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Abstract

This study analyzed the benthic macrofauna associated with Zostera noltii (Hornemann,
1832) meadows. The objective was to evaluate the structure, diversity, and composition
of the benthic macrofauna along a spatial gradient of restored, well-preserved, and altered
meadows, and to assess the temporal evolution of species in the restored area over time.
Temperature, salinity, dissolved oxygen, pH, sediment granulometry, and macrofauna
and Z. noltii samples were collected in two campaigns (winter and summer of 2024). A
total of 11 species were identified, belonging to three phyla: Mollusca (6 species),
Crustacea (3 species), and Annelida (2 species). Mollusks were the most abundant group,
and species such as Peringia ulvae, Scrobicularia plana, and Hediste diversicolor were
identified as indicator species (IndVal = 0.916; p = 0.002). Diversity indices (Shannon-
Wiener, Pielou, and Species Richness) were calculated and compared between areas and
seasons. Restored and well-preserved areas showed high diversity and evenness, while
altered areas showed low richness. Environmental parameters and biomass of Z. noltii
differed significantly between locations, and showed a division between altered and
vegetated areas, with a partial overlap between restored and well-preserved meadows.
Temporal analysis of abundance and species in restored areas (2021 vs. 2024) showed an
increase in richness (from 5 to 11 species) and a more balanced benthic composition
(IndVal = 0.787; p = 0.005). These results indicate that the increase in Z. noltii biomass
and benthic macrofauna diversity can be used as an indicator of restoration effectiveness
and support efforts for coastal habitat restoration and nature conservation.

Keywords: ecological indicators, benthos, wetlands, restoration
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1. INTRODUCTION

Coastal regions have historically supported human settlements and economic activity due
to the abundance of resources and their geographic location. Anthropogenic pressures on
these ecosystems have increased significantly since the 20th century, resulting in
significant ecological changes over time (Neumann et al., 2015). These trends parallel
those in terrestrial environments, such as the loss of biodiversity and essential ecosystem
services, both of which are critical for maintaining ecosystem stability and supporting
biodiversity (Blanchet et al., 2004; Cardoso et al., 2007; UNEP, 2020).

Seagrass meadows are some of the most at-risk habitats. They provide a myriad of
ecosystem services, encompassing soil erosion prevention, pollutant filtration, and
providing shelter for many bottom-dwelling species. These meadows also serve as
feeding and nursery areas, including for species important to commercial fishing (Greiner
et al., 2013; Short et al., 2017; Macreadie et al., 2019; Sousa et al., 2019).These habitats
also capture and store blue carbon, which helps lessen the impacts of climate change
(Bergstrom et al., 2019; Crespo et al., 2017; Koch et al., 2013).

Anthropogenic activities have been causing a global decline in seagrass meadows (de los
Santos et al., 2019). Several stressors, such as habitat loss, pollution, and environmental
imbalance, continue to threaten these habitats, with poor water quality accounting for
26% of these losses in Europe (Hughes et al., 2018; de los Santos et al., 2019). Ecological
restoration has emerged as a fundamental component to reverse biodiversity loss and
restore ecosystem functionality, which is a key indicator of restoration success (Sheaves
etal., 2021).

Conservation policies are increasingly giving due ecological importance to seagrass

habitats. In the United States, the Clean Water Act has contributed to increased protection
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of these habitats (Rezek et al., 2019). In Europe, the Habitats and Water Framework
Directives use seagrasses as indicators of the health of coastal ecosystems (de los Santos
et al., 2019; Krause-Jensen et al., 2005). The United Nations Decade on Ecosystem
Restoration (2021-2030) and the EU Nature Restoration Regulation have enforced
restoration to combat habitat loss and build ecological resilience (Buelow et al., 2022;
Rezek et al., 2019). These actions include transplanting healthy seagrasses, regulating
harmful activities such as dredging and bottom trawling, and promoting the improvement
of environmental conditions (Cardoso et al., 2010; Hughes et al., 2018; Riemann et al.,
2016). Although these efforts are still in their early stages, biodiversity has proven to be
a reliable measure for assessing restoration progress, particularly in long-term projects
with adaptive management and continuous monitoring (Bell et al., 2008; Rezek et al.,
2019; van Katwijk et al., 2016).

