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Introduction: Species sorting by environmental gradients is an important driver

of benthic meiofaunal biodiversity in marine ecosystems, but there are few

attempts to test these effects in coastal habitats.

Methods: In this study, we evaluated the importance of habitat filtering in shaping

meiofaunal communities across rocky tide pools and nearby sandy beaches in

the Eastern Brazilian Marine Ecoregion, SW Atlantic. We proposed two

hypotheses: (i) rocky tide pools exhibit a subset (nestedness effects) of the

sandy beach meiofaunal assemblage, with lower phylogenetic diversity; and (ii)

the meiofaunal assemblage composition and phylogenetic diversity vary

seasonally over the year in both habitats. We used metabarcoding (V9

hypervariable region from 18S gene) from sediment samples (n = 70) to assess

the meiofaunal assemblage composition and phylogenetic diversity, and tested

spatial patterns of nestedness and turnover across habitats, seasons,

and locations.

Results: Compared to the neighboring sandy beaches, tide pools had higher

temperatures (+ 1.8°C) and lower quality organic matter. Contrary to our

hypothesis, community turnover was the main driver of meiofaunal

phylogenetic diversity and composition in both tide pools and nearby sandy

beaches. The tide pool assemblages showed a lower phylogenetic diversity and

taxon richness than the neighboring sandy beaches.

Discussion: Our study supports the importance of environmental drivers on

benthic meiofaunal phylogenetic diversity within tide pools and sandy beaches

and revealed distinct assemblages in these neighboring coastal intertidal habitats.
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1 Introduction

The concept of metacommunities integrates the influence of

environmental gradients and biological interactions on community

ecology (Leibold et al., 2004). One key mechanism structuring marine

benthic meiofaunal assemblages is species sorting, which operates

through local physical effects (e.g., wave action, tidal currents) that

control sediment transport and influence community turnover on

sandy beaches (McLachlan and Defeo, 2018; Macher et al., 2024).

Although the effects of the species-sorting paradigm in coastal

benthos are well documented and support the metacommunity

theory, there is limited work comparing meiofaunal beta-diversity

(nestedness or turnover) in contrasting coastal habitats (Macher et al.,

2024). Community turnover and nestedness are critical factors

effecting the structure and functioning of metacommunities in

different habitats. Turnover refers to the replacement of species

between communities, while nestedness indicates a hierarchical

arrangement in which species in less diverse communities are

subsets of those in more diverse ones. High turnover values

typically reflect strong environmental filtering or spatial

heterogeneity, suggesting that different species are favored in

different environmental conditions. In contrast, high nestedness

implies that community composition is primarily structured by

gradients in taxa richness, possibly due to differences in habitat

characteristics, where poorer communities retain only the most

tolerant species. Together, these patterns provide insight into the

relative importance of deterministic and stochastic processes in

shaping community composition (Leibold et al., 2004; Zhang

et al., 2023).

Rocky tide pools offer an excellent opportunity to test ecological

processes that regulate diversity in coastal ecosystems. They function

as isolated natural mesocosms with distinct environmental gradients

compared to those of the neighboring sandy beaches and reefs

(Vinagre et al., 2015; Dias et al., 2016; Mendonça et al., 2018). Tide

pools may be subjected to rapid changes in temperature, salinity and

pH (Metaxas and Scheibling, 1993), and may have extreme

environmental conditions with excessively high temperatures

(Vinagre et al., 2018). Thus, habitat filtering of tide pool benthos

may create subsets (nestedness) of nearby coastal benthic assemblages

adapted to these conditions. Among the metazoan assemblages that

inhabit tide pools, the benthic meiofauna is particularly diverse (Coull

and Wells, 1983; Chargulaf and Tibbetts, 2015). Meiofauna

metazoans include animals from at least 22 phyla that fall within

the size range of 45 to 1000 mm for their entire life cycle, or for just

part of their life cycle (temporary meiofauna) (Coull andWells, 1983;

