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Abstract: The Ebre Delta (NW Mediterranean), which is considered a highly vulnerable ecosystem, is
one of the most important European wetlands and belongs to the Natura 2000 network. The present
study aims to characterize the benthic megainvertebrate communities inhabiting the Ebre Delta
soft-bottom infralittoral to acquire faunistic and biological knowledge for two periods of time,
23 years apart. Experimental trawls were conducted during the two periods (1992-1993 and
2016-2017) in three depth strata, between 5 and 25 m. A total of 139 and 170 taxa were collected at
each period, respectively. Our results showed that community species composition and structure
varied between periods and among depth strata. Overall, a large decrease in density and biomass was
detected for most species in all three depth strata examined (0-5, 15-20, and 20-25 m) in 20162017,
especially in the shallowest stratum. Species richness was higher in 2016-2017 than in 1992-1993,
and the lowest values were found at the shallowest stratum in both periods. The significant biomass
losses herein reported highlight the need to increase, in time and effort, the monitoring of large
marine invertebrates in coastal areas, where many taxa provide important ecosystem functions
and services.
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1. Introduction

Coastal ecosystems are among the most productive marine zones and provide impor-
tant services related to human well-being, including food supply, recreation, and biodi-
versity. However, the coastal zone is extremely sensitive to the impact of human activities
and natural disturbances. Pollution, impoverishment of water quality, erosion, habitat
loss and degradation, overexploitation, alien species establishment, and climate change
are considered the most important threats to the Mediterranean biodiversity [1]. In this
changing context, faunistic studies are essential to assess diversity patterns to detect the
effects of disturbances in marine soft-bottom benthos, especially concerning species and
habitat resilience [2—4]. According to the European Water Framework Directive (WFD;
2000/60/EC), studies on macrofauna (250 pm-1 cm) can be highly valuable to assess the
ecological status for all European water bodies, and several benthic biotic indices have been
developed to that end [5,6]. However, this type of study requires meticulous procedures,
i.e., sampling with grabs or corers, sieving on 0.5-1 mm mesh screens, and longtime sorting,
missing most vagile megafauna in the sampling process. Thus, studies on megafauna (from
one to several centimeters) can provide an accurate alternative to macrofauna sampling, as
it is significantly quicker to collect and analyze them, and their communities respond to
the same environmental drivers as macrofauna [7].

Studies on species abundance and distribution along the time axis are essential to study
and analyze ecosystem responses to natural and anthropogenic effects. Thus, historical

Diversity 2023, 15, 623. https://doi.org/10.3390/d15050623

https:/ /www.mdpi.com/journal/diversity


https://doi.org/10.3390/d15050623
https://doi.org/10.3390/d15050623
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diversity
https://www.mdpi.com
https://orcid.org/0000-0001-7875-9293
https://orcid.org/0000-0002-0019-4592
https://orcid.org/0000-0001-6034-2465
https://doi.org/10.3390/d15050623
https://www.mdpi.com/journal/diversity
https://www.mdpi.com/article/10.3390/d15050623?type=check_update&version=3

Diversity 2023, 15, 623

20f17

quantitative records are required to set a reference to an earlier state [8-10] because the
comparison between a historical baseline and recent surveys may be the only proxy to detect
changes in species abundance and distribution [11]. In the Mediterranean, coastal soft-
bottom macrobenthos data series in shallow sandy/muddy bottoms are scarce, with some
exceptions [12,13]. To increase data collection, the megafauna obtained from scientific fish
surveys may offer the opportunity to obtain relevant ecological information [14]. However,
bottom trawl fishery surveys, e.g., the MEDITS program in the Mediterranean Sea [15],
tend to focus on benthic-demersal species from 50 to 800 m depth [15,16]. Thus, there is an
information gap in shallow water habitats despite the recruitment of many fishery target
species that takes places in these areas. To fill this lack of information, megainvertebrate
faunistic studies from scientific shellfish stock surveys can be used [7,17,18].