In Europe, some studies have found that the seagrass Zostera noltii (Hornemann, 1832)
is showing signs of recovery in several areas (de los Santos et al., 2019; Sousa et al.,
2019). This recovery capacity stems mainly from its rhizome system and seed bank,
which help it survive and regenerate even in adverse conditions (Zipperle et al., 2009). Z.
noltii grows well in intertidal estuarine areas, where it supports a variety of benthic
communities (Dolbeth et al., 2011), often dominated by small herbivorous gastropods
such as Peringia ulvae (Blanchet et al., 2004; Cardoso et al., 2010; Crespo et al., 2017).
This seagrass tolerates harsh environments, including high temperatures up to 37 °C
(Massa et al., 2009) and a wide salinity range, from 7 to 41 (Charpentier et al., 2005;
Sousa et al., 2017; Vermaat et al., 2000). It is also well adapted to turbid environments
and can perform photosynthesis during low tide (Vermaat et al., 1996).

Zostera noltii is one of the most widespread seagrass species in European estuaries and

coastal lagoons, including the Atlantic coast of Portugal. In the Ria de Aveiro, a coastal
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lagoon spanning 83 km? at high tide, Z. noltii meadows covered approximately 230
hectares in 2014 (Sousa et al., 2019). Seagrass conservation and restoration measures in
the system encompass the validation of transplant methodologies and strategies to
mitigate the effect of Non-Indigenous Species (Costa et al., 2022) and the use of seagrass
transplantation as a nature-based solution for the restoration of historically contaminated
mudflats (Oliveira et al., 2025) and the recovery of associated ecossystem functions
(Fradoca et al., 2025; Oliveira et al., 2023).

This study, conducted in the Ria de Aveiro, was driven by the following research
question: How do spatial and temporal gradients shape the structure, diversity, and
composition of benthic macrofauna as restored seagrass meadows show improvements in
environmental quality and seagrass biomass? The aim was to analyze the distribution of
benthic macrofauna species in Z. noltii meadows in areas with different maturation stages,
such as restored, well-preserved, and altered areas. Thus, we evaluated (i) differences in
environmental conditions and seagrass biomass, (ii) spatial and seasonal patterns of
benthic diversity and community composition, and (iii) temporal changes in restored
areas to assess the response of benthic macrofauna to seagrass meadow restoration as
ecological indicators of restoration success. It is expected that the results will contribute
to advancing knowledge about the importance of biodiversity as a tool for monitoring the

restoration of coastal habitats.

2. MATERIAL AND METHODS

2.1. STUDY AREA
The experimental procedures took place in Zostera noltii meadows of a shallow coastal
lagoon (Ria de Aveiro), on the northwest coast of Portugal. (-40.63°N, -8.75°W) (Figure
1). The surface area of the lagoon is approximately 75 km?, it is integrated into the Vouga

River basin, inholding the Vouga River estuary, with a single connection to the Atlantic
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Ocean. This system hosts a diversity of habitats and is part of the Natura 2000 network,
classified as a Special Area of Protection and Conservation, and classified as a Site of
Community Importance (EUNIS, 2020). It has a temperate climate, according to the
Koppen classification, with dry summers and mild temperatures. The study by Sousa et
al (2019) describes the evolution of seagrass meadows and the history of anthropogenic
impacts in these habitats, which caused the loss of biodiversity and disappearance of
subtidal meadows, and discusses the emergence of a state of passive habitat recovery, a
period in which the meadows expand again and remain stable and healthy, colonizing
other stretches and suggesting a natural adjustment of the ecosystem. For this study, two
sites from each of three distinct health status were selected: well-preserved (mature
Zostera noltii meadows), altered (bare-bottom areas formerly colonized by Zostera
noltii), and restored areas (areas subject to Zostera noltii re-colonization), for a total of 6
sampling locations, with the aim of representing a gradient of Z. noltii meadows health
status (Figure 1). These locations reflect the structural and ecological diversity of the
lagoon, ranging from healthy and preserved meadows to restored areas with transplanted
Z. noltii at different maturity stages, and degraded habitats with reduced biodiversity and

ecosystem functionality (Sousa et al, 2019; Crespo et al, 2023).