McIntyre, 1969; Higgins and Thiel, 1988; Hakenkamp and Palmer,

2000; Giere, 2009). Meiofaunal assemblages can then be directly

shaped by local abiotic factors, resulting in the permanence of only a

subset of the regional available species pool. This abiotic-driven

assemblage-shaping process is known as habitat filtering (Webb

et al., 2002; Pontarp et al., 2012; Coppo et al., 2024a). This

mechanism, also known as environmental filtering, has been

identified as a key factor regulating the composition of fish

communities and their trophic niches in tide pools (Cadotte and

Tucker, 2017; Andrades et al., 2019a; Kunishima and Tachihara,
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2019). Higher temperatures inside tide pools may alter meiofaunal

population structure and influence top-down predation relationships

(Jochum et al., 2012). As the dispersion capacity of many meiofaunal

taxa is restricted, these assemblages may also be influenced by

biological interactions within tide pools (Maria et al., 2012, Maria

et al., 2018; Andrades et al., 2019b).

In sandy beaches, the distribution and abundance of infaunal

benthos are typically associated with the swash climate, sediment

grain size, and food availability (McLachlan et al., 1993; McLachlan

and Brown, 2006; Blanchette et al., 2008; Griffiths et al., 2017). Over

the intertidal gradient of sandy beaches, temperature and salinity

are highly variable and can also influence the distribution and

composition of organisms (Olafsson, 1991; Ape et al., 2018;

Mitwally and Hamdan, 2021; Coppo et al., 2024b). In tropical

regions, seasonal changes are less pronounced, however, meiofaunal

communities have shown seasonal patterns, with higher abundance

during the warmest and wettest months (Albuquerque et al., 2007).

In addition to seasonal variations, temperature and salinity can

fluctuate on shorter temporal scales, such as tidal cycles and diel

changes. These environmental dynamics, combined with changes in

the quantity and quality of organic matter, play a key role in shaping

meiofaunal assemblages in sandy beach habitats (Esteves et al.,

1998; Todaro and Rocha, 2004; Cisneros et al., 2011; Venturini

et al., 2012; Baia and Venekey, 2019; Coppo et al., 2024b).

Understanding which factors are key to driving diversity in

coastal habitats at local and regional scales is crucial to create

conservation strategies to protect critical ecological processes and

habitats, and to better understand temporal and spatial changes in

biodiversity. Meiofaunal diversity patterns and their relation with

environmental factors have been successfully assessed by eDNA

metabarcoding in different coastal ecosystems (Bernardino et al.,

2019; Fais et al., 2020; Bellisario et al., 2021; Castro et al., 2021; Coppo

et al., 2023, 2024a; Macher et al., 2024). The use of eDNA

metabarcoding not only facilitates a detailed examination of

meiofaunal taxonomic composition but also enables the assessment

of phylogenetic diversity, shedding light on how evolutionary

relationships influence community structure (Coppo et al., 2024a;

Macher et al., 2024). Understanding phylogenetic diversity is essential

for revealing the impacts of habitat filtering on community

composition, particularly in determining whether meiofaunal

assemblages in tide pools represent a nested subset of those found

in adjacent sandy beaches. Tide pools and their associated meiofaunal

assemblages may serve as an experimental laboratory for future

climatic conditions, and understanding changes in diversity

patterns at the local scale may help to predict changes on a global

scale based on predicted global temperature scenarios. Here, we

aimed to assess whether the meiofaunal composition within tide

pools represents a subset of meiofaunal taxa found on nearby sandy

beaches, indicating habitat filtering. Additionally, we tested the

seasonal influence on meiofaunal composition and diversity across

both habitats. We hypothesized that: (i) the meiofaunal assemblage in

rocky tide pools is a subset (nestedness) of the assemblage found on

adjacent sandy beaches, exhibiting lower phylogenetic diversity; and

(ii) meiofaunal composition and diversity in both habitats are shaped

by seasonal variations.
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2 Materials and methods

2.1 Study area and sampling

This study was carried out at the Gramuté (-19.972861,

-40.138361) and Rio Preto (-20.012111, -40.154916) sandy

beaches and nearby rocky shores, located within a marine

protected area in the Eastern Brazilian Marine Ecoregion

(Figure 1). The area is characterized by dry winters and rainy

summers, with sea surface temperatures varying from 21°C to 27°C,

salinity ranging from 34.6 to 36 ppt, and strong internal tidal

currents with E-SE wave swells with upwelling events in spring and

summer (Bernardino et al., 2015; Quintana et al., 2015; Bernardino

et al., 2018; Mazzuco et al., 2019; Mazzuco et al., 2020). The Eastern

Brazilian Marine Ecoregion has experienced notable warming in the

last few decades (Mazzuco et al., 2020).