The Ebre Delta, with its 320 km?, is one the largest deltas in the W Mediterranean,
which contains numerous wetland habitats that host diverse and abundant wildlife. The
delta is protected by the European Union and the Ebre Delta Natural Park, and it is cat-
aloged as a Biosphere Reserve (Natura 2000 site of UNESCO) (http://natura2000.eea.
europa.eu/ (accessed on 13 March 2023)). Its coastline is considered a highly vulnerable
ecosystem [19,20] because it is frequently affected by both storms and flooding, resulting in
coastal erosion [19]. Fisheries are important sources of economic activity in this productive
area with fish, mollusks, and crustaceans being relevant in the fish market. The gastro-
pod Bolinus brandaris (Linnaeus, 1758), the bivalve Chamelea gallina (Linnaeus, 1758), and
the caramote prawn Penaeus kerathurus (Forskal, 1775) are the main commercial species
captured by the artisanal dredge fleet that operates on the coastal line, along the 5-30 m
depth strip.

Quantifying benthos biomass and density is necessary to evaluate the severity of
the threats affecting coastal communities [20]. Over time, the composition of the benthic
community may change as disturbance events alter the interactions between species, e.g.,
losing sensitive species or new ones appearing in the community [21]. Information on the
infralittoral communities of the Ebre Delta helps to implement adequate conservation and
management strategies within the framework of the current European Directives [22,23].
To that end, we studied the community patterns under the hypothesis that the benthic
invertebrate communities in that area have changed over time, decreasing in diversity
and biomass owing to the loss of species sensitive to disturbances. This study provides
a comparison of the structure (species composition, richness, and diversity), abundance,
and biomass of benthic assemblages using qualitative and quantitative data collected on
shallow waters, 23 years apart (1992-1993 and 2016-2017).

2. Materials and Methods
2.1. Study Area and Sampling Methods

The study was carried out in the south of the Ebre Delta (Catalan coast, NW Mediter-
ranean Sea, Figure 1). This coast presents a microtidal environment with a maximum tidal
range below 0.3 m [24]. A cross-shore distribution of the sediment grain size shows a trend
toward offshore, with medium and fine sands at the shoreline (<6 m depth) but silt in
areas deeper than 20 m [24]. The mean slope varies in depth. It is high (>0.005) between
the shoreline and down to 4-6 m in depth; intermediate (from 0.002 to 0.005) between
6 and 11 m in depth; and <0.002 in discontinuous patches of the deepest littoral zone
(>11 m depth) [25]. The shore face, which is shallower than 4 m in depth, is a high energy
zone affected by continuous sediment transport caused by waves [26].

The study covered an area of 36 km? (22.5 km length by 1.6 km width), ranging from
5 to 25 m in depth. Sampling took place in two periods, one from November 1992 to
October 1993, and another from October 2016 to September 2017. The same gear and
techniques were used in both studied periods. In all, 18 and 21 sampling hauls were
performed in the first and second periods, respectively, at the fishing grounds operated by
the epibenthic dredge fleet of Sant Carles de la Rapita. Epibenthic and demersal species
were collected from a fishing boat using a commercial dredge, locally called “rastell”,
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to harvest mollusks and crustaceans. This gear consisted of a bag mounted on a rigid
rectangular metal frame, with a total length of 10 m. The metal frame measured 2 m
wide and 40 cm high. The upper part of the bag had netting, whereas the lower part had
about 18 metal chains with each extreme tied to a side of the bag. The cod-end (40 mm
diamond mesh size) measured 1.5-3 m [27]. Experimental hauls were conducted with the
same methodology used by the fishers, towing two dredges simultaneously side by side
from the stern. Haul depth and speed of the boat were recorded. Average speed during
fishing was 5.5 knots (~10.5 km h~!) with a duration of 30 min. The position of the hauls
in 1992-1993 was established based on triangulation of visual landmarks on the coast. In
20162017, the track and geographical coordinates of the start and end points by haul were
registered with a portable GPS (Magellan Explorist). The total catch was transported to
the laboratory at the Institute of Marine Sciences (ICM-CSIC), where each specimen was
identified to the lowest possible taxonomic level. Annelida, Ascidiacea, Cnidaria, and
Porifera were excluded from quantitative analyses because of the lack of experts in the
taxonomy of these groups. The specimens of each species were counted and weighed (g).
Every scientific name follows the nomenclature of the World Register of Marine Species
(WoRMS; http:/ /www.marinespecies.org/ (accessed on 13 March 2023)).
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Figure 1. Map detailing the location of the hauls. Blue squares correspond to the November 1992—
October 1993 and red circles to the October 2016-September 2017 samplings. Small gray points limit
a coastal protected area where bottom trawling is not allowed.

