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ARTICLE INFO ABSTRACT

Keywords: Eutrophication is a major driver of the degradation of transitional waters worldwide, especially in environments
Sh"rehn_es with a restricted connection to the sea, such as coastal lagoons. In recent decades, intensive agriculture and urban
Eutrophic waters water inputs around the Mar Menor coastal lagoon (Western Mediterranean) have disturbed this originally
Fish index li hi . h . . . 1 h . . hicati leadi

Aquatic communities oligotrophic aquatic system. The nutrient input into the lagoon has triggered its eutrophication, leading to
Fish kill dystrophic crises and mass mortality events for aquatic biota, transforming it into one of the most eutrophication-
Refuges impacted transitional waters in the Mediterranean basin. In this study, we applied a fish-based indicator to assess
Mar Menor the ecological quality of shallow waters under different eutrophication-mediated environmental stress scenarios

(from pre-eutrophic reference periods to critical eutrophic periods), as well as to explore the role of confinement
(i.e., water renewal time) and shoreline anthropogenic pressure as factors modulating the indicator response.
Despite the high magnitude of the eutrophication impact on the lagoon, the ecological quality of the shallow
waters decreased only slightly after the mass mortality events. The level of confinement also had slight effects on
the ecological quality of the most confined shallow areas in the summer during eutrophic periods. Hence, shallow
waters could play a critical role as refuge habitats, both for fish assemblages and other aquatic taxa, by buffering
euxinic conditions during eutrophication processes.”. In fact, shallow waters could act as critical habitats,
allowing for the recolonisation of aquatic biota from more impacted areas in the lagoon. This attribute further
reinforces the need to properly manage and protect the shoreline areas of transitional waters, particularly under
eutrophication scenarios.

1. Introduction

Transitional waters have been widely acknowledged as key ecosys-
tems supporting biodiversity and providing diverse ecosystem services
(Elliott and Whitfield, 2011; Newton et al., 2018). Among the repre-
sentative taxa of transitional environments, fish are particularly inter-
esting because they often show notably diversified assemblages, which
include a wide array of life-history traits (e.g., functional groups).
Consequently, fish are involved in multiple ecological processes of
paramount importance for estuarine ecosystem functioning (Elliott,
2007). Moreover, they are highly appreciated by local economies due to
their high value in recreational and commercial fisheries (Lewis et al.,
2021). In this context, the nutrient input delivered by adjacent flowing
waters (i.e., rivers, streams and watercourses) places transitional waters
as one of the most productive ecosystems worldwide (Marcos et al.,
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2015; Sheaves et al., 2014), thus directly or indirectly supporting global
fisheries (Jordan and Peterson, 2012).

Within coastal lagoons, shallow waters are considered key habitats
for fish not only due to the provision of feeding, reproduction and
nursery grounds but also due to their role as pathways for fish migration,
thus harbouring widely diversified fish assemblages, which often
include threatened species (Franco et al., 2006; Verdiell-Cubedo et al.,
2013a). However, these aquatic habitats are especially vulnerable to
impacts derived from increasing human activities, which may impair
their ecological status through abiotic and biotic homogenisation (Fer-
rarin et al., 2014), ultimately disrupting key ecological process and the
provision of ecosystem services (Limburg et al., 2015; Worm et al.,
2006). In fact, coastal lagoons are exposed to multiple anthropogenic
stressors usually associated with different human activities occurring
both within their waters and in their adjacent landscape (i.e., drainage
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basins) (Flliott and Whitfield, 2011).

Due to the increasing and varied impacts, the effective management
and conservation of coastal lagoons requires the implementation of
monitoring programs aimed at assessing their ecological status. Fish-
based indicators are frequently used to assess the ecological quality of
these environments and to inform management actions (Marcos et al.,
2015; Hallett et al., 2012). The use of fish assemblages as bioindicators
in transitional waters is supported by the wide array of life strategies,
trophic levels and functional traits displayed by different fish species
(Whitfield and Elliott, 2002). In addition, fish communities in coastal
lagoons often include both resident and migratory species, thus allowing
not only for an assessment of the effects of local stressors but also of
other factors acting on a regional scale. Furthermore, fish represent a
highly visible biological component and are easy to identify in the field,
and cost-effective survey methods are available to standardised moni-
toring (Roset et al., 2007). Lastly, most fish species are of a high eco-
nomic and conservation interest, which allows one to quantify the
socioeconomic costs associated with environmental degradation. In fact,
the development and application of fish-based indicators to assess the
health of transitional waters have recently intensified (Lepage et al.,
2015; Sapounidis and Koutrakis, 2021). Most of these indicators corre-
spond to multimetric fish-based indices on an integrative approach ac-
counting for several parameters associated with the structure,
composition and functionality of fish assemblages (Pérez-Dominguez
et al., 2012).

Eutrophication is currently a major driver of the degradation of
transitional waters, affecting their ecological integrity and health status
(Lemley et al., 2017). In particular, coastal lagoons are probably the
transitional ecosystems most vulnerable to eutrophication, mostly due
to the strong influence of adjacent terrestrial ecosystems, which provide
an important amount of nutrients and organic matter, as well as their
restricted connectivity with the open sea (Newton et al., 2014). Thus,
the community-level ecological effects of eutrophic processes and
dystrophic crises in coastal lagoons have been increasingly assessed in
recent years (Ménesguen and Lacroix, 2018; Pérez-Ruzafa et al., 2019a).
The Mar Menor coastal lagoon (Western Mediterranean Sea) is a tran-
sitional ecosystem highly impacted by nutrient overload, which has
recently promoted changes in its capacity of self-regulation and trig-
gered dystrophic crises (Fernandez-Alias et al., 2022). Historically, this
coastal environment was an oligotrophic system, characterised by a high
productivity, complex food webs, prolific fisheries, regular energy ex-
change with the open sea and the accumulation of surplus organic
matter in the sediment (Pérez-Ruzafa et al., 2020). Nevertheless, human
pressures impacting the Mar Menor have notably increased in recent
decades, mainly due to rising intensive farming practices and growing
urbanisation, thus promoting the discharge of nutrient-rich waters into
the lagoon (Alvarez—Rogcl et al., 2020). In addition, the rise in
groundwater levels due to excessive irrigation practices and intense
rainfall periods triggered this influx. However, adjacent coastal wet-
lands have strongly been disturbed during the last two decades (Marti-
nez-Lopez et al., 2015), thus diminishing their function as natural green
filters buffering the eutrophication of the lagoon. A highly visible
episode in the eutrophication process of the Mar Menor was documented
in 2015 through the occurrence of phytoplankton blooms and an acute
reduction in water transparency, leading to the loss of about 86% of
benthic macrophyte coverage (Belando et al., 2019). Though varying in
intensity, this eutrophic situation has been maintained until today, and
it has led to mass mortality events of aquatic fauna driven by algal
blooms and hypoxic conditions (Ruiz-Fernandez et al., 2019), with two
critical events occurring in autumn 2019 and summer 2021. These acute
eutrophic events may disrupt natural dynamics and strongly impact
multiple facets of fish assemblages. However, a comprehensive assess-
ment encompassing a comparative analysis of aquatic biota between
reference pre-eutrophic conditions and eutrophic periods has not been
conducted to date.

