for all stations (Fig. S4).

The temporal variability of the WQIB values for each sampling event
and station allowed the identification of episodic water quality problems
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Fig. 3. Spatial variability of the mean values (+ 1 standard error) of the Water Quality Index for Bivalve condition and consumer safety (WQIB) with distance (in
meters) from the effluent discharge points in the four main study areas, between September 2018 and September 2020. The bar colours represent the water quality
classes associated with the mean WQIB values. For each study area, different letters above the bars indicate significant differences between stations (p < 0.05). Note
differences in scales for both axes. See Fig. 1 for location of study areas and sampling stations.
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Table 4
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Temporal variability of the value of the water quality index for bivalve condition and consumer safety (WQIB), calculated for each sampling event
and station, for the four main study areas, for the period between September 2018 and September 2020). WQIB values were categorized into five
water quality classes, represented by the following colours: Blue -; very good); Green - good); Yellow - moderate); and Red - poor). If the assigned
classification was ‘poor’ (marked in red), the responsible index parameter(s) are indicated (abbreviations in white), and WQIB values are omitted.
Index parameters: D — abundance of Dinophysis spp.; Ec — abundance of Escherichia coli; G — abundance of Gymnodinium catenatum; NH3 — con-
centration of unionized ammonia; O2 — saturation of dissolved oxygen; and P - abundance of Pseudo-nitzschia spp. White cells: WQIB values not
available. Mean WQIB values for the cold period (October — March; dates labelled in gray), the warm period (April — September), and the entire
study period are also provided (see lower table rows). For each period (cold or warm), asterisks indicate significantly higher values (p < 0.05) for
each station. See Fig. 1 for location of study areas and sampling stations.

Date FNW

F-0 Alm-T

(Month/Year)
09/2018
10/2018
11/2018
12/2018
02/2019
03/2019
04/2019
05/2019
06/2019
07/2019
08/2019
09/2019
10/2019
11/2019
01/2020
03/2020
05/2020
06/2020
07/2020
08/2020
09/2020

250 500

750 | 850

4
4

4

1750W | 750W | 250W

250 750

2000 250 750 @ 1750

852
2.5
2.9

2.7
2.3
2.5

2.0
2.6
23

Warm period
Cold period
Entire period

3.0
3.5

2.7
3.0
2.8

2.7
2.8
2.7

2.1
2.5
23

2.6

2.5%

2.3 2.1

(Table 4). In the FNW area, poor water quality (52 out of 82 samples, i.
e., 63 %) was primarily due to unconformities associated with E. coli (ca.
44 %), oxygen saturation (ca. 10 %) and E. coli combined with oxygen
saturation (ca. 4 %). NHs concentrations above 0.2 mg L ! were
detected only at FNW, in ca. 5 % of samples (Table 4). Poor water quality
in the FNW area was more frequent in summer than in other seasons, but
differences between cold and warm periods were detected only at FNW
500 (p < 0.05; Table 4). In the F—O area, poor water quality (37 out of
124 samples, i.e., 30 %) was mostly due to unconformities associated
with E. coli (26 %) and oxygen saturation (ca. 17 %). Differences be-
tween cold and warm periods were not detected (p > 0.05), but a higher
frequency of poor water quality was detected up to five months after the
F—O WWTP upgrade, namely at stations up to 750 m from the EDP
(Table 4). In the OE area, poor water quality (26 out of 63 samples, i.e.,
41 %) was mainly associated with potentially harmful phytoplankton,
namely Pseudo-nitzschia spp., alone (ca. 32 %) or combined with other
toxigenic taxa (ca. 7 %). Mean WQIB values were higher in warm pe-
riods compared to cold periods at OE 250 (p < 0.05) and OE 750 (p <
0.01; Table 4). In Alm-T area, poor water quality (14 out of 61 samples, i.
e., 23 %) was mostly due to unconformities related with oxygen satu-
ration levels (ca. 13 %) and harmful phytoplankton (ca. 10 %), namely
Pseudo-nitzschia spp. at the station furthest from the EDP. Mean WQIB
values were also higher in warm periods compared to cold periods at
Alm-T 750 (p < 0.01) and Alm-T 1750 (p < 0.05; Table 4).