2.2. Data Analysis

The density and biomass per species in each haul were standardized to 1 km? using
the start and end points of the haul. Multivariate and univariate analyses were applied
using the PRIMER 6.0 software package [28], including the PERMANOVA+ add-on [29].
The matrix of standardized species density (number of individuals km~2) was fourth-
root transformed to reduce the influence of very abundant species, and a resemblance
matrix was constructed using the Bray-Curtis similarity index. Two-way permutational
multivariate analysis-of-variance (PERMANOVA) was used to test the null hypothesis of
no difference in assemblage structure with each of the three depth strata (5-10, 15-20, and
20-25 m) and to determine whether there was any pattern of temporal variation (1992-1993
and 2016-2017). The statistical significance of terms and interactions was assessed running
9.999 permutations. When PERMANOVA showed significant differences (p < 0.05), a
pairwise comparison test was conducted to explore the differences among all pairs of levels
of the selected factors. Non-metric multidimensional scaling (nMDS) ordination was used
to visually depict the multivariate patterns. The SIMPER procedure was used to determine
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the species most responsible for differences in assemblages when PERMANOVA revealed
a statistically significant result.

Univariate diversity measures, namely, species richness (S), Shannon-Wiener index
(H’, using loge), and Pielou’s evenness (J') were also calculated. A two-way ANOVA
was carried out to test for differences in each biodiversity index between year and depth
strata. Analyses to test for normality (Shapiro-Wilk) and to verify the homogeneity of
variances were executed prior to the ANOVA analyses. When the normality or the homo-
geneity of variances did not adjust to ANOVA conditions, a log (x) transformation and a
Welch test were applied, respectively. A post hoc Tukey test was used for posterior mul-
tiple comparisons. These statistical procedures were performed using the software SPSS
Statistics v29.

3. Results
3.1. Faunistic Composition

A total of 139 taxa were collected during the 1992-1993 sampling surveys, of which
123 were identified to species level. The most diverse groups were Teleostei and Bivalvia,
with a total of 37 and 34 taxa, respectively, followed by Malacostraca with 32 species
(Figure 2). Gastropoda were represented by 19 species. All other groups had five or fewer
species. In the 20162017 period, a total of 170 taxa were collected, of which 151 were
identified to species level. The most diverse group was Teleostei, with a total of 42 taxa.
Malacostraca was the second most diverse group, with 38 species. Gastropoda and Bivalvia
were represented by 24 and 20 species, respectively. All other groups had seven or fewer
species. Only Bivalvia showed a high decrease from 1992-1993 to 2016-2017. The faunistic
lists, percentage of occurrence, and depth range of all species collected are shown in Table S1
(Supplementary Material).
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Figure 2. Species number of the taxa collected by sampling period.

Teleostei, together with Bivalvia, Gastropoda, and Malacostraca, appeared in all hauls
performed in both periods (Figure 3). Asteroidea and Cephalopoda had a 100% occur-
rence during 2016-2017 but not in 1992-1993 (44% and 94%, respectively). Elasmobrachii,
Echinoidea, Holothuroidea, and Scaphopoda had higher occurrences in 20162017 than in
1992-1993, whereas the opposite occurred with Ophiuroidea and Thecostraca (Cirripedia)
(Figure 3).
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Figure 3. Frequency of occurrence of the taxa collected by sampling period.

3.2. Characterization of Assemblages

@1992-1993
02016-2017

PERMANOVA results (Table 1) showed that the multivariate structure of microbenthic
assemblages differed significantly among depth strata (F1 = 22.387, p < 0.001) and year
(F1=15.848, p < 0.001), with a significant interaction term (p < 0.001). Pairwise comparisons
of the interaction depth strata x year revealed significant differences between depth strata
at each year and significant year differences in communities at each depth stratum.

Table 1. Summary of the PERMANOVA results for the analysis of differences in assemblage structure

across the different factors and post hoc pairwise contrasts for the interaction term. Significant results

(p < 0.05) are indicated by *.

