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Development of desalination projects requires simple methodologies and tools for cost-effective and
environmentally-sensitivemanagement. Sentinel taxa and biotic indices are easily interpreted in the perspective
of environment management. Echinoderms are potential sentinel taxon to gauge the impact produced by brine
discharge and the BOPA index is considered an effective tool for monitoring different types of impact. Salinity in-
crease due to desalination brine discharge was evaluated in terms of these two indicators. They reflected the en-
vironmental impact and recovery after implementation of amitigationmeasure. Echinoderms disappeared at the
station closest to the discharge during the years with highest salinity and then recovered their abundance after
installation of a diffuser reduced the salinity increase. In the same period, BOPA responded due to the decrease
in sensitive amphipods and the increase in tolerant polychaete families when salinities rose. Although salinity
changes explained most of the observed variability in both indicators, other abiotic parameters were also signif-
icant in explaining this variability.
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1. Introduction

During recent years, the desalination industry has expanded in coun-
tries suffering from water scarcity, becoming an important method for
supplying potable water (Lattemann and Hopner, 2008). Development
of desalination projects requires approval by the respective environment
protection authorities, since this activity can lead to physicochemical and
ecological impacts in the receiving marine environments. Desalination
plants produce as waste a concentrated salt solution that can have
twice the salinity of the sourcewater (Younos, 2005). Themain environ-
mental concern is the impact of this hypersaline concentrate upon the
salinity of seawater and its resultant effects on marine communities
(Raventós et al., 2006; Sánchez-Lizaso et al., 2008; Roberts et al., 2010,
Fernández-Torquemada and Sánchez-Lizaso, 2011, Riera et al., 2012;
Garrote-Moreno et al., 2015). The discharged brine remains on the sea-
floor, because of its high density, and causesmortalities in benthic organ-
isms that are not adapted to high salinities (Del-Pilar-Ruso et al., 2007).
Without dilution of effluent, the brine plume may spread out for a long
distance over the sea bottom (Einav et al., 2002). Cost-effective and
environmentally-sensitive management of this concentrate can be a sig-
nificant obstacle to implementing desalination (Younos, 2005).

Thoughbenthic communities are one of the indicatorsmost employed
in marine environmental assessment (Dauvin, 2007), interpretation of
o).
changes in their constituent members can be complicated when the aim
is to establish a quantified impact level. The development of simple tech-
niques and tools to detect and evaluate such impact could solve this prob-
lem and facilitate interpretation by managing stakeholders. These
methodologies should be easily applied and not costly. Among these the
use of sentinel taxa could perform a ‘warning’ role pointing to possible
imbalances in the environment due to brine impact (Bellan, 2008). Biotic
indices are also useful tools because they reduce complex scientific data to
a univariate value that can be easily interpreted from the perspective of
environmental management (Chainho et al., 2007).

Among marine sentinel taxa, echinoderms are among the most fre-
quently used organisms in the evaluation of marine pollutant toxicity
(Dupont et al., 2010). They are abundant, widely distributed, ecological-
ly important, highly sensitive to various contaminants and with a rela-
tively sedentary lifestyle (Sugni et al., 2007). Moreover, echinoderms
are strictly marine species and tolerate a narrow range of salinities,
thus being very sensitive to salinity variations produced by brine. In-
deed, a significant reduction in their abundance has been observed in
water surrounding desalination discharges (Chesher, 1971, Gacia et al.,
2007; Fernández-Torquemada et al., 2013). They have therefore been
previously considered as potential taxa to indicate impact of brine dis-
charge (Fernández-Torquemada et al., 2013).

Among biotic indices, application of BOPA (Benthic Opportunistic
Polychaetes and Amphipods) requires less effort than other indices
and is considered an effective tool for monitoring several kinds of im-
pacts. It is based on the principle of antagonism between sensitive and
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opportunistic species. Amphipods are highly sensitive to contaminated
sediments, while opportunistic polychaetes are resistant, indifferent or
favoured (Dauvin and Ruellet, 2007, de-la-Ossa-Carretero et al., 2009;
Joydas et al., 2011; Ingole et al., 2009, Riera and de-la-Ossa-Carretero,
2014).While amphipods have shownhigh sensitivity to increased salin-
ity produced by a brine discharge (de-la-Ossa-Carretero et al., 2015),
some polychaetes seem not to be affected (Del-Pilar-Ruso et al., 2015).

The main objective of this paper is to evaluate the response of echi-
noderms and the BOPA index to brine discharge and their utility as indi-
cators for environmental assessment of desalination plants.