3.4. Application of the adapted Canadian Council of Ministers of the
Environment Water Quality Index for bivalves and consumer safety
(CCME-WQIp)

The mean values (+ 1 standard error) of the CCME-WQIg, for the four
study areas, considering the two-year study period and all stations
within each area, were, in ascending order, the following: (a) FNW: 51.3
+ 8.4 (moderate quality); (b) F-O: 57.4 + 8.3 (moderate quality); (c)
Alm-T: 61.9 + 5.9 (moderate quality); and (d) OE: 70.2 + 2.0 (moderate
quality). In contrast to the TRIX and WQIB, no significant differences in
median CCME-WQIp values were detected between the study areas (p >
0.05).

Mean CCME-WQIg values generally increased with distance from the
EDPs, indicating an improvement in water quality more pronounced in
the FNW and F—O areas, namely for the western F—O section (Fig. 4).
Regarding temporal variability, mean CCME-WQIp values were gener-
ally lower during the warm period compared to the cold period for most
study areas and stations, except in F—O. In the latter area, stations
located near or up to 750 m west from the EDP showed a worse water
quality during the cold period (Fig. 4).

3.5. Comparative analysis of novel and adapted water quality indices

The mean classifications of the water quality assigned by the WQIB
and the CME-WQI were significantly correlated, considering both the
entire study period (rs = —0.67, n = 16, p < 0.01) and the cold (rs =
—0.83,n =16, p < 0.00001) and warm periods (rs = —0.59,n =16, p <
0.05), separately. The application of the trophic index TRIX, the novel
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Fig. 4. Spatial variability in the mean values (bars) of the Canadian Council of Ministers of the Environment Water Quality Index for bivalves and consumer safety
(CCME-WQIg) with distance (in meters) from the effluent discharge points in the four main study areas, between September 2018 and September 2020. The bar
colours represent the water quality classes associated with the mean CCME-WQIg values. Black squares and gray triangles represent the mean index values for the
cold s and warm periods, respectively. Note differences in the x-axis scales. See Fig. 1 for location of study areas and sampling stations.

WQIB and the adapted CCME-WQIg revealed common trends in terms of
the spatial variability, including a general increase in water quality
along the longitudinal transects from the EDPs. Nonetheless, the mean
classification assigned by the WQIB was higher (12 out of 16 stations) or
similar (4 out of 16 stations) to that of the CCME-WQI (Fig. 5). TRIX
provided the worst classification for all study sites except the more hy-
drodynamically exposed sites, including the OE area and Alm-T 1750
(Fig. 5), where good or very good classifications were detected.

4. Discussion

This study developed a novel water quality index specifically tar-
geting the condition of bivalve molluscs and consumer food safety
(WQIB) in a coastal lagoon system exposed to effluents from WWTPs.
This is, to the best of our knowledge, the first WQI designed for this
specific purpose, and also extends the limited number of WQIs designed
and/or applied to transitional and marine systems. The performance of
WQIB was compared with the adapted CCME-WQIg, a flexible index
widely used for water quality assessment (Gupta and Gupta, 2021;
Uddin et al., 2021). Water quality at the study sites ranged from very
poor to very good, depending on the location, time after the imple-
mentation of the WWTP upgrade (F—O area), period of the year, and the
specific index applied.

10

4.1. Variability of the water quality to bivalve mollusc condition and
consumer safety in the Ria Formosa coastal lagoon exposed to wastewater
discharges

The environmental conditions and trophic statuses detected next to
the EDPs are consistent with previous studies in the RF lagoon in areas
adjacent to WWTP discharges (Cravo et al., 2015; Rosa et al., 2022),
some of which used part of our dataset (Jacob et al., 2020; Cravo et al.,
2022a; Caetano et al., 2023; Lima et al., 2023). Due to strong tidal
flushing, the conditions at the farthest stations from the EDPs, close to
main lagoons channels, were similar to those typically reported for the
RF lagoon (Falcao and Vale, 2003; Newton and Mudge, 2005; Saraiva
et al., 2007; Barbosa, 2010; Cravo et al., 2014, 2015, 2019; Rosa et al.,
2019, 2022; Domingues, 2022; Newton et al., 2022). However, previous
studies using single variables to assess water quality in the RF lagoon
have showed contrasting classifications ranging from high/good based
on Chl-a (Newton et al., 2003; Goela et al., 2009; Loureiro et al., 2006;
Brito et al., 2012) to poor/bad status based on nutrient concentrations
(Newton et al., 2003; Brito et al., 2012). Recent assessments of water
quality in the RF lagoon have also yielded variable classifications,
ranging from mostly “moderate”, likely the result of inappropriate
boundary settings based strictly on percentiles (Newton et al., 2022), to
high/good status (Rosa et al., 2022).