In this study, we assessed the ecological status of the Mar Menor
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coastal lagoon under different eutrophication-mediated environmental
stress scenarios by using a fish-based multimetric index. We performed a
temporal comparison between a pre-eutrophic reference period
(2002-2004) and critical eutrophic periods (2018-2021), and we
assessed the roles of anthropogenic pressure (i.e., regular dredging and
artificial sand supply) and site-level confinement (i.e., water renewal
time) as spatial factors affecting the response of fish assemblages at the
local scale. Shallow waters in nearshore areas are probably the most
affected by human activities in coastal lagoons (Bilkovic and Roggero,
2008; Verdiell-Cubedo et al., 2012), and the ecological status of these
shallow areas is frequently expressed as changes in fish assemblage
composition and structure. We hypothesised that critical eutrophic pe-
riods have a significant impact on the ecological quality of shallow
waters and that the extent of this disturbance is mediated by the degree
of anthropogenic pressure and the water renewal time. In this context,
more naturalised shallow areas should present a higher ecological
integrity and resilience against eutrophication-mediated impacts,
whereas more confined areas should be more strongly impacted by
eutrophic periods due to their lower water renewal rates.

2. Material and methods
2.1. Study area

The Mar Menor, located in southeastern Spain, was originally a hy-
persaline and oligotrophic coastal lagoon (Fig. 1). With a surface of
136.5 km?, the Mar Menor represents one of the largest coastal lagoons
in the Mediterranean basin, and it is separated from the Mediterranean
Sea by a 21 km long sand bar, which presents three major water ex-
change inlets (i.e., channels or tidal areas) (Alvarez—Rogel et al., 2020).
The Mar Menor is characterised by a low mean depth (4.5 m) and
particular water temperature and salinity conditions, ranging between
11 and 30 °C and 39 and 51, respectively (Pérez-Ruzafa et al., 2020). In
the early 2000s the salinity was slightly higher than that observed at
present (43-48 in period 2002-2004; 40-45 in period 2018-2021) due
to the increasing input of fresh waters into the lagoon. Moreover, the
hydrodynamic regime of this coastal lagoon is strongly influenced by
prevailing winds and the water level difference with the Mediterranean
Sea, which lead to dissimilar water renewal rates between (see
confinement levels in Fig. 1) (Garcia-Oliva et al., 2018).

Strong human pressures have historically affected this transitional
ecosystem. Important urban and tourist areas have developed along the
perimeter of the lagoon, and they support high population densities
during the summer season. Consequently, the shoreline morphology and
integrity have been modified by management actions (e.g., dredging,
algal removal and sand supply) and the construction of marinas and
rocky breakwaters (Pérez-Ruzafa et al., 2005). In contrast, the lagoon
still has natural shores associated with adjacent wetlands with a high
ecological value, and they are legally protected under international
figures (Natura 2000 Network and the Ramsar Convention) (see
urbanised areas and natural saltmarshes in Fig. 1).

Currently, the major impact on the Mar Menor coastal lagoon is
derived from the agricultural intensification within the adjacent
drainage basin, which has experienced a steep land-use change from
traditional rainfed farming to intensive irrigation crops in recent de-
cades (Alvarcz—Rogcl et al., 2020). This issue has led to an increased
surface input of sediments, nutrients and terrestrial organic matter into
the lagoon through seasonal watercourses (Alvarez—Rogel et al., 2020).
The Mar Menor also receives urban wastewater and nutrient-rich
groundwater discharges from excessive irrigation practices developed
over decades. Hence, this ongoing nutrient input has triggered impor-
tant changes in the original lagoon conditions, increasing nutrient levels
and leading to eutrophic processes (Fernandez-Alias et al., 2022).

Before the occurrence of eutrophic events, this coastal lagoon was
characterised by muddy bottoms predominantly dominated by large
meadows of the invasive macroalga Caulerpa prolifera (Pérez-Ruzafa
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Fig. 1. Location of the Mar Menor coastal lagoon and distribution of sampling sites targeting fish assemblages in shallow areas. Degree of anthropogenic pressure on
the shoreline (urbanised areas and natural saltmarshes) and confinement levels (water renewal time at sampling sites) are represented: confinement 1 (<300 days);
confinement 2 (300-350 days); and confinement 3 (>350 days). Main water exchange areas (inlets) with the Mediterranean Sea are also indicated.

et al., 2005, 2012). In contrast, rocky bottoms are very scarce across the
coastal lagoon and almost exclusively spatially restricted to the sur-
roundings of the five islands located within the lagoon, whereas sandy
bottoms are distributed along the littoral shallow areas and mostly
occupied by monospecific meadows of the native seagrass Cymodocea
nodosa or mixed meadows of this species together with C. prolifera or
Ruppia cirrosa. Previous research in the study area has already revealed
that different meadows support dissimilar fish communities, discussing
the bottom characteristics generated by C. prolifera are less attractive to
certain species (Marcos et al., 2015; Pérez-Ruzafa et al., 2006). Overall,
the high importance of vegetated shallow waters to some fish species of
commercial and conservation interest has been previously acknowl-
edged, particularly their role as critical habitats for fish settlement
(Guerrero-Gomez et al., 2022). However, the original distribution of
meadows within the lagoon has notably changed as a result of recent
eutrophic events, even causing the loss of 86% of meadows cover,
affecting mostly the macroalga C. prolifera (Belando et al., 2019).

2.2. Fish sampling

Fish samples were collected using a 10 m long beach seine net (8 m of
effective catching width) with a 0.5 mm mesh size, being this technique
considered one of the most effective sampling method for fish in shallow
waters, especially in coastal lagoon ecosystems (Riha et al., 2008). We
selected 18 sampling sites across shallow waters covering the whole
perimeter of the Mar Menor, and such sites were classified into two
contrasting classes according to the degree of anthropogenic pressure:
(1) highly urbanised areas under regular dredging and sand supply ac-
tions; and (2) natural saltmarshes without these human-mediated dis-
turbances (Fig. 1). Moreover, three progressive levels of water renewal
time were assigned to the sampling sites (sensu Garcia-Oliva et al.,
2018): confinement 1, less than 300 days; confinement 2, between 300
and 350 days; and confinement 3, more than 350 days (Fig. 1). In each
sampling site, three 20 m long quantitative sampling replicates were
carried out along the coastline, covering all representative habitats (160
m? of sampling area per replicate; 480 m? per sampling site). This
sampling method has previously been shown to be the most effective for
monitoring fish assemblages in all available habitats of shallow waters
in the study area (Franco et al., 2012).