Overall PERMANOVA
Source of Variation df SS MS Pseudo-F p (Perm)
Depth strata 2 28,469 14,234 22.387 0.0001 *
Year 1 10,077 10,077 15.848 0.0001 *
Depth strata x Year 2 9805.8 4902.9 7.711 0.0001 *
Residual 33 20,983 635.8 - -
Pairwise test for pairs of levels of factor ‘Depth strata’
p (Perm) p (Perm)
Contrast 1992-1933 2016-2017
0-5mvs. 1520 m 0.0078 * 0.0122 *
0-5mvs. 20-25m 0.0004 * 0.002 *
15-20 m vs. 20-25 m 0.0014 * 0.0001 *
Pairwise test for pairs of levels of factor “Year’
p (Perm) p (Perm) p (Perm)
Contrast 0-5m 1520 m 20-25m
93 vs. 17 0.0177 * 0.005 * 0.0001 *

The documented multivariate pattern was visualized as a clear gradient in community
structure with depth and year in the nMDS ordination (Figure 4). The greatest separation
occurred by depth, with samples from 5-10 m grouping to the left of the plot, while those
from 15-20 and 20-25 m grouped to the right. In addition, there was a separation between
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sampling years, with 1992-1993 at the top and 2016-2017 at the bottom of the plot. The
distance between years is more evident in the 5-10 m depth stratum.
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Figure 4. nMDS ordination of benthic assemblages. Codes for sampling periods 1992-1993 and
20162017 are 93 and 17, respectively.

SIMPER analysis identified which species were the main ones responsible for dif-
ferences and similarities in the assemblage structure. Average similarity was higher
in 2016-2017 samples in comparison to 1992-1993, especially at the two extreme depth
strata (Table 2). Seven species accounted for 83% and 68% of the assemblage characteri-
zation at the shallowest depth. However, the species and/or their contributions differed
depending on the sampling period. Most of these species characterized this stratum
(Chamelea gallina, Donax semistriatus, Liocarcinus vernalis, Diogenes pugilator, Acanthocardia tu-
berculata, Tritia mutabilis, and Mactra stultorum), except Spisula subtruncata and Penaeus
kerathurus, which also characterized the 15-20 m stratum. Table 2 shows how most
of the dominant species found in the 15-20 m stratum were also abundant at 20-25
m depth (Turritellinella tricarinata, Bolinus brandaris, Aporrhais pespelecani, Bivetiella can-
cellata, Goneplax rhomboides, Astropecten irregularis, Liocarcinus depurator, and Medorippe
lanata). The average dissimilarity between time periods was the highest at the 5-10 m
stratum and decreased with depth (Table 3). Seventeen species were found to be important
discriminators considering all the strata. Some of these species accounted for 56-77%
of the assemblage differences between years; thus, abundances of these species were
explored further.

The mean densities of these discriminator species showed different trends, with a
tendency for higher densities in the first sampling period (see Figure 5 for trends and
Table 4 for density numbers). Most species (T. tricarinata, A. pespelecani, T. mutabilis,
L. vernalis, Ophiura ophiura, and M. stultorum) did not show changes in their bathymetric
distribution between periods. In detail, the gastropod T. tricarinata increased its density
with depth, being less abundant in 2016-2017. The gastropod A. pespelecani was absent
at 0-5 m depth but was more abundant at 15-20 m than at 20-25 m depth, showing the
lowest densities in 2016-2017. Densities of T. mutabilis, L. vernalis, and O. ophiura decreased
with depth, showing higher abundances in 1992-1993 (except L. vernalis in the 15-20 stra-
tum). The bivalves M. stultorum, S. subtruncata, and the hermit crab D. pugilator decreased
their density with depth. Mactra stultorum was absent at the 20-25 m stratum, whereas
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S. subtruncata and D. pugilator were absent at this depth only in 2016-2017. Acanthocardia
tuberculata density decreased with depth in 1992-1993, but no specimen was found in
2016-2017.

Table 2. Summary of SIMPER similarity analysis for each significant group according to PER-
MANOVA results. Av. D: normalized average density (n km~2), Contr%: percentage contribution to
the similarity, Cum%: cumulative percentage.