(FIGURE 1)

2.2. DATA COLLECTION
The study was conducted in two seasonal sampling campaigns, one in January 2024
(winter) and the other in July 2024 (summer). At each sampling moment and site, five
samples were collected using a circular bottom corer (11.5 cm? ~20 cm depth). The
samples were washed in situ using a 500 um mesh and transported in thermal boxes to

the laboratory, where they were frozen (—20 °C) until further processing. To minimize
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impacts on the restored meadow, removed samples were replaced with new patches from
the original meadow. The physicochemical parameters of the water (water temperature,
salinity, and pH) were also measured using a properly calibrated portable multiparameter
probe (WTW), and sediment samples were collected in each sampling site for
granulometry and biomass analysis of Z. noltii.

In the laboratory, the samples were washed in sieves with 2 mm, 1 mm and 0.5 mm
meshes, and the benthic macrofauna species were selected and identified to the smallest
possible taxon, using identification guides and specialized literature. The biomass in ash
free dry weight (AFDW) of the benthic species was estimated after drying in an oven at
60 °C for 72 h and incineration in a flame loss ignition muffle furnace at 450 °C for 8 h.
After combustion, samples were let to cool down in an exicator and then weighed on an
analytical balance. Finally, the leaves, roots, and rhizomes of Z. noltii were separated
during sample processing and dried in a forced-air oven at 60 °C for 48 h. Dry biomass
was determined in g/m?.

Sediment grain size distribution was characterized through Laser Diffraction Particle Size
Analysis, according to Coblentz et al. (2015). Sediment organic matter was first removed
from the dried samples using hydrogen peroxide, as particle size distribution only refers
to mineral particles. 3 ml of 30% H,0O, were added to 0.3 g of dry sediment in a petri dish.
Additionally, 1.5 ml of sodium hexametaphosphate (NaPOs)s with a concentration of 2
g/L were added as a deflocculant for silt and clay particles. The samples were left to react
for at least 72 hours. The sediments were transferred into 15 ml centrifuge tubes and
diluted with distilled water (Sartorius water). They were then centrifuged to take off
excess water using Avanti® J-26XP 20.1 (Beckman Coulter, Brea, CA, USA) for 10
minutes (8000 rpm, 20 °C). The pretreated samples were suspended in 1.5 ml of Sartorius

water and sonicated for 60 seconds before measurement. The ULM of the Particle Size
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Analyzer was loaded with a few drops to 1.5 ml of the sample solution to reach a target

loading of 8 + 2%. Each loaded sample was measured three times.

2.3. DATA ANALYSIS

The analyses were performed to test the differences between environmental, sedimentary,
and biological parameters and the relationship between vegetated habitat and benthic
macrofauna in the ecological recovery of restored meadows over time. The data were
processed and analyzed in the RStudio statistical environment (R Core Team, 2025,
version 4.4.2). We used the readxl, dplyr, and tidyr packages for importing and organizing
spreadsheets, the ggplot2 and patchwork packages for creating graphs and panels, and
stats for descriptive calculations (mean, standard deviation, minimum and maximum
values) for all biotic and abiotic variables between the season (summer and winter) and
areas (Al, A2, P1, P2, R1, R2). The assumptions of normality and homogeneity of
variances on the raw data were verified using the Shapiro—Wilk test (p < 0.05) and the
Levene (Brown-Forsythe) test. After verifying that the data were not normally distributed,
it was decided to test the difference between the factors using the non-parametric Kruskal-
Wallis test. Ecological diversity indices (richness, Shannon—Wiener, Simpson, and
Pielou's evenness) were calculated using the vegan package (Oksanen et al., 2024), which
was also used in multivariate analyses of the benthic community, including nMDS and

cluster analyses based on Bray—Curtis distance.

The community composition was described by analyzing the relative abundance of
species (proportion of the number of individuals of each species in relation to the total
per sample), calculated with the dplyr and tidyr packages, and indicator species were

identified using the indicspecies package through the IndVal analysis (Dufréne &
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Legendre, 1997). The IndVal index combines a frequency component for the species
within a group of locations, and another component measuring the degree of exclusivity
of that species to that group in relation to others, resulting in a value ranging from 0 to 1
(0-100%). A temporal analysis focused on the restored area was also carried out,
comparing data on benthic species collected in 2024 with data from 2021, collected in the
same areas and described by Crespo et al. (2023). This comparison allowed for the
evaluation of changes in community structure throughout the restoration process and for
the identification of common species in the different stages of recovery, considering their
frequency of occurrence, percentage contribution to the community, and temporal
consistency. The methodology adopted was based on a combination of the approaches
used by Rodil et al. (2021, Basyuni et al. (2021), Steinfurth et al. (2022) and Crespo et al.
(2023), adapted to the context of seagrass meadows in the Ria de Aveiro and allowing the

interpretation of benthic macrofauna as a functional indicator in the restoration process.