All multimetric indicators (WQIB, CCME-WQIg and TRIX) consis-
tently showed an improvement in water quality with distance from the
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Fig. 5. Spatial variability of the trophic status and associated water quality (TRIX, triangles), the Water Quality Index for Bivalve condition and consumer safety
(WQIB, circles), and the Canadian Council of Ministers of the Environment Water Quality Index for bivalves and consumer safety (CCME-WQIp, squares) with
distance from the effluent discharge points in the four main study areas, between September 2018 and September 2020. The notation used for each station represents
the distance (in meters), from the effluent discharge points, represented as blue arrows. For each station, the position of circles (WQIB) represents the exact location
of each station, and other symbols are shifted to allow their visualization. The symbol colours represent the water quality classes associated with the mean values of
TRIX, WQIB, and CCME-WQIj (very good - blue; good - green; moderate - yellow; and poor - red). The white-delimited polygons represent bivalve mollusc harvesting
grounds, provided by Agéncia Portuguesa do Ambiente. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

EDPs in all areas except the OE area, subjected to stronger hydrody-
namic forcing. Considering only stations up to 750-850 m from the
EDPs, the highest influence of WWTP discharges was detected in areas
subject to variable effluent (N and P) loads but weak hydrodynamic
conditions (see Table S1), the FNW (minimum loads) and the F—O areas
(maximum loads). Indeed, as previously reported, the intensity and
spatial extent of the wastewater footprint in the RF lagoon are strongly
modulated by local hydrodynamic conditions (Cravo et al., 2015, 2022a;
Jacob et al., 2020; Caetano et al., 2023; Lima et al., 2023), as also
demonstrated by a dedicated hydrodynamic modelling study (Fabiao
et al., 2016). Overall, the strong tidal mixing and lagoon shallowness
have generally limited the anthropogenic eutrophication problems to
confined RF sites (Cravo et al., 2015; Domingues et al., 2017; Rosa et al.,
2019, 2022; Newton et al., 2022) and, in case of WWTP, down to 500 m
to 750 m from EDPs (Cravo et al., 2015, 2022a).

The water quality unconformities more frequently detected in the
FNW, F—O and Alm-T areas, related to dissolved oxygen and/or E. coli,
are commonly considered to be diagnostic of effluent discharge (Cravo
et al., 2022a). Despite the increase in water quality with distance from
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the EDP for these study areas, at FNW 850, next to bivalve mollusc
harvesting areas, water quality was frequently classified as poor. Indeed,
faecal contamination of bivalves has been reported for areas next to
WWTP discharges (Almeida and Soares, 2012; Botelho et al., 2015). In
the F—O area, a more pronounced water quality improvement along the
western channel section, implicit in all multimetric indicators, reflected
the preferential circulation patterns toward the eastern channel section
(Cravo et al., 2015; Fabiao et al., 2016). However, at Alm-T 1750 and in
the OE area, located in wider and deeper channels next to main lagoon
inlets (see Fig. 1), high tidal exchange and rapid advection and dilution
reduced the water quality problems associated with the WWTPs, but
maximized the issues linked to the import of marine toxigenic phyto-
plankton. Indeed, both ASP (Pseudo-nitzschia spp.) and DSP (Dinophysis
spp.) producers emerged as outer RF lagoon specialists (Lima et al.,
2023). This pattern highlights the importance of coastal-lagoon con-
nectivity and broader-scale coastal processes, not just WWTP discharges,
as potential sources of water quality concerns, namely for bivalve
mollusc consumers. This also reinforces the need to include phyto-
plankton metrics in WQIs, and bivalves and ecosystem management.
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At the level of temporal variability, the poorer water quality gener-
ally identified by both WQIs during the warm period has also been re-
ported, and linked to extreme oxygen saturation levels, and high Chl-a
and E. coli concentrations (Cravo et al., 2015, 2022a; Caetano et al.,
2023; Lima et al., 2023). In the OE area and outer Alm-T station, how-
ever, increases in HAB taxa during the warm period, also referred for the
RF lagoon and adjacent coastal waters (Lima et al., 2022, 2023), were
responsible for the poor water quality. By contrast, in the F—O area, the
poorer water quality during the first cold period (October 2018-March
2019; high ammonium, suspended solids and E. coli) probably reflected
the increase in effluent discharge rate (60 %), and the period of stabi-
lization of the new biological treatment (ca. 5-month). Interestingly,
during the second cold period and, under similar rainfall patterns (Lima
etal., 2023), higher water quality supported the positive influence of the
WWTP treatment upgrade, as referred by Jacob et al. (2020).