2. Material and methods

Efficiency of both indicators was evaluated with data from the envi-
ronmental monitoring programme at San Pedro desalination plants (SE
Spain). These plants began operation in 2006 and discharge their efflu-
ent by means of a 5 km pipeline at 33 m depth. Both facilities are oper-
ating with a production capacity of 130,000 m3/day. The raw water
intake is around 270,000m3/daywith a recovery ratio of 47%, producing
an effluent flow of 140,000 m3/day, characterised by its high salinity
(around 70).

The brine plume was monitored every threemonths, measuring the
vertical salinity profile with a RBR XR-420 CTD (conductivity, tempera-
ture, depth) sensor over a 65-point grid around the outfall. The spatial
data was interpolated using the Kriging technique as a griddingmethod
(Fernández-Torquemada et al., 2009) and represented using Surfer v9
software. This discharge caused a salinity increase from 2006 to 2010,
reaching levels of 53 close to the outfall. However, inMay 2010, a diffus-
erwas installed at the endof the pipeline to discharge the effluent at 60°
from horizontal, facilitating mixture with the surrounding seawater.
Since then, salinities near the discharge returned to close to natural con-
centrations, around 37.5 ± 0.5 (Loya-Fernandez et al., 2012;
Del-Pilar-Ruso et al., 2015) (Fig. 1).

A benthos surveywas performedby establishing three transects per-
pendicular to the coast: one within the pipeline area (Transect B) and
two control transects 2 km to the north and to the south (Transects A
and C). Four stations were sampled at each transect (1, 2, 3 and
4) (Fig. 2). Based on brine plume dispersion (Loya-Fernandez et al.,
2012; Del-Pilar-Ruso et al., 2015), these benthos stationswere classified
Fig. 1. Salinity profiles before and after diffuser installation
into three exposure levels: i) exposed: station B2 close to the outfall, ii)
influenced: stations B1 and B3 sited b250m fromoutfall, and iii) not ex-
posed: stations sited N1 km away.

Samples were collected during 18 sampling campaigns from 2005 to
2014. The first campaign consisted of a previous study before desalina-
tion plant activity, campaigns 2 to 10 were before installing the diffuser,
and 11 to 18 afterwards after installing the diffuser. Four Van Veen grab
samples (400 cm2) were taken at each station. Three samples were
sieved through a 0.5 mm screen, and preserved in 10% formalin to
study the benthic community, counting total abundance anddifferentiat-
ing total abundance of echinoderms, abundance of amphipods and abun-
dance of opportunistic polychaetes. Based on previously studies, families
Capitellidae, Eunicidae, Magelonidae, Nephtydae and Paraonidae were
considered as opportunistic Polychaeta in the case of brine discharges
(Del-Pilar-Ruso et al., 2009, 2015). Another sample was used to charac-
terise the sediment. Grain size was assessed by standard sieve fraction-
ation (Holme and McIntyre, 1984). Redox potential and pH were
measured using a CRISON 507 pH device. Organic content of dry sedi-
ment was estimated as the weight loss after ashing. Bottom salinity of
each station was obtained by means of a RBR XR-420-CTD logger.

BOPA index was calculated for each sample according to the guide-
lines of Dauvin and Ruellet (2007): BOPA = log[(fpop / (fa + 1) + 1],
where fpop is the opportunistic polychaete proportion of all fauna
(0 to 1) and fa is the amphipod proportion of all fauna (0 to 1). The
BOPA index ranges from 0, when there are no opportunistic poly-
chaetes, to 0.30103, when there are only opportunistic polychaetes
reflecting the most disturbed situation.

Data of echinodermabundance andBOPA indexwere analysedusing
the software package PRIMER 6 (Clarke and Gorley, 2006) with the
PERMANOVA add-on (Anderson et al., 2008). Formal tests were done
using permutational analysis of variance with 9999 permutations of re-
siduals under a reduced model using the Euclidean distance resem-
blance matrix of BOPA and echinoderm abundance. Analysis used a
design with two fixed factors: exposure level (exposed, influenced,
and not exposed) and period (previous, before diffuser installation
and after installation).

In order to assess the relationship between physicochemical param-
eters (granulometry, pH, redox potential, organic matter content and
salinity) with echinoderm abundance and BOPA, a multiple linear
including a schematic diagram of the discharge design.



Fig. 3. Mean and standard errors in abundance (symbols) and mean salinity (lines) for each exposure level (black triangles and black line: exposed, grey square and grey discontinuous
line: influenced, white diamond and dotted black line: not exposed. Prev.: previous study before desalination plant activity. Before diffuser: period before installing the diffuser. After
diffuser: period with diffuser in operation.