5-10 m 5-10 m
1992-1993 2016-2017
Average similarity: 51.10 Average similarity: 64.20
Species Av. D Contr% Species Av.D Contr%
Chamelea gallina 3252.11 27.67 Liocarcinus vernalis 285.65 22.29
Spisula subtruncata 5624.11 18.19 Mactra stultorum 214.6 12.05
Donax semistriatus 1183.83 8.16 Diogenes pugilator 145.8 9.09
Liocarcinus vernalis 916.45 7.7 Chamelea gallina 100.27 6.43
Diogenes pugilator 849.58 7.66 Penaeus kerathurus 75.17 6.41
Acanthocardia tuberculata 758.6 7.33 Spisula subtruncata 112.73 6.19
Tritia mutabilis 711.23 6.05 Tritia mutabilis 78.91 5.95
Cum% 82.75 Cum% 68.41
15-20 m 15-20 m
1992-1993 2016-2017
Average similarity: 59.40 Average similarity: 61.72
Species Av. D Contr% Species Av. D Contr%
Turritellinella tricarinata 533.54 23.66 Liocarcinus depurator 136.25 13.61
Spisula subtruncata 333.8 16.07 Bolinus brandaris 97.04 9.8
Bolinus brandaris 277.27 13.35 Astropecten irregularis 69.13 7.5
Aporrhais pespelecani 130.58 6.26 Goneplax rhomboides 57.7 6.77
Bivetiella cancellata 12417 5.99 Aporrhais pespelecani 65.83 6.09
Goneplax rhomboides 83.47 4.4 Penaeus kerathurus 46 5.87
Astropecten irregularis 68 4.23 Medorippe lanata 34.24 4.4
Cum% 73.96 Cum% 54.04
20-25m 20-25m
1992-1993 2016-2017
Average similarity: 51.58 Average similarity: 70.66
Species Av. D Contr% Species Av.D Contr%
Turritellinella tricarinata 748.07 28.07 Bolinus brandaris 354 33.5
Bolinus brandaris 145.46 14.29 Turritellinella tricarinata 148.96 10.89
Goneplax rhomboides 94.78 7.85 Astropecten irregularis 78.48 7.84
Medorippe lanata 63.38 5.95 Medorippe lanata 434 4.59
Liocarcinus depurator 75.15 5.33 Arnoglossus laterna 36.98 3.75
Bivetiella cancellata 64.14 4.98 Alpheus glaber 38.82 3.3
Aporrhais pespelecani 54.85 3.48 Goneplax rhomboides 37.62 3.24

Cum% 69.94 Cum©% 67.12
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Table 3. Summary of SIMPER dissimilarity analysis for each significant group according to PER-
MANOVA results. Av. D: normalized average density (n km~—2), Contr%: percentage contribution to

the dissimilarity, Cum%: cumulative percentage.

Groups 5-10 m

Average dissimilarity = 98.30

1992-1993 2016-2017
Species Av.D Av.D Contr%
Spisula subtruncata 5624.11 112.73 22.21
Chamelea gallina 3252.11 100.27 20.36
Donax semistriatus 1183.83 9.61 8.27
Acanthocardia tuberculata 758.6 0 5.2
Ophiura ophiura 1326.38 88.78 517
Tritia mutabilis 711.23 78.91 4.47
Diogenes pugilator 849.58 145.8 4.38
Liocarcinus vernalis 916.45 285.65 3.77
Mactra stultorum 609.88 214.6 2.92
Cum.% 76.76
Groups 15-20 m
Average dissimilarity = 80.10
1992-1993 2016-2017
Species Av.D Av.D Contr%
Turritellinella tricarinata 533.54 51.68 19.55
Spisula subtruncata 333.8 44.65 12.54
Bolinus brandaris 277.27 97.04 7.84
Liocarcinus depurator 23.98 136.25 4.81
Bivetiella cancellata 124.17 10.4 4.63
Liocarcinus vernalis 4.8 87.92 3.38
Aporrhais pespelecani 130.58 65.83 3
Paguristes eremita 48.14 1.06 2.16
Cum.% 57.91
Groups 20-25 m
Average dissimilarity = 59.95
1992-1993 2016-2017
Species Av. D Av. D Contr%
Turritellinella tricarinata 748.07 148.96 29.84
Bolinus brandaris 145.46 354 11.49
Astropecten irregularis 9.31 78.48 3.81
Goneplax rhomboides 94.78 37.62 3.48
Liocarcinus depurator 75.15 14.01 3.45
Bivetiella cancellata 64.14 16.78 2.75
Aporrhais pespelecani 54.85 41.23 221

Cum.% 55.75
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Figure 5. Mean density (Log10 number km~?2) of species determined by SIMPER as being main contributors to differences in assemblage structure between both
sampled periods. The period 20162017 is represented by triangles and a continuous line while the 1992-1993 is represented by circles and a discontinuous line.