During winter (June to August 2020) and spring (September to

November 2020), sediment samples were collected monthly at
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Gramuté beach and Rio Preto beach. The sampling period was

defined based on previous studies for the same region that reported

a seasonal influence on meiofaunal diversity, assemblage

composition and benthic recruitment (Mazzuco and Bernardino,

2022; Coppo et al., 2024b), usually associated with the seasonal

presence of warm waters with high nutrient content (Mazzuco and

Bernardino, 2022). Quantitative samples were collected in triplicate

using sterile, DNA-free corers with 5 cm internal diameter down to

5 cm sediment depth (Figure 1). On sandy beaches, samples were

collected at three stations 20 meters distant from each other in the

subtidal region (approximately 0.5 meters depth; n = 9 samples per

month, in each location). In the rocky tide pools, the same sampling

effort was used during the low tide, with three stations 20 meters

distant from each other in the intertidal region. Each rocky pool

measured approximately 4.9 m² and 0.5 meters depth each (n = 9

sediment samples per month in each location). Additionally,

samples were collected for sediment analysis, including grain size,

total organic matter, carbonate content, protein content,
FIGURE 1

Study area (Gramuté and Rio Preto sandy beaches) within Costa das Algas Marine Protected Area (polygon area) and the workflow of sediment
sampling, DNA extraction, sequencing and taxonomic identification.
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carbohydrate content, lipid content, biopolymeric carbon content,

protein-to-carbohydrate ratio, and carbohydrate-to-lipid ratio (n =

9 sediment samples per month, in each location). All sediment

samples were transported in thermic bags with ice, and stored at

-20°C until analysis. Sea surface temperature and salinity were

additionally measured in situ, using a portable multiparameter

(ROMERLAB RR905) and a refractometer (PCE-0100). Both

parameters were measured in the surface water at each sampling

location in the sandy beaches and tide pools. Field sampling was

authorized by the Biodiversity Authorization and Information

System of the Brazilian Institute for the Environment and

Renewable Natural Resources (SISBIO-IBAMA, sampling license

number 24700-1).
2.2 Sediment analysis

Sediment samples were dried for 48 hours at 60°C, then

macerated and sieved using a sieve shaker through a set of

meshes with openings ranging from -1.5 F to 4 F, at 1F
intervals. To determine carbonate content, sediment samples were

dried at 110°C for 4 hours, then leached with hydrochloric acid

(HCl, 1:4 dilution) and dried again. The weight difference of dried

sediments before and after leaching represents the carbonate

content (MacCarthy, 1933). Total organic matter (TOM) was

quantified by loss-on-ignition, where a known weight of dried

sediment was combusted in a muffle for 3 hours at 500°C, and

TOM was calculated based on the weight loss (Suguio, 1973).

Sedimentary organic biopolymers (proteins, carbohydrates, and

lipids) were analyzed in triplicate (Danovaro, 2010; Neto et al., 2021).