3. RESULTS

3.1. Environmental variables and site characterization

Analysis of the physicochemical variables and biomass of Z. noltii showed differences
according to the altered-restored—preserved gradient (Figure 2). Water temperature
showed higher values in summer 21.93 + 0.39 °C (restored) and lower values in winter,
12.78 £ 0.05 °C (altered). The Kruskal-Wallis test did not indicate significant differences
(p = 0.199) between sites. pH varied between 7.73 + 0.09 (restored, summer) and 7.98 +
0.08 (preserved, summer) with no significant differences (p = 0.167). Salinity (p =
0.0161), dissolved oxygen (p = 0.00745), and Z. noltii biomass (p = 0.0064) showed
significant differences, with the highest average values in preserved and restored areas in
summer, and the lowest in altered areas in both seasons. These results show that the

differences between altered, restored, and preserved areas are mainly related to salinity



238

239

240

241

242
243

244

245

246

247

248

249

250

251

252

253
254
255
256
257
258

259

260

261

262

263

264

and oxygenation conditions of the water and to vegetation growth, factors more related
to the ecological functionality and to the health status of the habitats (Supplementary

Material - Table S1).

(FIGURE 2)

The sediment granulometric parameters did not show statistically significant differences
(Figure 3). These results indicated that the type of sediment is relatively similar between
the areas and with low variation in the average values of D10, D50, D90 and StdDev,
with the finer sediments (D10 = 18.36 + 4.03 winter) in the preserved areas, while the
coarser fraction of the sediment (D90) was observed in the restored area during the
summer (D90 = 436.64 + 101.30). Regarding grain size (StDev), the most homogeneous
sediments occurred in the preserved areas during the summer (149.98 + 33.23), while the
most heterogeneous were observed in the summer, in the restored areas (186.24 + 34.04)

and in the altered areas (175.33 & 31.24). (Supplementary Material — Table S2).

(FIGURE 3)

3.2. Ecological structure of benthic macrofauna

Eleven species belonging to three phyla, Mollusca, Crustacea, and Annelida, were
identified. Mollusks were the most numerous, with two species of bivalves and four
gastropods. Among the crustaceans, three species were identified, and one species of
polychaete from the phylum Annelida (Supplementary Material - Table S3).
Considering the total number of species recorded, the preserved areas had 11 species, the
restored areas eight, and the altered areas three. The density among the species (ind. m2)

was higher in the preserved and restored areas. The bivalve S. plana had the highest



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

average densities in the restored area during the summer (206 = 9) and (165 £ 15) in the
preserved area during the winter. The species H. diversicolor (150 + 89, preserved-
winter), and the gastropod P. ulvae (142 £+ 103, preserved-summer) also presented the
highest densities, these being the three most abundant species in all areas and seasons.
The other species presented lower densities, with the bivalve C. edule, the isopods C.
carinata and Idotea chelipes, and the crab Carcinus maenas present in preserved and
restored areas, and the gastropods Bittium reticulatum and Phorcus lineatus recorded only
in preserved meadows (Supplementary Material - Table S 4).

Regarding diversity indices, the highest values were observed in both restored and
preserved areas (Figure 4). Species richness (S), which represents the total number of
taxa present, was higher during the summer in the preserved area (S = 4.60 + 1.58), and
in the restored area (3.50 £ 1.18). The altered areas showed low richness in both seasons
(S =1.40 £ 1.07 in summer; 1.30 £ 1.06 in winter), indicating the dominance of a few
taxa tolerant to degraded environments. Although no significant difference was observed
in relation to seasonality (summer and winter) (p = 0.448), this pattern was evidenced by
a significant difference between the sites (Kruskal-Wallis: p < 0.001) and Dunn's post-
hoc test, which indicated that altered differed from well-preserved (p_adj < 0.001) and
restored (p_adj <0.001), while well-preserved and restored showed no differences (p_adj
=0.195).