In this context, all shoreline habitats were equally surveyed to ensure
an adequate sampling completeness and to collect reliable data on
species richness and fish abundance at a given sampling site. The sam-
pling sites were mainly represented by shallow habitats (40 cm of
average water depth) and mostly sandy and muddy bottoms (these fine
substrates represented 84% of the sampled bottoms). Overall, about
31% of the total surface of the sampling sites was covered by meadows,
mainly monospecific meadows of C. nodosa and mixed meadows of
C. nodosa and C. prolifera. Detailed information for each sampling site
and study period is provided in Table 1.

Fish surveys were conducted on a seasonal basis during three two-
years study periods: (1) a reference period (from summer 2002 to
spring 2004), (2) the first critical eutrophic period (2018-2019) (here-
after, CEP-1), and (3) the second critical eutrophic period characterised
by multispecies mass mortality events (2020-2021) (hereafter, CEP-2).
Although eutrophic events occurred prior to the ones considered in
the present work, no data are available on fish assemblages in the
shallow areas before 2018, and therefore the period 2018-2019 is
considered here as the first critical eutrophic period. Within each period,
the 18 selected sampling sites were surveyed once for each season of the
year (winter, spring, summer and autumn). Captured fish were identi-
fied in the field at species level immediately after catching, but a
representative sample of cryptic species (e.g., mugilids) was taken to the
laboratory for their later identification using reference literature. After
processing, all captured fish were released back into the sampling sites.

2.3. Application of fish-based index

The Estuarine Multimetric Fish Index (EMFI) was slightly adapted for
application in our study system (Appendix A). The EMFI was developed
by Harrison and Kelly (2013) and firstly applied in Irish transitional
waters to assess their ecological status as required by the EU Water
Framework Directive (hereafter, WFD). The EMFI has been proven to be
a robust and integrated measure of the ecological status of transitional
waters, being a useful tool for rapid assessment and being sensitive to
anthropogenic disturbances (Harrison and Kelly, 2013). Our adapted
version of the EMFI (hereafter, EMFI*) includes 14 metrics of ecological
relevance and easy measurement (Table 2). The EMFI* is applied at the
sampling site level. Some metrics included in this index require
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Table 1
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Average and maximum values (indicated in parentheses) of habitat descriptor variables at sampling site level for each of the study periods. % Fine substrate: average
percentage of the sampled bottoms which are composed by sand and mud. % Meadow cover: average percentage of the sampled bottoms occupied by meadows.

Sampling site

Reference period (2002-2004)

CEP-1 (2018-2019)

CEP-2 (2020-2021)

Water Depth % Fine % Meadow Water Depth % Fine % Meadow Water Depth % Fine % Meadow
(cm) substrate cover (cm) substrate cover (cm) substrate cover
SWo1 42 (63) 93 (97) 19 (37) 52 (62) 95 (100) 35(72) 49 (55) 98 (100) 42 (72)
SWo02 47 (63) 73 (82) 36 (48) 41 (47) 70 (90) 49 (77) 37 (44) 62 (72) 59 (73)
SWO03 33(48) 90 (90) 16 (33) 30 (37) 76 (98) 10 (30) 26 (31) 84 (95) 28 (65)
SWo04 51 (69) 89 (95) 16 (38) 44 (64) 95 (100) 31 (63) 38 (49) 91 (100) 39 (83)
SWO05 57 (72) 85 (93) 8(28) 58 (84) 86 (98) 17 (33) 56 (77) 80 (90) 31 (50)
SWo06 45 (58) 85 (90) 4(7) 44 (57) 90 (100) 6 (10) 40 (49) 85 (93) 26 (43)
SWo07 29 (39) 82 (92) 14 (45) 39 (57) 77 (92) 37 (73) 35 (48) 85 (95) 59 (92)
SW08 38 (45) 78 (88) 25 (45) 31(43) 96 (100) 55 (67) 26 (33) 90 (95) 48 (92)
SWO09 65 (83) 79 (90) 7 (33) 58 (71) 74 (93) 11 (42) 54 (68) 77 (90) 16 (55)
SW10 66 (66) 22 (22) 37 (37) 39 (56) 83 (93) 66 (77) 36 (46) 95 (98) 57 (85)
Swi1 53 (67) 80 (92) 11 (42) 42 (56) 86 (97) 42 (63) 39 (51) 90 (97) 54 (78)
SW12 40 (44) 90 (97) 25 (43) 41 (55) 90 (95) 67 (87) 41 (48) 94 (97) 67 (78)
SW13 36 (67) 88 (93) 30 (67) 33 (39) 86 (98) 38 (53) 31 (41) 90 (100) 36 (48)
SW14 29 (41) 90 (100) 16 (45) 26 (34) 97 (100) 34 (50) 21 (26) 92 (97) 15 (52)
SW15 37 (48) 87 (95) 38 (78) 38 (51) 68 (87) 12 (27) 37 (49) 69 (78) 17 (33)
SW16 53 (76) 90 (97) 17 (33) 39 (51) 79 (100) 8 (22) 38 (51) 86 (92) 11 (27)
SW17 29 (45) 94 (100) 28 (75) 34 (48) 77 (82) 28 (37) 28 (32) 79 (93) 19 (30)
SW18 40 (52) 84 (90) 24 (53) 38 (58) 68 (80) 46 (65) 35 (41) 74 (80) 57 (75)
All sampling 43 (83) 85 (100) 20 (78) 41 (84) 83 (100) 32(87) 37 (77) 85 (100) 38(92)
sites
Table 2 reference values from fish assemblages to assess the extent of deviation

able

Description of metrics and fish assemblage attributes used to the application of
the Estuarine Multi-metric Fish Index (EMFI*) -modified from Harrison and
Kelly (2013)- in shallow waters of the Mar Menor coastal lagoon (SE Spain).

Fish assemblage attribute and metrics

Description

Species diversity and composition
M1 Species richness

M2 Conservation value of the
fish assemblage
M3 Species composition

Species abundance
M4 Species abundance

M5 Dominance

Estuarine use

M6 Number of diadromous
species

M7 Resident species richness

M8 Marine migrant species
richness

M9 Resident species

abundance

M10  Marine migrant species
abundance

Trophic integrity

M11 Zoobenthivorous species
richness

M12  Piscivorous species
richness

M13  Zoobenthivores
abundance

M14  Piscivores abundance

Proportion of the number of species
detected as compared to the expected
richness

Number of species included in conservation
catalogues and red lists (threatened at
regional, national, European or global
scale).