4.2. Comparative analysis of novel and adapted water quality indices

Despite the common patterns of spatial variability between TRIX and
the two WQIs, TRIX provided the worst classification for all study sites
except the more hydrodynamically exposed sites (OE area and Alm-T
1750). TRIX is not directly comparable to WQIB or CCME-WQIp due
to differences in objectives and parameters used. Despite the widespread
use of TRIX as an indicator of trophic status and a proxy for water quality
(e.g., Pérez-Ruzafa et al., 2019; Cereja et al., 2022; Rosa et al., 2022;
Reyes-Velarde et al., 2023), the integration of variables that are not fully
independent (chlorophyll a, dissolved oxygen, and nutrients), providing
redundant information, and the use of classification thresholds devel-
oped for Mediterranean coastal waters, typically more oligotrophic,
make its application in transitional waters challenging (e.g., Pettine
et al., 2007; Salas et al., 2008; Giordani et al., 2009).

The motivation behind the WQBI and the CCME-WQIg and the use of
quasi-identical water quality parameters make their comparison
appropriate. Indeed, these indices were significantly correlated, but a
higher water quality was generally assigned by the WQIB. These dif-
ferences, which never exceeded more than one quality class (Fig. 5),
were anticipated given the various approaches used. Indeed, consider-
able differences solely related to the aggregation functions have been
reported for WQIs applied to freshwater (Landwehr and Deininger,
1976; Lumb et al., 2011) and marine systems (Gupta et al., 2003;
Nguyen et al., 2013; Nguyen and Nguyen and Sevando, 2019; Uddin
et al., 2022). Also, differences in parameter guidelines (de Rosemond
et al,, 2009; Nada et al., 2024; Papaevangelou et al., 2024) or the
number of quality parameters (Lumb et al., 2011; Akkoyunly and
Akiner, 2012; Gamvroula and Alexakis, 2022; Marcelina et al., 2022)
could also partly explain the differences detected between the two WQIs
used in our study. In contrast to the WQIB, CCME-WQIp involved a
complex unweighted harmonic aggregation function, based on the de-
viation from specific parameter guidelines, and was integrated over
time. In addition, the scope of exceedance (see Section 2.6) has a strong
influence on the index results, independently on the exceedance
amplitude, affecting all parameters equally (Nguyen and Nguyen and
Sevando, 2019; Calmuc et al., 2020; Uddin et al., 2021, 2022), even
those considered less relevant in our weighted WQIB.

A poorer water quality derived from the CCME-WQI compared to
other WQIs has also been reported in freshwater (Lumb et al., 2011;
Akkoyunly and Akiner, 2012; Finotti et al., 2015; Hamlat et al., 2017;
Zotou et al., 2019; Alexakis, 2020; Lencha et al., 2021; Ramirez-Morales
et al., 2021; Marcelina et al., 2022), transitional and coastal systems
(Nada et al., 2024), despite exceptions (Gamvroula and Alexakis, 2022;
Tiwari et al., 2022; Uddin et al., 2022). The CCME-WQI is generally
considered a more ‘stringent’ (Lumb et al., 2011) or ‘strict’ (Alexakis,
2020) index, recommended as conservative enough to avoid over-
estimation of the water quality (Zotou et al., 2019). Also, the ability of
this index to combine user-defined variables and its adaptability to
different parameter guideline requirements and water uses are often
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referred as key advantages (see review by Chidiac et al., 2023). How-
ever, the CCME-WQI is also considered to be less sensitive to spatio-
temporal changes in water quality (Zotou et al., 2019; Uddin et al.,
2022; but see Gamvroula and Alexakis, 2022) and limited in assessing
water quality variability downstream of a point source discharge (de
Rosemond et al., 2009). In fact, the variability and sensitivity of the
CCME-WQIp were reduced compared to the WQIB, especially over the
more hydrodynamic study areas, OE and Alm-T. Thus, given our specific
aims and target, and despite the subjectivity inherent in the definition of
the parameter weighting factors, the use of the weighted WQIB index
should be favoured over the CCMW-WQIB (see next subsection).