Shannon diversity (H'), which combines the number of species and their relative
proportion, was always higher in the restored area (H' = 0.99 = 0.26 in winter and 0.90 £+
0.23 in summer). In the altered areas, the values were lower (0.30 + 0.40 in summer; 0.32
+ 0.36 in winter), evidencing low diversity and strong dominance of a few species. The
statistical test indicated that Shannon (H’) also differed between sites (p <0.001), altered

and well-preserved (p_adj = 0.00184) and altered x restored (p_adj = 2.93 x 107%), with
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no difference between well-preserved and restored (p_adj = 0.234) and between seasons
(p = 0.625). Pielou's evenness (J') showed a significant difference between sites (p =
0.028) and Dunn's post-hoc test indicated a difference between altered and restored (p_adj
= 0.042), while altered and well-preserved did not differ (p_adj = 0.953) and the well-
preserved and restored areas showed a trend (p_adj = 0.0559), but did not reach
significance. Between seasons, there was no significant difference for Pielou (J) (p =
0.063). Simpson's index (1-D), which reflects diversity (higher values indicate lower
dominance), also had the highest values in the restored areas in winter (1-D = 0.59 £
0.09) and summer (0.51 + 0.10), followed by the preserved areas (~0.4). However, this
index did not show a significant difference between sites (p = 0.160), and nor between
seasons (p = 0.108). Total benthic biomass showed a similar pattern, with higher values
in preserved (9.4 £ 2.2 g'm™? in summer; 8.1 = 2.1 g'm™? in winter) and restored areas
(7.5 £ 2.3 g'm™? in summer) with significant differences. between sites (p < 0.001) and
between all pairs (p_adj < 0.001). The post-hoc test indicated significant differences
between altered and well-preserved (p_adj = 9.40 x 107°), altered vs. restored (p_adj =
0.000625), and well-preserved vs. restored (p_adj = 0.000938). Furthermore, biomass
was significantly different between seasons (Kruskal-Wallis: p <0.001) (Supplementary

Material - Table S5).

(FIGURE 4)

The results of the Kruskal-Wallis statistical test indicated significant differences between
areas for the species S. plana (p = 0.0019), P. ulvae (p < 0.0001), H. diversicolor (p <
0.0001), C. multisetosum (p = 0.0008), C. maenas (p = 0.0101), and 1. chelipes (p =
0.0066). Dunn's post-hoc test confirmed that the altered areas presented significantly

different densities from the preserved and restored areas, with adjusted p-values less than
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0.01, but no significant difference was observed between the preserved and restored areas
(p > 0.05), and no significant seasonal differences were observed; only C. maenas (p =
0.0106) and 1. chelipes (p = 0.0207) showed significant differences between winter and
summer, with higher values observed in the latter. The results of the non-metric
multidimensional ordination analysis (nMDS) indicated a stress value (Stress = 0.0116)
with clear patterns in the benthic community structure among the different areas studied
(Figure 5). Samples from the Altered area are more widespread in multidimensional
space, indicating greater dispersion, and samples from the restored and preserved areas
show partial overlap. The similarity dendrogram (based on the Bray—Curtis index) formed
three large clusters corresponding to the ecological states of the areas: restored and
preserved samples in the same branch, suggesting ecological convergence between these
zones, while altered samples formed a separate group, reflecting low similarity with the

other areas.

(FIGURE 5)

The composition of the benthic community showed evident variations between areas and
seasonal periods (Figure 6). In figure A, the stacked bars show the relative abundance of
the main species throughout the different sampled months, and figure B shows the
indicator species test (Indicator Value Analysis, IndVal = 0.916; p = 0.002), which
indicates that all sites are mainly dominated by the species P. ulvae, S. plana, and H.
diversicolor, and that it presents high specificity and fidelity in relation to vegetated areas,
especially in preserved and restored areas. When we highlight the composition between
the years (2024 x 2021), considering only the restored areas, we observe the same
dominant species present in both years (P. ulvae, H. diversicolor, and S. plana) and only

5 species in common overall (Figure 7). The comparison between years showed that in
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2024, the community also presents a statistically significant association in relation to
2021 (IndVal = 0.787, p = 0.005). Typical species from more consolidated sediments,
such as S. plana, showed a more balanced distribution among the main taxa, and a greater
increase in number of species was observed in 2024, resulting in a taxonomically richer

community that contributes to greater stability of the community structure.