% Similarity (presence/absence) to the
reference fish assemblage

% Numerical similarity to the reference fish
assemblage

Number of taxa that make up 90% of the
site-level fish abundance

Number of anadromous and catadromous
species

Representativeness of the number of
resident species detected respect to the
expected resident richness
Representativeness of the number of marine
migrant species detected respect to expected
marine migrant richness

Relative numerical abundance (%) of
resident species

Relative numerical abundance (%) of
marine migrant species

Representativeness of the number of
zoobenthivorous species detected respect to
expected zoobenthivorous richness
Representativeness of the number of
piscivorous species detected respect to
expected piscivore richness

Relative abundance (%) of zoobenthivores
to the total abundance

Relative abundance (%) of piscivores to the
total abundance

according to the reference conditions. The reference conditions for the
EMFI* metrics were established based on historical data, the best
available information and expert consensus. Hence, a putative category
of abundance was assigned to each species (Tables A1 and A2; Appendix
A), and it represents the expected abundance value of each species under
reference conditions. The EMFI* metric thresholds and scoring criteria
are available in Table A3 (Appendix A).

Following Harrison and Kelly (2013), the EMFI* values obtained
using the indicator were rescaled to an ecological quality ratio (EQR),
thus yielding values from 0 (worst ecological status) to 1 (best ecological
status) (Table 3).

EMFI % —EQR = (EMFI % — EMFI sp) / (EMFI sy — EMFI #,5,)

where EMFI* is the site-specific index value, and EMFl;,,x and EMFI i,
are the potential maximum (70) and minimum (14) EMFI values,
respectively.

2.4. Statistical analysis

The inter-relationships between the metric scores and the EMFI*
values were examined using Spearman rank correlations. Temporal and
spatial variations in the EMFI* values between the study periods
(reference period; CEP-1; CEP-2) were assessed using a permutational
analysis of variance (PERMANOVA), accounting for 5999 permutations
with Euclidean distances (Anderson, 2017) and using the adonis2
function implemented in the R environment through the vegan package
(Oksanen et al., 2019). Euclidean distances were chosen given the uni-
variate character of the response variable (Anderson, 2017). Temporal

Table 3

Scoring criteria for assessing the ecological status of Mar Menor shallow areas
according to a modified version of the Estuarine Multi-metric Fish Index
(EMFTI*). Five potential categories of ecological status can be assigned according
to the EMFI* and the Ecological Quality Ratio (EQR) scores.

Ecological status category EMFI* - EQR EMFI* score
High >0.80 >58.8

Good >0.60 to <0.80 >47.2 to <58.8
Moderate >0.40 to <0.60 >36.4 to <47.2
Poor >0.20 to <0.40 >25.2 to <36.4

Bad <0.20 <25.2
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factors were season, study period and sampling-year nested in study
period. The effects of shoreline type and confinement on the ecological
quality of the sampling sites were studied through their inclusion in the
model. All were considered as fixed factors and included in the model
with the interaction between the temporal factors and each spatial
factor.

3. Results
3.1. Fish assemblages

A total of 55 fish species belonging to 20 families were collected
along the shallow waters of the Mar Menor coastal lagoon during the
three study periods (Table 4). Overall, we captured 254,515 individuals
and recorded a mean density of 137.4 fish per 100 m?. Four families
accounted for 87.7% of the total abundance: Mugilidae (49.5%),
Gobiidae (16.2%), Atherinidae (13.6%) and Syngnathidae (8.4%).
Moreover, almost 99% of the total abundance was represented by these
families and four additional ones: Sparidae (4.4%), Engraulidae (2.7%),
Labridae (2.3%) and Cyprinodontidae (1.6%). Mugilidae was the
dominant family in terms of abundance over the three study periods.
The density of Gobiidae was higher during the reference period than
during both eutrophic periods, whereas Syngnathidae and Atherinidae
showed the highest values of density in the CEP-1. Sparidae was the
family with the greatest species richness in the Mar Menor shallow
waters (10 species), followed by Mugilidae (6 species), Gobiidae (6
species) and Syngnathidae (5 species).

3.2. Metrics of EMFI*

The abundance of resident species (M9), the abundance of marine
migrant species (M10), the abundance of zoobenthivorous species
(M13) and species richness (M1) were the metrics most correlated with
EMFI* (Table B1; Appendix B). The contribution of these metrics to the
index values differed slightly across seasons, alternating in order of the
highest correlation (Tables B2; Appendix B). The seasonal correlations
also showed a high contribution of dominance (M5) and species

Table 4
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composition (M3) to EMFI* in the winter and spring seasons. In contrast,
diadromous species richness (M6), piscivorous species richness (M12)
and piscivorous abundance (M14) were the metrics most poorly corre-
lated with the index values.

The contribution of the metrics to the EMFI* values (Fig. 2) showed a
great similarity between the winter and summer seasons, with no major
changes observed across the three different study periods. However,
zoobenthivorous species richness (M11), resident species richness (M7),
marine migrant species richness (M8), resident species abundance (M9)
and marine migrant species abundance (M10) showed changes in their
average contribution to the EMFI*, with all of them being higher during
the reference period. Species richness (M1), species composition (M3)
and the abundance of zoobenthivorous species (M13) also showed some
slight differences (change <10%) among the autumn season across the
three periods. A similar pattern of metric contribution was observed in
the autumn and spring seasons, although the average contribution of
M13, M10 and M9 was notably higher in the CEP-1 than in the mortality-
associated second period.

3.3. Spatio-temporal changes in ecological quality

The EMFI* values at the sampling sites ranged between 23 and 57
points for the whole study period, so the ecological status varied from
bad to good quality (Table B3; Appendix B). The average EMFI* values
(+ standard deviation) per period were 41.0 + 5.70 for the reference
period, 40.5 + 5.93 for the CEP-1 and 39.0 + 5.90 for the CEP-2
(Table 5; Fig. 3). Therefore, the overall ecological status of the Mar
Menor shallow areas remained moderate across the whole study period.

A temporal analysis showed significant changes in the EMFI* values
associated with the study periods (Fig. 3; Table 6). The EMFI* values
obtained in the CEP-2 were significantly lower than those obtained in
the reference period and in the CEP-1, but no significant differences
were found between these latter two periods. Furthermore, significant
interannual differences in the EMFI* were observed within the study
periods, as well as within-year changes associated with seasonality
(Table 6). Overall, spring was the season with the highest average EMFI*
values (Table 5; Fig. 4), although no seasonal differences were observed

Descriptive results showing family-level species richness (S), rankings by ordered density (Rk), mean density (D, numbers of fish per 100 m?) and relative proportion of
the total abundance (%) for the fish families detected in shallow areas of the Mar Menor coastal lagoon (SE Spain). Results are provided for each of the three study
periods (reference period; First Critical Eutrophic Period “CEP-17; Second Critical Eutrophic Period “CEP-2") as well as for the whole study period. Values of the five

most important families for each parameter are highlighted in bold.