4.3. The novel water quality index for bivalve condition and consumer
safety (WQIB): Critical analyses and future uses

Despite their extensive uses and advantages, WQIs are affected by
several problems (eclipsing, ambiguity, rigidity, sampling and expert
biasing), sometimes aggravated by limited sampling strategies and data
availability (Akkoyunly and Akiner, 2012; Gupta and Gupta, 2021;
Uddin et al., 2021, 2022, 2023; Lukhabi et al., 2023; Mogane et al.,
2023), that create a general bias toward physical and chemical param-
eters over biological metrics (Swamee and Tyagi, 2000). Our novel
WQIB integrated four chemical and three biological sub-indices, using a
weighted additive arithmetic aggregation function. This function is
prone to eclipsing effects, that occur when some water quality param-
eters exceed critical levels, but the overall index does not reflect this,
thus underestimating quality problems (e.g., Swamee and Tyagi, 2000;
Uddin et al., 2022, 2023). However, eclipsing was minimized in our
WQIB by: (a) the limited number of parameters, compared to indices
with many parameters of reduced importance (Swamee and Tyagi,
2000; CCME, 2017); and (b) the use of critical influencing parameters
(dissolved oxygen, unionized ammonia, E. coli and HAB taxa) which, if
rated “very poor”, forced the index classification to “very poor” as well,
an adjustment of the “minimum operator function” (Mogane et al.,
2023). In contrast to eclipsing, ambiguity is a situation when the WQI
indicates a worse water quality than expected from the sub-index values,
and it is usually minimized by weighted aggregation functions (Gupta
et al., 2023). It is worth noting, however, that ambiguity poses less risk
than eclipsing when considering a precautionary approach to water and
ecosystem management.

Sampling bias, another problem of WQIs, was minimized by monthly
sampling of RF lagoon areas under a wide range of environmental
drivers, pressures and trophic conditions (oligotrophic to eutrophic),
over a 2-year period. The spatio-temporal variability of WQIB demon-
strated its sensitivity under these variable conditions, while its inte-
gration over the entire study period minimized the influence of extreme
events (CCME, 2017). Other sources of uncertainty of WQIs are related
with expert bias. For the WQIB, the selection of parameters and relative
weighting factors were strongly based on knowledge of their signifi-
cance for bivalve mollusc condition and consumer safety, and the use of
non-arbitrary regulatory guideline values to define the sub-index values
(see sub-section 2.5). All our model parameters, except toxigenic
phytoplankton, have been widely used in WQIs (reviews by Kachroud
et al., 2019; Gupta and Gupta, 2021; Uddin et al., 2021; Lukhabi et al.,
2023; Mogane et al., 2023), and some (dissolved oxygen, salinity, sus-
pended solids, Chl-a) were also included in habitat suitability models for
bivalve mollusc aquaculture (Vincenzi et al., 2006; Silva et al., 2011;
Picado et al., 2020; Vaz et al., 2021; Webber et al., 2021). Also, the use of
higher weighting factors for dissolved oxygen, and lower factors for
suspended solids and Chl-a in the WQIB is a common practice in most
WQIs (e.g., Akkoyunly and Akiner, 2012; Nguyen et al., 2013; Hamlat
et al., 2017; Uddin et al., 2021, 2023; Marcelina et al., 2022; Mogane
et al., 2023).