Values of density equal or near 0 that log-logged negative are represented in the graph as a zero value.
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Table 4. Average biomass (kg km~2) of the main taxa by depth stratum and sampling period.
Percentage (%) values correspond to the increase (+) or decrease (—) or each taxon comparing the
first (1992-1993) with the second (2016-2017) sampling period.

5-10 m 15-20 m 20-25m
CLASS 1992-1993 2016-2017 % 1992-1993 2016-2017 % 1992-1993 2016-2017 %
Holothuroidea 22 44 0.2 —94.8 2.6 0.2 -93.6
Ophiuroidea 7912.7 11.7 —99.9 22 0.8 —62.5 0.3 0.1 —73.1
Asteroidea 46.3 28.6 —38.3 10.7 18.2 70.4 8.7 22 152.3
Echinoidea 1.1 23 101.6 2.6 0.5 —81.6
Cephalopoda 999.5 74 —99.3 16.2 29 —82 8.6 8.4 —2.2
Gastropoda 392.2 59 —98.5 91.5 16.4 —-82.1 177 774 -56.3
Bivalvia 11,692.9 22.7 —99.8 9.2 2 —783 1.7 1.1 -36.3
Malacostraca 799.6 45 —94.4 13.6 15.1 10.8 12.8 3.3 —74.2
Elasmobranchii 140.4 5 -96.5 0.1 0.6 0.1 —82.4
Teleostei 178.8 27 —98.5 6.6 23 —65.2 37 1.8 -50.5
Total 121,672 856.4 —99.3 1238.0 413.5 —66.6 1607.4 759.9 —52.7

Other species, e.g., B. brandaris, L. depurator, A. irregularis, G. rhomboides, and B. cancel-
lata, changed their bathymetric distribution pattern between sampling periods (Figure 5).
Highest densities of B. brandaris were found at 15-20 m in 1992-1993, but in 2016-2017, the
highest densities were found at the deepest stratum. The crab L. depurator was more abun-
dant at 5-10 and 20-25 m than at 15-20 m depth in 1992-1993, whereas during the second
sampling period its densities were much lower, except for the 15-20 m stratum. The seastar
A. irregularis decreased its density with depth in 1992-1993 but showed a similar density by
stratum in 2016-2017. The crab G. rhomboides increased its density with depth, except at
20-25 m, in 2016-2017, but in 1992-1993 it was absent at 5-10 m depth. A similar pattern of
increasing density with depth was found in B. cancellata, except for its higher abundance
at 20-25 m than at 15-20 m in 2016-2017. Finally, some species were barely present in the
second studied period, especially those whose distribution was mainly restricted to the
5-10 m depth stratum, such as C. gallina and D. semistriatus.

3.3. Biodiversity

Average values and standard deviations for the three indices of the univariate diversity
measures within each depth strata and period sample are shown in Figure 6. In detail,
species richness (S) ranged between 30 and 48; Shannon-Wiener (H’) between 0.2 and 1.8,
and Pielou’s evenness (J') between 0.3 and 0.6. Species richness was significantly lower
(p < 0.05) in 1992-93. Differences in S were also significant according to depth, with the
lowest value found at 5-10 m (Table 5, Figure 6). The Shannon-Wiener index (H") showed
significant differences between years and among depth strata, with the interaction factor
also being significant. H” was higher in 20162017 than in 1992-1993 at all the different
depths except for 2025 m. In more detail, H” was the highest at 15-20 m, especially in
2016-2017. Evenness showed significant differences between 15-20 m and 20-25 m, with
higher values at the highest depth, but no differences were found between years.