Fish families Reference period (2002-2004) CEP-1 (2018-2019)

CEP-2 (2020-2021) Whole study period

S Rk D % S Rk D % S Rk D % S Rk D %
Anguillidae 1 18 <0.1 <0.1 1 14 <0.1 <0.1 1 14 <0.1 <0.1 1 18 <0.1 <0.1
Atherinidae 1 3 16.9 9.7 1 2 27.5 24.5 1 3 11.3 8.4 1 3 18.6 13.6
Belonidae 1 11 <0.1 <0.1 2 10 0.2 0.2 2 13 <0.1 <0.1 2 12 0.1 0.1
Blennidae 2 7 1.8 1 2 8 0.7 0.7 4 8 1.7 1.2 4 9 1.4 1.0
Callionymidae 1 10 <0.1 <0.1 0 20 - - 0 20 - - 1 17 <0.1 <0.1
Carangidae 1 19 <0.1 <0.1 2 13 <0.1 <0.1 0 18 - - 2 10 0.0 <0.1
Clupeidae 2 14 <0.1 <0.1 2 15 <0.1 <0.1 1 11 0.2 0.1 3 13 0.1 0.1
Cyprinodontidae 1 6 2.8 1.6 1 5 3 2.6 1 9 1.0 0.7 1 8 2.2 1.6
Engraulidae 1 13 <0.1 <0.1 1 6 2.4 2.1 1 5 7.5 5.5 1 6 3.7 2.7
Gobiidae 4 2 40.4 23.1 5 4 11.3 10.1 4 2 19.7 14.6 6 2 22.2 16.2
Labridae 2 9 0.1 0.1 1 9 0.3 0.3 2 4 8.2 6.0 3 7 3.2 2.3
Moronidae 2 8 0.9 0.5 1 11 0.1 0.1 1 10 0.2 0.1 2 11 0.3 0.2
Mugilidae 5 1 93 53.2 6 1 41.4 36.9 6 1 75.6 56.0 6 1 67.9 49.5
Mullidae 1 15 <0.1 <0.1 1 17 <0.1 <0.1 1 12 <0.1 <0.1 1 15 <0.1 <0.1
Poeciliidae 1 17 <0.1 <0.1 0 19 - - 1 17 <0.1 <0.1 1 19 <0.1 <0.1
Pomatomidae 1 16 <0.1 <0.1 1 12 <0.1 <0.1 1 16 <0.1 <0.1 1 14 <0.1 <0.1
Serranidae 0 20 - - 1 18 <0.1 <0.1 0 19 - - 1 20 <0.1 <0.1
Soleidae 3 12 <0.1 <0.1 1 16 <0.1 <0.1 1 15 <0.1 <0.1 3 16 <0.1 <0.1
Sparidae 6 4 14.2 8.1 8 7 1.6 1.5 7 7 4.6 3.4 10 5 6.1 4.4
Syngnathidae 5 5 4.6 2.6 4 3 23.5 21 2 6 5.1 3.8 5 4 11.6 8.4
Species richness 41 41 37 55
Total catches 86,371 74,759 93,385 254,515
Mean density 174.7 112.0 135.1 137.4
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Fig. 2. Radar plots representing the seasonal contri-
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Table 5

Mean EMFI* values per season for each study period (reference period; First Critical
Eutrophic Period “CEP-1"; Second Critical Eutrophic Period “CEP-2") across shallow
waters from the Mar Menor coastal lagoon. Standard deviation is included. The colour
indicates the conservation status category assigned according to the EMFI*-EQR rescaling.

Seas Reference period CEP-1 CEP-2

Winter 40.3+4.16 41.6+4.68 39.5+6.79
Spring 44.7 £4.80 43.8+6.24 40.6 £5.03
Summer 38.9+6.51 37.1+5.42 37.4+4.89
Autumn 43.1+5.48 39.4+5.24 38.4 £ 6.40
EMFI* (mean) 41.0+5.70 40.5+5.93 39.0 £5.90

for the CEP-2. Mean values of those EMFI* metrics with a relevant
contribution to the final scores are provided in Tables B4 and B5 — Ap-
pendix B.

Changes in the ecological quality of the shallow areas among the
periods unevenly affected the sites with different levels of confinement
(water renewal rates), as shown by the significant interaction between
these two factors (Fig. 5; Table 6). In this context, the partially confined
sites (confinement class 2, with a water renewal time between 300 and
350 days) showed a progressively steeper decrease in the EMFI* values,
reaching the greatest differences during the CEP-2. During the summer
season of both eutrophic periods, a slight decrease in the EMFI* values
was observed in the more confined sites as compared to in other seasons.
Furthermore, sites with higher water renewal rates obtained better
ecological quality values during the winter and spring seasons. Finally,

the degree of anthropogenic pressure (represented by the shoreline type,
urbanised areas versus natural saltmarshes) at the sampling sites did not
appear to influence the EMFI* values. This factor also showed no
interaction with the other temporal factors or the confinement level, so
artificial and natural sites displayed similar patterns in their ecological
quality (Fig. B1; Appendix B; Table 6).

4. Discussion
4.1. Metric response
Species richness and abundance were the most important metrics

explaining variability in our fish-based multimetric index (EMFI*), with
both showing the temporal stability of the fish community structure
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Fig. 3. Overall temporal variation into the ecological status of the Mar Menor
shallow waters based on an adapted version of the Estuarine Multimetric Fish
Index (EMFI*). The bar chart shows the percentage of sampling sites included in
each category of ecological status across the different study periods (reference
period (2002-2004); First Critical Eutrophic Period “CEP-1” (2018-2019); and
Second Critical Eutrophic Period “CEP-2” (2020-2021).

Table 6

Parameters resulted from the five factors PERMANOVA tests based on the
Estuarine Multi-metric Fish Index (EMFI*) values of the Mar Menor shallow
areas. Factors are study period, season, confinement, anthropogenic pressure
(shoreline type) and sampling-year (nested into the study period). Mean squares
(MS), F-values (F), coefficient of determination (R?) and degrees of freedom (df).
Significance levels (P): *p < 0.05; **p < 0.01; ***p < 0.001.