However, some variables commonly used as water quality criteria (e.
g., dissolved inorganic nutrients; Uddin et al., 2021; Mogane et al.,
2023) and/or descriptors of habitat suitability for bivalves (e.g., water
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temperature, current velocity; Vincenzi et al., 2006; Silva et al., 2011;
Picado et al., 2020; Vaz et al., 2021) were not used. Water temperature
was not used because it is not affected by WWTP discharges in the RF
(Jacob et al., 2020; Cravo et al., 2022a) and was also not considered in
some WQIs applied to transitional and coastal systems due to high
spatio-temporal variability (e.g., Nguyen et al., 2013). Inorganic nutri-
ents per se are not indicative of water quality for bivalves in shallow
ecosystems (Giordani et al., 2009), and the direct and indirect negative
effects of high nutrient levels were already reflected in Chl-a and dis-
solved oxygen (e.g., Nguyen et al., 2013; Devlin et al., 2023). Some
parameters used in WQIs (e.g., biological oxygen demand - BOD, oil and
grease, heavy metals; reviews by Kachroud et al., 2019; Gupta and
Gupta, 2021; Uddin et al., 2021; Lukhabi et al., 2023; Mogane et al.,
2023) and habitat suitability for bivalves (e.g., current velocity; e.g., Vaz
etal., 2021) were not considered mainly due to lack of contemporaneous
data available for the RF lagoon. Yet, the negative effects of high BOD
levels were, to a certain extent, already reflected in oxygen saturation.

A more comprehensive water quality assessment would then require
a higher number of physical variables, including hydrodynamics,
chemical and biological variables, and sustained aquatic ecosystem
monitoring efforts. Future developments of the novel WQIB should also
include water contaminants potentially toxic to bivalve molluscs and/or
human consumers (e.g., heavy metals, persistent organic pollutants,
agri-chemicals and pharmaceuticals; Webber et al., 2021; Cravo et al.,
2022b; Lukhabi et al., 2023). An increase in the number of water quality
classes and a more objective selection of parameters and weighting
factors, based on multivariate analysis and artificial intelligence (e.g.,
Gupta and Gupta, 2021; Uddin et al., 2022, 2023), could also improve
the robustness of water quality classification. Ideally, quantitative
metrics of bivalve physiological condition (e.g., growth rate, condition
index, survival, tissue contaminants, biomarkers) and their effective
responses and tolerance to specific environmental changes should be
used to identify the best set of water quality parameters and their
weighting factors.

The scope, flexibility, and sensitivity of our novel WQIB and its
application to individual sampling events, enabling the analysis of short-
term variability, represents a critical advantage for the viability of a
sustainable mariculture product, needed to support a growing human
population (e.g., Gray, 2019; Brown et al., 2020; Webber et al., 2021)
and a rising wastewater production (Qadir et al., 2020). In addition, the
rationale behind the WQIB could be applied to other aquatic organisms
(e.g., fish, crustaceans), ecosystems (e.g., coastal lagoons, estuaries,
exposed coastal areas), variable natural (e.g., discharges from subma-
rine vents) and anthropogenic stressors (e.g., discharges from chemical
industries, desalination plants, aquaculture facilities, nuclear power
plant’s cooling systems), and purposes (e.g., resource exploitation,
conservation, restoration). This would require the identification of
appropriate water quality parameters, indicative of specific stressors,
the prioritization of the water quality parameters, variable depending on
the sensitivity of target organisms and environmental setting and
stressors, and the adjustment of their specific local/regional guideline
values, overall increasing the flexibility and value of our novel index.

5. Conclusions

Our study developed a novel water quality index specifically tar-
geting the condition of bivalve molluscs and consumer food safety
(WQIB), the first developed for this specific purpose, thus extending the
limited number of WQIs applied to transitional and marine systems.

This index was applied to the RF coastal lagoon, in areas exposed to
variable WWTP effluent loading regimes, trophic status (oligotrophic to
eutrophic) and hydrodynamic conditions, over a ca. 2-year period. The
water quality assigned by the novel WQIB and the adapted CCME-WQIp
ranged from very poor to very good, depending on the specific index
applied, study area and station, time after the implementation of the
WWTP upgrade (F—O area), and period of the year. Poorer water quality

13

Marine Pollution Bulletin 214 (2025) 117814

was caused by effluent discharges up to 750 m from the EDPs, and by the
advection of toxigenic phytoplankton from adjacent coastal waters, at
stations near main lagoon inlets, more frequently in the warm period.
Thus, our study highlighted the importance of wastewater treatment
strategies, natural temporal variability patterns, local hydrodynamics,
and broader scale coastal processes on the water quality for bivalve
mollusc condition and consumer safety.

Water quality assigned by the WQIB and the CCME-WQIg were
significantly correlated, but the CCME-WQIg generally indicated lower
quality. Given the higher sensitivity of the WQIB, its application at the
sampling event scale and its flexibility, this index is a more valuable tool
for adaptive ecosystem management and can be tailored to other aquatic
ecosystems and water use purposes.
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