Fig. 2. Studied area showing sampling stations and salinity distribution on the seafloor before and after diffuser installation (UTM coordinate system. Grid zone 30S). Three transects
perpendicular to the coast: A, B and C, and four distances were sampled at each (1, 2, 3 and 4). Three exposure levels were established: exposed station (▲): B1; influenced stations
(■): B1 and B3; and unexposed stations (◊): A1, A2, A3, A4, B4, C1, C2, C3 and C4.
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Table 1
Results of PERMANOVA based on Euclidean distance resemblance of BOPA and Echino-
derm abundance data for the factors Exposure level (Exp.) and Activity (Activ.), df: de-
grees of freedom, MS: mean squares, Ps-F: Pseudo-F for each factor. P (perm):
permutation p value.

Source df SS MS Pseudo-F P(perm)

BOPA
Exposure level 2 0.0360 0.0180 7.2557 0.0013
Activity 2 0.0460 0.0230 9.2839 0.0003
Exp. X Activ. 4 0.0460 0.0115 4.6372 0.0013
Res. 675 1.6722 0.0025
Total 683 1.8644

Echinodermata
Exposure level 2 5851.2 2925.6 0.8802 0.3940
Activity 2 61,335 30,667 9.2262 0.0009
Exp. X Activ. 4 48,146 12,037 3.6212 0.0125
Res. 675 2,243,700 3324
Total 683 2,333,100
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regression analysis was conducted using R software. Before accepting
any model, an analysis of residuals was performed. For both regression
models, the Akaike Information Criterion (AIC) was used to identify the
most important environmental variables that explain variability of echi-
noderm abundance and BOPA index. An analysis of variance (ANOVA)
of the regressions was performed to determinewhether the association
between the variables was statistically significant. Model assumptions
were compiled for BOPAwhile a logarithmic transformation was neces-
sary in the case of echinoderm abundance. Finally, the effect of salinity
on echinoderm abundance and BOPA was explored individually by a
simple linear regression.
3. Results

PERMANOVA detected a significant difference for the interaction be-
tween the factors exposure level and period in both BOPA and
echinoderm abundance (Table 1). In this regard, the significant differ-
ence for echinoderms was due to their disappearance during the higher
salinity period before diffuser installation at the station closest to desali-
nation discharge (Fig. 1). Pairwise test reflected that differences in BOPA
were due to an increase in the index in the exposed area during the pe-
riod before diffuser installation (Fig. 3).

The multiple linear regression model explained around 63% of varia-
tion in echinoderm abundance. AIC showed that salinity, depth and fine
sand percentage were the factors that best explained this abundance
(Table 2). The explained deviance suggested that variations in salinity
had the strongest influence on echinoderm abundance. Linear regression
with salinity showed that the percentage of variance explained by salin-
ity was 55.31%, since a clear exponential decrease in abundance was re-
corded when salinity increased (Fig. 4).

This multiple linear regression model incorporated salinity,
granulometry and redox potential to explain 58.41% of BOPA index
(Table 2). Variance explained by the linear regression model was
around 54% of BOPA (Fig. 4), in such a way that salinity increase due
Table 2
Linear regression analysis for BOPA and Echinodermswith response variables selected by the Ak
and p value for t test of each response variable was indicated. F values are from the overall sig

BOPA

Variable Coeff. Exp. dev. p Value

Intercept −0.29867 – b0.001
Salinity 0.01026 0.46989 b0.001
Mud 0.00116 0.06710 0.008
Medium sand −0.00178 0.03156 0.051
Redox potential 0.00020 0.01552 0.091
R2 0.5841
Fp 16.5 ***
to brine discharge is transposed into an increase in the index which in-
dicates an environmental degradation.

4. Discussion

Both BOPA and echinoderm abundance reflected both situations as
effective indicators, the impact caused by brine discharge before the in-
stallation of the diffuser and the recovery after installation of the diffus-
er. Before diffuser installation increased salinity extending for hundreds
of metres from the outfall was detected, however after installation of
the diffuser this brine plume extension disappeared. Installation of dif-
fuser caused an improvement of near-field mixing of the concentrate,
preventing the brine sinking to the seafloor and spreading it far away.
Mixing model simulations and salinity field measurement in previous
works have highlighted the advantage of this diffuser, which creates a
dense inclined negatively buoyant jet that improves the efficiency of
the mixing process (Loya-Fernandez et al., 2012).