The total protein analysis (PRT) was conducted after extraction with

NaOH 0.5M and its concentration was determined following Hartree

(1972) modified by Rice (1982) to compensate for phenol

interference. Total carbohydrate content (CHO) was analyzed

according to Gerchacov and Hatcher (1972), and total lipids (LIP)

were extracted from 1 g of homogenized sediment lyophilized by

ultrasonication in 10 mL of chloroform: methanol (2:0–1 v/v) (Marsh

andWeinstein, 1966). Blanks were carried out for each analysis using

pre-combusted sediments for 4 hours at 450 and 480°C. PRT, CHO,

and LIP contents were expressed respectively as bovine serum

albumin, glucose, and tripalmitin equivalents. The PRT, CHO, and

LIP contents were converted to carbon equivalents using a conversion

factor of 0.49, 0.40, and 0.75, respectively (Fabiano and Danovaro,

1994), and its sum was reported as biopolymeric carbon (BPC)

(Fabiano et al., 1995). Additionally, protein-to-carbohydrate (PRT:

CHO) and carbohydrate-to-lipid (CHO: LIP) ratios were used to

assess the quality of the organic matter, represented by the state of

biochemical degradation processes (Galois et al., 2000; Stelzer

et al., 2021).
2.3 DNA extraction and sequencing

Before DNA extraction, sediment samples (approximately 200

g) were elutriated to extract the meiofauna from the sediment and
Frontiers in Marine Science 04
enrich the metazoan DNA content, as suggested by Brannock and

Halanych (2015). A 1 L flask was filled with 950 mL of filtered

seawater. The sediment sample was then added, homogenized and

allowed to settle for 30 seconds before decanting the supernatant

over a 45 mm mesh sieve. The elutriation procedure was repeated

ten times for each sediment sample. After that, the material retained

on the sieve was rinsed into 50 mL Falcon tubes and centrifuged for

3 minutes at room temperature at 1342 X g in an Eppendorf

Centrifuge 5430. After centrifugation, the sample volumes were

standardized to 20 mL, then mixed and aliquoted to sterile 1mL (2

tubes per sample) and stored at -20°C (Brannock and Halanych,

2015). All glassware was cleaned using Extran® MA 02 (Merck,

Darmstadt, Germany) 10% solution and autoclaved between

samples to avoid cross-contamination. Sieves were sterilized by

soaking for 45 minutes in 10% sodium metabisulfite solution (Creer

et al., 2010; Brannock and Halanych, 2015).

The PowerSoil DNA® (Qiagen) kit was used to extract DNA

from the 1mL aliquots. DNA integrity was verified on a 1% agarose

gel, and the purity using a NanoDrop One spectrophotometer

(Thermo Fisher Scientific Inc., Waltham, MA, USA). DNA

samples extracted from the same sediment sampling station and

month were combined into a single pool, totaling three replicates

per month in each habitat and location. The DNA concentration

was measured using a Qubit® 4 Fluorometer (Life Technologies-

Invitrogen, Carlsbad, CA, USA). Blank samples (negative controls)

were carried out in triplicates for each step of the sample DNA

extraction and quality checking, and run with the samples on 1%

agarose gels to be sure there was no contamination. If any DNA

bands were detected, the extraction was repeated.

PCR, library preparation, and sequencing were conducted by
©NGS Genomic Solutions (Piracicaba, SP, Brazil). PCR products

were purified using Ampure XP beads, and Nextera XT adapters were

subsequently attached. The ©NGS Genomic Solutions conducted

blank samples during the PCR, checking it on 1% agarose gel, and

if any DNA bands were seen, PCR was repeated. The resulting

libraries were normalized to achieve a uniform concentration. After

normalization, an equimolar pool was prepared with 5 μL of each

library. This pool was then quantified by qPCR using the KAPA

Library Quantification Kit (Roche) to estimate its concentration.

Based on these data, the necessary dilutions were performed for

sequencing. Metabarcoding sequencing was performed using the

MiSeq Illumina platform (2 x 250 bp) with a target coverage of

100,000 paired-end reads per sample. The V9 hypervariable region

from 18S SSU rRNA gene was amplified using the primers Euk_1391

forward (GTACACACCGCCCGTC) and EukBr reverse

(TGATCCTTCTGCAGGTTCACCTAC) (Medlin et al., 1988;

Amaral-Zettler et al., 2008; Stoeck et al., 2010). The resulting

amplicons varied in size (mean 260 ± 50 bp) since the reverse

primer does not have a conserved position as the forward one.
2.4 Bioinformatic pipeline

An AMD Ryzen 1950x Crucial 64 GB (16x4) DDR4–2666 MHz

computer was used to run the entire bioinformatic pipeline.
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Demultiplexed raw paired-end reads were identified through the