Main factors df MS R? F P

Study Period 2 291 0.02 4.9 0.007**

Season 3 1245.3  0.09 13.9  <0.001***

Confinement 2 33.2 0.00 0.6 0.572

Shoreline type 1 1 0.00 0.0 0.855

Sampling-year (Study Period) 3 783.2 0.06 8.7 <0.001***

Interactions

Study Period X Season 6 184.1 0.14 1.1 0.414

Study Period X Confinement 4 404 0.03 3.4 0.013*

Season X Confinement 6 432.2 0.03 2.4 0.024*

Study Period X Shoreline type 2 18.8 0.00 0.3 0.731

Season X Shoreline type 3 89.9 0.01 1.0 0.403

Sampling-year (Study Period) X 7 88.6 0.01 0.4 0.883
Season

Sampling-year (Study Period) X 6 81.4 0.01 0.5 0.847
Confinement

Study Period X Season X 12 381.9 0.03 1.1 0.381
Confinement

Sampling-year (Study Period) X 3 47.4 0.00 0.5 0.662
Shoreline type

Study Period X Season x 6 94.3 0.01 0.5 0.791

Shoreline type
Sampling-year (Study Period) X 14 263.5 0.02 0.6 0.843
Season X Confinement

Sampling-year (Study Period) X 7 187.8 0.01 0.9 0.509
Season X Shoreline type
Residuals 300 89749 1.00

associated with shallow areas despite changing environmental scenarios
during the whole study period. Conversely, diadromous species richness
was the metric with the lowest contribution to the EMFI*, which is
attributed to the scarce occurrence of migratory species in our study
area. In fact, a relatively low importance of diadromous fish has also
been reported for other European estuaries and coastal lagoons, where
migratory taxa account for only 9% of the overall species richness
(Franco et al., 2008). Similarly, the metrics on the richness and abun-
dance of piscivorous species also made a marginal contribution to the
overall EMFI* score, as this trophic group of fish is scarcely represented
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in coastal lagoons (Franco et al., 2008).

A recent multimetric fish-based index developed to assess the
ecological status of coastal lagoons in Greece selected metrics associated
with the life cycle of species (e.g., resident or marine migrant species
abundance) as the most important contributors to the overall index score
(Sapounidis and Koutrakis, 2021). As stated by these authors, fish spe-
cies strongly rely upon shallow waters as feeding, reproduction and
nursery grounds, so the environmental degradation of these habitats
could greatly affect their abundance. Our results are in line with those of
previous studies because the metrics on resident and marine migrant
abundances were highly correlated with the index values, and these
metrics also showed the highest variation among the study periods
(Table B1; Appendix B; Fig. 2). These metrics increased in the winter and
spring seasons in the CEP-1, probably as a response to forced movements
of some fish from deeper and impaired habitats (Belando et al., 2019) to
shallow waters whose less impacted bottoms may have acted as alter-
native habitats. However, the critical situation experienced during the
warmer seasons in the CEP-2 period (algal blooms and mass mortality
events) resulted in these metrics having decreased scores as compared to
those of the reference period. This result is consistent with the wors-
ening of eutrophic conditions due to the rising water table and the
greater dispersion of nutrient inputs along the inner coast (Fernande-
z-Alias et al., 2022). Therefore, fish assemblages from Mar Menor
shallow areas could be notably impaired if these critical eutrophic
events become regular over time, impacting the ecosystem services
provided by this coastal lagoon and leading to evident ecological and
socioeconomic consequences.

4.2. Ecological status of shallow waters

Although fish-based multimetric indicators are widely applied to
assess the ecological status of different aquatic environments, their use is
continuously under debate (Puig-Girones and Real, 2022; Souza and
Vianna, 2020). Some multimetric indices based on community structure
may be too robust and not sensitive enough to reflect changes in fish
assemblages, thus placing constraints on their ability to provide an early
warning of certain anthropogenic impacts (Fonseca et al., 2013;
Pérez-Ruzafa et al., 2019a). Moreover, transitional environments are
particularly characterised by natural fluctuations in habitat conditions
(the so-called “estuarine quality paradox™) (Dauvin and Ruellet, 2009),
thus making pristine conditions difficult to distinguish from stressed
conditions.

In this study, we found no drastic temporal changes in the ecological
quality (i.e., the EMFI* values) of the Mar Menor shallow waters, despite
the occurrence of critical eutrophic periods in recent years, including
mortality events of aquatic fauna and meadows (Belando et al., 2019;
Ruiz-Fernandez et al., 2019). This result might be explained by the
buffering role of the shallow waters under a generalised eutrophication
process, providing alternative refuge habitats to fish moving from more
impaired deeper waters. Though empirical evidence is required, this
argument is supported by the following assumptions: Firstly, the
massive mortality of meadows (macroalgae and seagrass) associated
with eutrophic processes had no significant effects on the meadows in
shallow perimeter areas (less than 2 m depth) (Belando et al., 2019;
Mercado et al., 2021). Secondly, the bottom surface of shallow areas
covered by seagrass meadows (mostly C. nodosa) increased during
eutrophic periods and even expanded towards the coastline (Table 1).
This fact could be due to a greater nutrient availability. Furthermore,
lower incidence of sunlight reaching the bottom (promoted by a higher
water turbidity), could have facilitated the spread of sunlight-sensitive
macroalgae species (e.g., C. prolifera), as suggested by previous studies
(Garcia-Sanchez et al., 2012; Pérez-Ruzafa et al., 2012). Hence, this
situation promoted the spread of seagrass meadows dominated by
C. nodosa in shallow littoral areas, with these vegetated bottoms having
already been reported to support a higher fish richness, abundance and
biomass than unvegetated bottoms (Scapin et al., 2018; Verdiell-Cubedo
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Fig. 4. Boxplot showing temporal changes in the ecological status of the Mar Menor shallow areas based on the Estuarine Multi-metric Fish Index (EMFI*) score. Data
are represented on a seasonal time scale and divided into three study periods (reference period; First Critical Eutrophic Period “CEP-1"; Second Critical Eutrophic

Period “CEP-27).
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Fig. 5. Boxplots comparing the ecological status of the Mar Menor shallow areas in relation to the water renewal rate (confinement levels). The ecological status is
measured through the modified Estuarine Multi-metric Fish Index (EMFI*). Boxplots are grouped in the study periods (reference period; First Critical Eutrophic
Period “CEP-1"; Second Critical Eutrophic Period “CEP-2"), and each plot represents a season.

et al., 2007). Finally, the higher photosynthetic activity of these vege-
tated shallow areas, as compared to that of devegetated deeper bottoms,
resulted in a higher availability of dissolved oxygen. Therefore, our re-
sults together with the available evidence from the study area support
the role of Mar Menor shallow waters as alternative refuge habitats for
fish during the occurrence of critical eutrophic events impacting deeper
bottoms.