While echinoderms disappeared at the discharge point from the be-
ginning of discharge until the diffuser was installed, the BOPA index
reflected an increase in the same period due to the reduction in amphi-
pods and tolerance of the selected polychaete families. Echinoderms
have a permeable body wall and poor ion-regulating abilities, making
them more susceptible to higher osmotic stress when salinities are al-
tered (Irlandi et al., 1997). Absence of echinoderms was detected
when salinity values exceeded natural salinity, since they are not able
to regulate their osmotic pressure and thus cannot tolerate this osmotic
stress. The disappearance of echinoderms has been reported in areas af-
fected by brine dischargewhen salinities exceeded around0.3 to 0.4 psu
above maximum natural levels (Fernández-Torquemada et al., 2013).
However not only the increase in salinity but also the rapid salinity
changes that characterise brine discharges may affect organisms with
low osmoaclimatation capacity (Garrote-Moreno et al., 2014). Other or-
ganisms, such as corals, may show a wide range of salinity tolerance
levels depending on the species. Osmoregulatory processes of such spe-
cies as Fungia granulosa allow them to successfully regulate their inter-
nal osmotic balance and resist increased salinity levels (van der Merwe
et al. 2014b). When a sentinel taxon is employed to evaluate an impact
it is necessary to consider its sensitivity to the contaminants. In thisway,
sensitivity of echinoderms to salinity changes makes them good senti-
nels for monitoring brine discharges. Indeed, their abundance increased
after diffuser installation, in response to the mitigation of the impact.
They are therefore useful for detecting possible recoveries of a previous-
ly affected area when additional measures to reduce brine impact are
adopted (Fernández-Torquemada et al., 2013).

The BOPA index is based on an antagonism response of amphipods
and opportunistic polychaetes, and has been tested for different impacts
(Dauvin and Ruellet, 2007; Joydas et al., 2011; Ingole et al., 2009;
de-la-Ossa-Carretero et al., 2009). However there is less evidence of its
usefulness for brine impact. Decrease in amphipods and tolerance of
some polychaetes were previously established in areas affected by
brine discharge (de-la-Ossa-Carretero et al., 2015; Del-Pilar-Ruso
et al., 2015). The combination of a sensitive group, Amphipoda, and a
tolerant group, some families of Polychaeta, has also proved useful to
aike Information Criterion. Regression Coefficients (Coeff.), Explained deviance (Exp. dev.)
nificance test of each regression model.

Log (echinoderms + 1)

Variable Coeff. Exp. dev. p Value

Intercept 22.09706 b0.001
Salinity −0.22999 0.55311 b0.001
Fine sand −0.02525 0.01791 0.006
Depth −0.26841 0.06257 0.083

R2 0.6336
Fp 27.67 ***



Fig. 4. Echinoderm abundance and BOPA as a function of salinity values. A linear regression with confidence intervals is shown for each.
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monitor the environmental impact of brine discharge. However, we
should be cautious in applying the index because an increase at certain
points was also detected during the period after diffuser installation, al-
though no increased salinity was detected. Though sensitivity of amphi-
pods and tolerance of certain polychaetes to organically enriched
sediment have been widely reported, more studies about the response
of both groups to increased salinity are necessary in order to improve
their tolerance classification and achieve better detection using biotic
indices like BOPA.

Though salinity has the strongest influence on variability in both
proposed indicators, other abiotic parameters influenced echinoderm
abundance and BOPA values. Granulometric type defines habitats and
their faunistic assemblages (Llansó et al., 2002), indeed changes in sed-
iment grain size may produce variations in abundance of echinoderms,
amphipods and polychaete families and therefore in benthic indices.
Therefore, employing both indicators requires the establishment of
multiple reference stations, since natural variation may confound the
impact estimate at exposed stations.

Environmental protection authorities establish specific requirements
for the vicinities of discharges from point sources, where concentrations
of pollutants are usually higher than the ambient concentrations (WFD,
European Commission, 2008). In the Mediterranean, the regulations
governing desalination brine discharges focus on the protection of
Posidonia oceanica meadows (Sánchez-Lizaso et al., 2008). This is the
case of the San Pedro desalination plants from which a 5 km discharge
pipe was included to protect Posidonia seagrass meadows. However,
brine discharge without diffusers into a deep area had an impact on
other communities thatmaybepreventedwith a better design of the out-
fall. Mixing zones should be used to minimise possible impacts of dis-
charges on the environment, to avoid affecting the rest of the water
body. These requirements involve reducing the size of the zone of influ-
ence and establishing pollutant concentration criteria, aswell as not inter-
fering with the marine species within the receiving water body (van der
Merwe et al., 2014a). Assessment of brine dispersion by mixing models
and field salinity measurements are necessary for the management of
such mixing zones and the identification of brine plumes (WFD,
European Commission, 2008). However, if the environmentalmonitoring
programme is limited to this kind of approach, an impact on immobile
species such as benthic communities in the immediate vicinity of the out-
fall could be overlooked (van derMerwe et al., 2014a). Assessment of the
receiving environment is also necessary and the use of bioindicators
would complete the information necessary to evaluate the ecological ef-
fects of the discharge. In fact, the European Water Framework Directive
(WFD; EuropeanCommission, 2000) states that pollution should bemon-
itored using not only physico-chemical but also biological quality indica-
tors, such as benthic invertebrate fauna. The inclusion of biotic indices or
sentinel taxa would facilitate interpretation of this data, being effective
tools for environmental assessment of desalination plant discharges into
the mixing zone and the rest of the water body.
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