QIIME2 2022.8 software, after importing FastQ files as QIIME2

artifacts, denoising them via DADA2 with the denoise-paired

plugin, and then by removal of low-quality bases and primer

sequences (Callahan et al., 2016; Bolyen et al., 2019; Lines et al.,

2023). Amplicon Sequence Variants (ASVs) were generated

through the denoising process. The ASVs represent a refined

taxonomic unit that allows for precise identification, reflecting

true biological variants, or taxa, and were used as the main

taxonomic unit in this study (Segura et al., 2024). The taxonomic

assignment was generated using the DADA2 plugin (p-trim = 10, p-

trunc = 160, and mean phred score = 39 ± 1; Supplementary Table

S1) using the machine learning Python library scikit-learn

(Pedregosa et al., 2011). The sequences were identified

taxonomically using a Naïve Bayes classifier trained on Silva 138

database clustered at 99% similarity (Quast et al., 2013).

Additionally, rarefaction curves were plotted to assess sampling

depth per sampling site. Based on this curve, the data in samples

was normalized to the minimum sequencing depth (5036 reads),

allowing datasets to be analyzed and compared quantitatively using

equal sequencing depth.

Further, Faith’s Phylogenetic Diversity (PD) was calculated for

each sample using a diversity core-metrics-phylogenetic pipeline

based on a phylogenetic tree previously generated by the align-to-

tree-mafft-fasttree pipeline from the q2- phylogeny plugin in

QIIME2. All raw sequence data are available online and deposited

in NCBI (SRR24675047).
2.5 Statistical analysis

Here, only the main meiofaunal representatives were considered

for downstream analyses, and the final dataset was composed of 9

phyla (Annelida, Arthropoda (Crustacea), Cnidaria, Echinodermata,

Gastrotricha, Mollusca, Nematoda, Nemertea, and Platyhelminthes).

The identified meiofaunal ASVs varied in taxonomic resolution,

reaching mostly Order (22 taxa) and Family (5 taxa) levels (see

Table 1). Differences in the taxon richness (number of meiofaunal

ASVs) between seasons, habitats and locations were tested using

Mann-Whitney U tests for non-normal data following Shapiro-Wilk

normality testing, and the results were presented as Venn’s diagrams.

Differences in environmental conditions (grain size, temperature,

salinity, carbonate content, total organic matter, biopolymers,

and biopolymeric carbon content) and meiofaunal assemblages

were analyzed using a Permutational Analysis of Variance

(PERMANOVA; Anderson et al., 2008). PERMANOVA was

applied to test for differences across season (spring and winter),

habitat (sandy beach and tide pool), location (Gramuté beach and Rio

Preto beach), and their interactions. Environmental variables were

analyzed based on a Euclidean similarity matrix after normalization,

ensuring comparability across different scales. Normalization was

performed by subtracting the mean and dividing by the standard

deviation for each variable. Meiofaunal assemblage composition was

analyzed using presence-absence data and based on a Jaccard

dissimilarity matrix. For all comparisons, when significant main
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effects or interactions were detected, pairwise tests (Tukey HSD)

were conducted to determine specific differences between groups.

When only a single taxon is detected in a sample, phylogenetic

diversity cannot be calculated, as it relies on branch length

differences among different taxa within a phylogenetic tree.

Consequently, phylogenetic diversity data are missing for

Gramuté tide pool samples during winter, where only one taxon

was detected. Given this, phylogenetic diversity differences were

therefore also assessed using PERMANOVA due to its robustness to

unbalanced designs (Anderson et al., 2008; Anderson and Walsh,

2013). To mitigate the problem of a missing level, we limited our

interpretation to the main effects, excluding interaction terms from

the analysis, and verified whether the significant patterns were

consistent across subsets of the data. A Principal Component

Analysis (PCA) was performed with meiofaunal phylogenetic

diversity and environmental variables (grain size, temperature,

salinity, carbonate content, total organic matter, biopolymers, and

biopolymeric carbon content) by habitat (sandy beach and tide

pool) to assess which environmental variables are the main drivers

of meiofaunal phylogenetic diversity. Additionally, to determine

which ecological process (turnover or nestedness) primarily

influenced the composition of meiofaunal assemblages in both

habitats (sandy beach and tide pool), total b-diversity was

calculated using Jaccard´s index and decomposed it into two

additive components: b-diversity resulting from turnover and b-
diversity resulting from nestedness. Indices were calculated