3.4. Biomass

An important biomass (kg km~2) decrease was observed between 1992-93 and 2016
2017, representing losses of 99.3%, 66.6%, and 52.7% in the depth strata 5-10, 15-20 and
20-25 m, respectively (Table 4). The large biomass declines at 5-10 m depth affected all the
main taxa, with the exception of Asteroidea (specifically A. irregularis, which was the only
species belonging to this group in the samples), with a much lower reduction (38.3%). At
15-20 m depth, seven of the main ten taxa reduced their biomass (62.5-94.8%) in 2016-2017,
with the exception of Asteroidea, Echinoidea, and, to a lesser extent, Malacostraca, which
showed a biomass increase (10.8-101.6%). At 20-25 m depth, only Asteroidea (mainly
A. irregularis) increased its biomass (152.3%), whereas the rest of the taxa decreased between
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2.2% and 93.6%. The 5-10 m bathymetric stratum in 1992-1993 held the highest overall
mean biomass (121,672 kg km™2), with a main contribution from bivalves and ophiuroids
(specifically O. ophiura, the only species belonging to this group in the samples). The other
strata also showed a higher biomass in 1992-1993.
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Figure 6. Univariate diversity measures: Total number of species (S + SE), Shannon diversity
(H” £ SE), and evenness (]’ &+ SE) calculated for each sampling year and depth stratum.

Table 5. Two-factor ANOVA testing for differences in species richness (S), Shannon-Wiener diversity
(H’), and evenness (J') index in relation to year (1992-1993, 2016-2017) and depth strata (0-5, 15-20,

20-25).
Source of Variation df SS MS F p
Species richness
Year 1 530.93 530.93 12.105 <0.05
Depth 2 500.103 250.05 5.701 <0.05
Year x Depth 2 132.68 66.34 1.513 >0.05
Error 33 1447 45 43.86
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Table 5. Cont.

Source of Variation df SS MS F p
Shannon-Wiener

Year 1 1.488 1.488 5.203 <0.05

Depth 2 2.830 1.415 4.948 <0.05

Year x Depth 2 1.779 0.890 3.110 <0.05
Error 33 9.437 0.286

Evenness

Year 1 0.071 0.071 3.519 > 0.05

Depth 2 0.199 0.099 4.941 <0.05

Year x Depth 2 0.114 0.057 2.830 > 0.05
Error 33 0.663 0.020

4. Discussion

The benthic megainvertebrate assemblages of the Ebre Delta coastal waters changed
in composition and structure in two time periods. The diversity indexes did not show
remarkable variations, but there was a decrease in density and biomass for most species
and in all three depth strata, evidenced at the shallowest stratum (5-10 m depth) for bivalve
mollusks, which characterize this type of bottom [17,30,31]. Within mollusks, bivalves have
been used as indicators of ecosystem disturbance and instability [32-34], and most species
are considered very sensitive to stress [35]. Bivalve populations have declined to the point
that there are no profitable exploitations left in some areas of the Catalan coast; nonetheless,
in the Ebre Delta, some populations had remained productive for longer [36-38]. It is
worth highlighting the disappearance of the bivalve Acanthocardia tuberculata and the huge
biomass decrease in the brittle star Ophiura ophiura in the shallowest stratum, both species
collected as bycatch in the Chamelea gallina fishery in Spain [17,39-41]. It is difficult to
establish a direct cause to explain the biomass changes obtained in this study, but the
influence of fishing pressure and/or environmental conditions have been described as the
main factors altering the benthic communities [36,42-44].

Towed bottom fishing gears have variable effects on species richness and biomass,
depending on the characteristics of the gear, fishing effort, and habitat [45]. The effects
of fishing gears are usually lower in areas where natural disturbance is high [43,44,46],
such as estuaries and shallow waters, e.g., the Ebre Delta. Some effects of natural dis-
turbances include erosion of the seabed sediment, resuspension, and alteration of set-
tlement/recruitment success [47-49]. Such effects favor highly resilient species able to
withstand high levels of environmental variability and natural disturbance [50,51]. Long-
living, sessile, and suspension-feeding organisms show the greatest declines in response
to trawling disturbance, which, in turn, affect the structure and function of the com-
munity [52]. In the study area, fisheries might be considered as a potential cause that
reduced the biomass of commercial species, such as C. gallina and co-occurring species (i.e.,
A. tuberculata and O. ophiura). It is noteworthy that the intensity of fishing with “rastell”
in the studied area was progressively reduced from 64 vessels in 1992-1993 to 21 in 2016~
2017 [53].