(FIGURE 6)

(FIGURE 7)

4. DISCUSSION

The results obtained in this study highlight the clear relationship between habitat structure
and macrofauna composition along the restored, well-preserved, and altered gradient. The
conservation status and quality of these habitats is a determining factor for the ecological
functionality of these ecosystems (Heck et al., 2003). The degradation and recovery
processes of meadows habitats result in significant changes in the associated biodiversity,
relating these factors as indicators of habitat health status (Waycott et al., 2009). The
significant differences observed in salinity, dissolved oxygen, and biomass of Z. noltii
showed that these factors are directly associated with the ecological functionality of the
habitat, confirming that vegetated areas tend to maintain environmental conditions
favorable to macrofauna development, as also observed by Sousa et al. (2019) and Crespo
et al. (2023). While the effect of sediment granulometry, namely grain size coefficient of
variation, on benthic taxonomic richness is well documented (Coblentz et al. 2015), the
absence of marked differences in this parameter (as well as other such as pH) suggests

that the ecological recovery observed in restored areas is more related to biological and
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biophysical improvements than to substrate modification, a pattern observed by Basyuni

et al. (2021).

The structure of the benthic community reflected this gradient of ecological habitat status.
The dominance of some taxa in habitats with greater coverage of Z. noltii indicates these
species as positive indicators of stability and productivity in seagrass meadows and
intertidal zones (Dong et al., 2021; Gamito & Furtado, 2009). On the other hand, the low
richness and diversity in altered areas evidence the structural impoverishment and loss of
trophic complexity typical of degraded ecosystems, in which only generalist and tolerant

species persist (Morrisey et al., 2010; Simboura & Reizopoulou, 2008).

The restored areas showed Shannon diversity and Pielou's evenness values similar to
those of the preserved areas. These patterns indicate a community undergoing
restructuring, with increased uniformity and stability in population composition. The
higher the diversity and evenness values, the more balanced and functional the habitats
are (Rodill et al., 2021). Furthermore, the vegetation cover of Z. noltii influences the
greater species richness, showing the importance of structured habitat in maintaining
communities (Gintowt et al., 2025). The presence of a more structured vegetation cover
favors the abundance and diversity of benthic macrofauna compared to non-vegetated or
disturbed areas (Colvin & Snelgrove, 2025).

These patterns indicate a community in the process of restructuring, with an increase in
the uniformity and stability of the populations. Similar results were observed by Basyuni
et al. (2021) and Sousa et al. (2019), who describe gradual increases in benthic diversity
and biomass throughout the natural recovery of the vegetation. The presence of species
characteristic of more consolidated sediments, such as S. plana, and the relative increase
in deposit-feeding mollusks reinforce that benthic recolonization accompanies the

structural maturation of the seagrass meadows.
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The significant differences between areas for the main species (S. plana, P. ulvae,; H.
diversicolor; C. multisetosum,) indicate that thestatus of the habitat influences the
distribution and relative abundance of the dominant species. In addition, small seasonal
variations observed for I chelipes and C. maenas reflect natural fluctuations in
temperature and food availability, without altering the general spatial pattern. The clear
separation of samples in the nMDS graph confirms a strong differentiation in community
structure between altered and vegetated areas, while restored and preserved areas showed
greater overlap, suggesting ecological convergence, indicator of success in restoration
processes (Crespo et al., 2023; Basyuni et al., 2021).

The indicator species test reinforced that dominant species exhibit greater fidelity and
specificity to seagrass meadows, acting as indicators of functional habitat recovery. The
applied temporal analysis showed that five species were common among the restored
areas between 2021 and 2024. In 2024, the number of species increased to 11. The IndVal
indicates that, in 2024, there is a pattern of maintenance of key species accompanied by
an increase in diversity and community stability, a phenomenon recognized as a sign of
progressive ecological success in restoration projects (Sousa et al., 2022; Crespo et al.,
2023; Gamito & Furtado, 2009).