Our analyses highlight the stability of the ecological quality of the
shallow areas of the Mar Menor during the whole study period (the
EMFI* values were similarly moderate across the three study periods), in
contrast to the critical state observed in deeper bottoms of this coastal
lagoon (Ruiz-Fernandez et al., 2019). This result was not expected, as
the strong and direct relationship between fish assemblages and sub-
merged habitats suggested that fish-based indicators should respond
negatively to meadow deterioration and bottom disturbance (Whitfield
and Elliott, 2002). The loss of structural complexity and the homoge-
nisation of aquatic habitats resulting from long-term eutrophication
processes should have a direct impact on fish assemblages, since habitat
heterogeneity has been identified as one of the main drivers of species
diversity in lagoon communities (Bennett et al., 2001; Pelletier et al.,
2020). A recovery in the ecological status of the Mar Menor coastal
lagoon was suggested in 2018 following an assessment of long-term

dynamics of several parameters related to water quality (e.g. nutri-
ents, chlorophyll a and others) (Pérez-Ruzafa et al., 2019a). However,
this presumed improvement in the ecological quality contrasts with our
results obtained from the fish-based index, since the lowest EMFI*
values (i.e., poorest ecological quality) obtained here for the whole
study period were just recorded in summer 2018. Hence, as compared to
fish assemblages in shallow areas, water-quality parameters in deeper
areas seem to respond dissimilarly to eutrophic events. These differences
may be explained by the two following non-exclusive arguments, which
could act synergistically: the existence of divergent dynamics between
shallow areas and the rest of the lagoon (e.g., delayed
eutrophication-related effects in shallow areas) or a dissimilar response
of the assessed metrics (e.g., fish response later to eutrophication-related
effects as compared to chlorophyll or nutrients).

4.3. Effects of confinement and anthropogenic pressure

The confinement or isolation of transitional environments has
already been identified as a major factor affecting fish assemblage
composition (Sheaves, 2016). In this context, the Mar Menor shows a
lower water renewal time as compared to other larger coastal lagoons,
so it would be expected a non-diverse community restricted by already
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described low colonisation rates of individuals and species (Garcia-Oliva
et al., 2018; Pérez-Ruzafa et al., 2019a). However, a total of 55 fish
species have been detected in the Mar Menor shallow waters. This
relatively high fish diversity could be explained by the wide range of
geomorphological and hydrographic variabilities characterising the Mar
Menor, as well as the high environmental heterogeneity (Pérez-Ruzafa
et al., 2019b), thus offsetting the isolation of their biological
communities.

Although previous studies in this lagoon have already confirmed the
effects of confinement on species richness, abundance and diversity of
benthic fish assemblages, with highest values for these descriptors being
observed in least confined areas (Pérez-Ruzafa et al., 2007), the
ecological quality values obtained here using the fish-based indicator
EMFI* showed a similar pattern regardless of the confinement degree.
Despite several taxa of migrant fish (e.g., Sparus aurata and Chelon
auratus) show patterns of spatial abundance associated with proximity
to water exchange inlets (Verdiell-Cubedo et al., 2013b), these patterns
were not sufficiently marked to affect the EMFI* scores, probably
because most of the migrant fish species (as well as some resident fish)
display routine colonisation movements between different shallow
areas. This fact may also be explained by the important role of the
currents and dynamics within the lagoon, as these factors seem to play a
more important role for the ichthyoplankton structure and population
genetic structure of some species as compared to the connectivity be-
tween the coastal lagoon and the Mediterranean sea (Pérez-Ruzafa et al.,
2019b). However, the confinement regime seemed to have become more
relevant in our seasonal analysis (Table 6; Fig. 5). For instance, the less
confined areas obtained higher ecological quality values in the winter
and spring seasons. These better scores are likely associated with their
proximity to water exchange inlets, which promotes more diversified
fish communities by incorporating migrant species with a more
temporally concentrated recruitment phenology in these seasons, such
as species from Mugilidae and Sparidae families (Verdiell-Cubedo et al.,
2013a). These findings are also supported by previous studies of ich-
thyoplankton in the lagoon, which described highest species and family
richness in areas with a greater connection to the Mediterranean sea
(Perez-Ruzafa et al., 2004). Moreover, we observed a decrease in the
ecological quality of the most confined areas in summer under eutrophic
conditions. An increasing water temperature triggers the depletion of
dissolved oxygen (Brauko et al., 2020), which may force several fish
species to move and seek refuge in more oxygenated areas (i.e., less
confined sampling sites). Interestingly, our results are in contrast with
those reported in other coastal lagoons and estuaries from tropical and
subtropical regions, which are characterised by more stable water
temperatures (warm conditions all throughout the year), and no sea-
sonal effects of eutrophic and dissolved oxygen drops events have been
observed to affect fish assemblages in these regions (Cabrera-Paez et al.,
2021; James et al., 2008).

Unexpectedly, natural saltmarshes showed an ecological status
similar to that observed in urbanised areas (recreational beaches), in
contrast with previous studies conducted in the study area (Verdiell--
Cubedo et al., 2012) and other transitional waters (Viana et al., 2010). In
our case, this could be because the structural diversity and hard sub-
strates provided by breakwaters and marine structures frequent on
urban beaches, factors that promote the richness and diversity of benthic
fish communities, as some authors suggest (Pérez-Ruzafa et al., 2006).
The absence of differences in ecological quality across shallow waters
dissimilarly impacted by anthropogenic pressures could also be attrib-
uted to the recent homogenisation of local habitat conditions caused by
the increased input of nutrients and organic matter, which is much more
marked in unmodified sites than in urbanised areas. Though human
settlements are evenly distributed along the whole lagoon perimeter,
our urbanised sampling sites were mostly concentrated in the eastern
sector and close to the Mediterranean inlets, so the arrival of nutrients
and organic matter is notably low due to the absence of agriculture fields
in the drainage basin from this lagoon sector. However, some gregarious
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species are often attracted to shallow waters receiving inputs of nutri-
ents and organic matter (highly productive areas), as reported for
Engraulis encrasicolus and Mugilidae species (Zorica et al., 2013), with
the consequent effects of some metrics (e.g., dominance or marine
migrant abundance) and a reduction in indicator values at natural
sampling sites.

Overall, the spatial factors analysed in our study (the confinement
regime and the degree of anthropogenic pressure) did not explain the
major changes in the ecological quality of the Mar Menor shallow wa-
ters. This result highlights that the shallow areas of coastal lagoons,
regardless of their confinement regime and degree of anthropogenic
pressure, are equally important for fish assemblages during critical
eutrophic periods, as they provide an alternative habitat for estuarine
biota.