The Ebre Delta coastal area is a dynamic ecosystem subject to flooding, erosion,
extreme events, and changes in its morphological configuration, which have made this area
very vulnerable to the threats of global change [54]. The increase in water temperature is
already causing changes in species composition and abundance in the Mediterranean [55],
giving an advantage to tropical invasive species over the native ones [56]. For instance, the
blue crab (Callinectes sapidus), an invasive species in the Mediterranean, has the potential to
exert a large effect in the benthic communities of the Ebre Delta because of its high predation
on bivalves [57]. The increasing frequency and intensity of storms is also considered a main
problem of climate change in coastal zones because their effects on the biota can be severe,
especially on shallow depths <25 m [58].
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Depth is a well-known driving force structuring biological communities in coastal [7,17,30],
continental shelf and slope [59-61], and deep waters [62,63]. It is difficult to ascertain
whether depth is a prime cause determining the differences in the benthic assemblages
observed or other related factors may influence them as well, such as hydrodynamics, sedi-
ment grain size, or temperature. In the Ebre Delta, waves and coastal currents, also linked
to seasonal and interannual variability in river discharges and large-scale regeneration in
sandy littoral areas, are the most important forcing agents to mobilize and transport coastal
sediments [64]. The transition in granulometry from the nearshore sand to the prodeltaic
mud occurring at water depths from 6 to 20 m [24] could explain the main differences
among fauna communities at 5-10 m depth, more characteristic of sandy bottoms [17]. The
differences in the megafauna community between 15-20 and 20-25 m could also be related
to sediment composition and texture. Species such as the gastropod T. tricarinata, which
characterized the highest depth communities in 1992-1993, are known to be associated with
unstable environments having transitional characteristics from coarse to muddy detritic
bottoms [30].

The soft bottoms of the infralittoral Ebre Delta examined in the present work harbored
a total of 144 taxa. Mollusks and crustaceans are known to be the most species-rich groups
in shallow soft bottoms [30,31,65], although our results showed that bony fishes were the
most species-rich zoological group, followed by bivalves. The relatively high fish species
richness can be attributed to the dredge used in our study, which had larger dimensions
(width and mesh size) and was towed at a higher boat speed, allowing the collection of
both slow-moving fish and invertebrates, which were not collected by the dredges used
in other studies [30,31,65]. In general, our hypothesis of a general loss of sensitive species
with time was not supported by the results since a decrease in diversity was not found,
with the exception of the disappearance of A. tuberculata.

The reduction in biodiversity increasingly observed worldwide has been emphasized
as a global environmental concern for conservation and management strategies [66]. Even
though our study did not show a loss of diversity, it did quantify a great decrease in
invertebrate biomass. There is a huge knowledge gap in marine ecosystems related to
declines in the occurrence and abundance of invertebrates, but their disappearance may
have dramatic consequences for the ecosystems [67-69], as reported for terrestrial vertebrate
species [70]. The near shore biota contributes to both structural diversity and trophic base,
and invertebrate communities are a key part of these assemblages, having an important
input to ecological services [71]. As an example, bivalve beds provide nutrient remediation
and carbon sequestration, coastal defense, and food provision [72,73]. The IPBES regional
assessment report on biodiversity and ecosystem services for Europe and Central Asia
stated that 59% of the benthic shallow habitats in the Mediterranean Sea are too data
deficient to make informed decisions regarding the conservation and sustainable use of
biodiversity [74], highlighting the importance of the present study. In environments such
as the Ebre Delta, a vulnerable habitat with international and state protection, scientific
studies of temporal changes in megainvertebrate communities are of great importance to
overseeing the health of the ecosystem. Further efforts are needed to increase monitoring
of megainvertebrates in coastal areas and relate spatiotemporal trends with environmental
data to improve management and conservation measures.

5. Conclusions

The collection, identification, and quantification of the benthic invertebrates from the
shallow soft bottoms of the Ebre Delta resulted in significant differences in the community
composition and structure between 1992-1993 and 2016-2017 and between depth strata
(5-10, 15-20, and 20-25 m). A great and worrying decrease in the density and biomass of
most species was detected in all the depth strata examined, but especially at the shallowest
stratum. We evidenced that the megafauna collected by scientific shellfish surveys pro-
vided complementary and useful information to evaluate the state and health of benthic
ecosystems. Our results set a reference point for future studies and aim to encourage
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the establishment of monitoring systems in coastal areas based on larger invertebrates
that, together with environmental surveys, will help management decision making and
implement biodiversity conservation policies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d15050623/s1, Table S1: Faunistic lists, percentage of occurrence
(% OCC) and depth range (min, max) of all species collected.
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