Our study observed that the structural and functional recovery of the restored areas
follows a trajectory of ecological convergence towards the state of preserved areas,
supported by physicochemical improvements, increased biomass of Z. noltii, and
rebalancing of the benthic community. The combination of multiple metrics, diversity
indices, and multivariate analyses has proven effective in detecting benthic macrofauna
as an indicator of the effectiveness of habitat restoration processes in coastal areas of
tropical and temperate ecosystems (Basyuni et al., 2021; Dong et al., 2021; Sousa et al.,

2022; Crespo et al., 2023).
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5. CONCLUSIONS

This study addressed the question of how spatial and temporal gradients shape the
structure, diversity, and composition of benthic macrofauna, as well as the extent to which
restored seagrass meadows exhibit an ecological trend toward preserved conditions as

environmental quality and seagrass biomass improve.

The diversity indices and community composition revealed patterns of ecological
convergence, with restored areas exhibiting diversity and evenness values similar to those
of preserved areas, indicating a progressive reorganization of populations, associated with

improved habitat structure and increased vegetation biomass.

These results indicate that restoration efforts are promoting conditions that support a more
balanced and diverse benthic community, expressed by taxonomic diversity, which
showed improvements between 2021 and 2024, indicating a continuous process of
ecological recovery associated with increased biomass and structural maturation of Z.

noltii vegetation.

Taken together, results demonstrate that benthic macrofauna is a sensitive and functional
indicator of the effectiveness of coastal restoration actions, and a suitable tool to monitor

the ecological evolution of seagrass meadows over time.
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Figure Captions

Figure 1. Location map of the Ria de Aveiro coastal lagoon, Portugal. Highlighted are
the sampling sites categorized into three habitat types: well-preserved areas (Well
Preserved 1 and Well Preserved 2), restored areas (Restored 1 and Restored 2), and altered
areas (Altered 1 and Altered 2).

Figure 2. Variation = of  the  physicochemical = variables  of  water and
seagrass biomass in the studied areas. The graphs show the means and standard errors for
temperature (T), salinity, dissolved oxygen (DO), pH, and biomass of Z. noltii (g-m™2).

Figure 3. Granulometric characteristics of sediment in sampling sites. The graphs present
the mean and standard error for the D50, D10, and D90 fractions (um), skewness, and
standard deviation (StDev), which represent the distribution and heterogeneity of
sediment grains.

Figure 4. Diversity and biomass indices by area and season of macrozoobentofauna for
three health status areas (Altered, Preserved, Restored) and two seasons (Summer,
Winter). Panels: Pielou's evenness (J), Species richness (S), Shannon (H'), Simpson (1-
D), and Biomass (g m2) (AFDW - Ash Free Dry Weight). Sample sizes (N): Altered (n
= 8 summer; 7 winter), Preserved (n = 10; 10), and Restored (n = 10; 10).

Figure S. Similarity and composition of the benthic macroinvertebrate community
in Zostera noltii seagrass areas. Figure (A) The hierarchical clustering dendrogram
(Bray—Curtis coefficient) shows the degree of similarity between samples based on
species composition. Figure (B), non-metric ordination analysis (nMDS) presents the
distribution of samples in two dimensions (MDS1 and MDS?2), representing the
differences in community composition between areas and seasons.

Figure 6. Relative composition of the benthic macroinvertebrate community associated
with Zostera noltii seagrass areas, between winter (JAN) and summer (JUL) 2024. (A) Is
the relative proportion of abundance among all recorded species and (B) shows only the
indicator species identified by the IndValtest. The abbreviations correspond to the
species: SP = Scrobicularia plana, CE = Cerastoderma edule, CC = Cyathura carinata,
PU = Peringia ulvae, BR = Bittium reticulatum, PL = Phorcus lineatus, HD
= Hediste diversicolor, CM = Corophium multisetosum, CO = Calliostoma occidentale,
CMA = Carcinusmaenas and 1C = Idotea chelipes.

Figure 7. Relative composition of the benthic macroinvertebrate community associated
with restored Zostera noltii areas compared between 2021 and 2024. (A) Is the relative
proportion of abundance among all species recorded in the samples and (B) shows only
the indicator species identified by the IndValtest. The abbreviations correspond to the
species: CMA = Carcinus maenas, CC = C. carinata, HD = Hediste diversicolor, PU
= Peringia ulvae, SP = Scrobicularia plana.
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