4.4. Shallow areas as critical refuge for fish

Eutrophication effects do not always lead to the rapid loss of
ecological quality in coastal lagoons or the impairment of fish assem-
blages, though this human-derived disturbance often affects the bottom
composition and benthic communities (Ishitobi et al., 2000). However,
the long-term persistence of this threat may have particularly negative
effects on the ecological integrity of shallow areas because bottom
conditions (e.g., vegetation cover or substrate coarseness) have been
reported to be major drivers of fish assemblage structures and species
distributions (Becheker et al., 2022), being even more important than
other abiotic variables, such as salinity, water temperature and dis-
solved oxygen. In our study area, the most frequent resident fish families
(Atherinidae, Gobiidae and Syngnathidae) are also the most affected by
anoxic conditions. Continued and mass mortality events occurred during
the CEP-2, leading to evident changes in the fish densities of these
families (Fig. 6). Despite some of these families showing high densities
before the mass mortality events (i.e., Syngnathidae), their populations
experienced a steep decline after these critical eutrophic events. Among
this resident families, only Gobiidae showed occasional high density
values in summer 2021, related to the peak of catches of Gobius niger, a
species characteristic of deeper areas and which found refuge in shallow
areas before the mortality that happened weeks later. In contrast, ma-
rine migrant fish families (Mugilidae and Sparidae) continued to display
their usual inter-annual fluctuations with an erratic unclear pattern. The
life-history traits of resident species make them particularly vulnerable
to eutrophic events, and recolonisation processes and the establishment
of new species in previously impacted shallow areas can be really
difficult (Pollom et al., 2021). Most of these species are exclusive to
coastal lagoons or estuarine environments, and they are rare in offshore
waters, thus hampering recolonisation from adjacent coastal wetlands or
streams. In fact, the limited connectivity between the Mar Menor coastal
lagoon and the Mediterranean sea, as well as the low dispersal ability of
these species during the larval stage, does not facilitate the influx of
these species (Pérez-Ruzafa et al., 2019b). Conversely to coastal lagoons,
recovery post-eutrophication process can be faster in freshwater lotic
ecosystems. For example, some authors have assessed the ecological
resilience of rivers after pollution or defaunation events, reporting
recolonisation processes of fish communities in a few months or even
weeks (Eros et al., 2015; Piller and Geheber, 2015). Fast recolonisation
rates have also been reported in lentic environments, such as lakes,
although recolonisation success was hindered by the low reproduction
of some freshwater species (Kristensen et al., 2020). This high resilience
of freshwater fish assemblages is mostly linked to morphological and
ecological traits that provide them with the ability to disperse and
migrate along the watercourse and to even use other adjacent aquatic
ecosystems, such as tributaries or small streams, that can act as alter-
native refuge habitats (source areas) and assist subsequent recolonisa-
tion (Piller and Geheber, 2015).

Previous studies have also reported the movement of fish in search of
refuge areas during hypoxic situations (Thiem et al., 2020). In our study
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Fig. 6. Bar charts represent the interannual and seasonal changes in average fish density (number of fish per 100 m?) and standard error of the most relevant families
(Mugilidae, Sparidae, Atherinidae, Gobiidae, Syngnathidae and Labridae) in shallow waters of the Mar Menor coastal lagoon across the study period.

case, high scores on some EMFI* metrics (e.g. species richness) were
maintained in shallow waters due to the arrival of fish species that
usually inhabit deeper waters (e.g. Gobius niger and Symphodus cinereus).
This movement could be triggered by hypoxic processes generated by
the eutrophication of the lagoon. The peaks in the density of Gobiidae
and Labridae species, not typically from shallow waters, that occurred
just before the mortality events of autumn 2019 and summer 2022
suggest that shallow oxygenated areas played a key role as a refuge
habitat for these taxa (Fig. 6). This assumption is also supported by field
observations concerning the aquatic surface respiration of these species
during severe hypoxia periods, as well as their higher
eutrophication-mediated mortality rates recorded in prospective tran-
sects conducted along impacted sampling sites during critical hypoxia
events (unpublished results). Moreover, further studies carried out in the
Mar Menor coastal lagoon during recent eutrophic periods found a
negative correlation between ichthyoplankton abundance and chloro-
phyll and nutrient concentrations in the water column (Pérez-Ruzafa
et al.,, 2019a). Hence, the higher density of these species in shallow

10

waters during eutrophic events was mediated by fish movement from
deeper waters instead of a greater juvenile recruitment due to potential
reproductive pulses of these species. Depth and vegetation cover have
been ranked as important drivers in structuring fish assemblages in
mediterranean coastal lagoons with similar fish communities (Selfati
et al., 2019). In this context, recurrent eutrophication processes may
promote the prolonged occurrence of typically deeper-water fish species
(e.g., Symphodus cinereus and Gobius niger) in shallow areas, thus leading
to increased interspecific interactions with typically shallow-water fish
(e.g., Syngnathus abaster and Pomatoschistus marmoratus). The coexis-
tence in shallow areas of species with different functional traits and
habitat selection could threaten the community structure and the sur-
vival of less competitive species. Further research should assess the
potential effects of these increased interactions (e.g., resource compe-
tition) on the structure and composition of fish assemblages in shallow
waters.

Future management actions targeting this coastal lagoon, which is
highly impacted by eutrophication processes, should consider shallow
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areas to be critical habitats for aquatic biota. Such littoral waters pro-
vide multiple ecosystem services, including the recruitment and
fattening of fish with a high economic value (Guerrero-Gomez et al.,
2022). Moreover, shallow waters could play a pivotal role as buffers and
refuge habitats during eutrophication processes not only for fish as-
semblages but also for other aquatic taxa (e.g., crustaceans, molluscs
and echinoderms). Likewise, shallow littoral waters could be considered
source sites for assisting natural recolonisation processes after eutrophic
events, thus facilitating the ecological restoration of deeper lagoon
waters. Therefore, the effective management of these critical habitats
and their associated biotic communities requires an adequate surveil-
lance of points of pollution and nutrient discharge, as well as the
implementation of nature-based solutions for restoring adjacent salt-
marshes (Alvarez—Rogel etal., 2020). Some of these actions have already
been successfully implemented in other coastal lagoons to safeguard
threatened fish species and valuable fish habitats (De Villiers et al.,
2019).

5. Conclusions

The slight decrease in the ecological quality of the Mar Menor
shallow areas observed during the recent eutrophic episodes, even after
the mass mortality events, indicates that shallow littoral habitats have a
great buffering ability to cope with high turbidity and euxinic condi-
tions. However, the intensification of eutrophic conditions during the
warmer seasons promoted the water renewal rate to act as an important
driver of seasonal changes in the ecological status. In addition to the
ecosystem services already known to be provided by shallow areas, these
nearshore habitats could play an alternative role as refuge areas for fish
assemblages during euxinic crises in the Mar Menor. This attribute
further reinforces the need to properly manage and protect these critical
habitats, not only for their key role as source and recruitment areas for
the short-term recovery of fish assemblages in the lagoon ecosystem as a
whole but also for the benefit of other biotic components. However, it
should be considered that the long-term persistence of eutrophic epi-
sodes may undermine the resilience of the coastal lagoon and hamper
natural recolonisation processes by fish communities. In addition, it
should be noted that the seasonal dynamism of fish assemblages
observed in shallow areas and the holistic approach characteristic of
fish-based indices could be masking taxonomic-level impacts, thus
hindering the detection of fish community simplification processes or
the loss of functional integrity that may be occurring in the Mar Menor
coastal lagoon.
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