separately for each habitat by pooling all replicates across seasons

and locations. This approach was chosen to provide a broad

comparison of meiofaunal community structure between sandy

beaches and tide pools, regardless of temporal or spatial

variability. Jaccard-based turnover represents species replacement

between habitats, while nestedness indicates the extent to which one

assemblage is a subset of another. In this study, we used ASVs as the

primary taxonomic unit to ensure high-resolution detection of

community differences, minimizing potential biases associated

with mixed taxonomic levels. These indices were calculated with

the ‘beta.multi’ function of the betapart package (Baselga et al.,

2023). Significant differences were defined when p<0.05. All

graphical and analytical processes were performed in the R

environment (R Core Team, 2023).
3 Results

3.1 Environmental variables at tide pools
and sandy beaches

The full results of the PERMANOVAs and pairwise tests of

significant interactions are given in the supplementary materials

(Supplementary Tables S3-S5). Significant differences in

temperature, salinity, sediment organic quality, carbonate content,

and total organic matter content were observed between seasons (df

= 1; Pseudo-F = 3.86; p = 0.007), habitats (df = 1; Pseudo-F = 5.29; p

= 0.003), and location (df = 1; Pseudo-F = 17.6; p = 0.001), with no

significant interaction effects. Higher temperatures were observed in
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TABLE 1 Taxa (identified Amplicon Sequence Variants) presence-absence by season (spring and winter), habitat (sandy beach and tide pool), and
location (Gramuté and Rio Preto).

Identified ASV
Season Habitat Location

Spring Winter Sandy beach Tide pool Gramuté Rio Preto

Annelida 6 9 11 1 11 0

Capitellida 0 1 1 0 1 0

Echiuroidea 1 1 1 0 1 0

Eunicida 0 1 1 0 1 0

Golfingiida 0 1 1 0 1 0

Haplotaxida 0 1 1 0 1 0

Phyllodocida 1 1 1 0 1 0

Polychaeta 1 1 1 1 1 0

Protodrilidae 1 0 1 0 1 0

Sabellida 0 1 1 0 1 0

Spionida 1 1 1 0 1 0

Terebellida 1 0 1 0 1 0

Arthropoda (Crustacea) 4 6 5 3 6 2

Calanoida 0 1 1 0 1 0

Harpacticoida 1 1 1 0 1 0

Eucarida 1 1 1 1 1 1

Multicrustacea 1 1 1 1 1 1

Cyclopoida 0 1 0 1 1 0

Podocopida 1 1 1 0 1 0

Cnidaria 1 2 2 0 2 0

Actiniaria 0 1 1 0 1 0

Zoantharia 1 1 1 0 1 0

Echinodermata 1 2 2 0 2 0

Echinoidea 0 1 1 0 1 0

Holothuroidea 1 1 1 0 1 0

Gastrotricha 0 2 2 0 2 0

Chaetonotida 0 1 1 0 1 0

Macrodasyida 0 1 1 0 1 0

Mollusca 1 2 2 0 2 1

Mytiloidea 0 1 1 0 1 1

Pectinida 1 1 1 0 1 0

Nematoda 2 3 2 2 3 1

Chromadorea 1 1 1 0 1 0

Monhysterida 0 1 0 1 1 0

Rhabditida 1 1 1 1 1 1

Nemertea 1 1 2 0 2 0

Monostilifera 0 1 1 0 1 0

(Continued)
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spring compared to winter (26.8 ± 1.8 °C and 25.5 ± 1.4 °C,

respectively; p = 0.031), but salinity was higher during winter

months (32.5 ± 0.5 and 31.8 ± 0.7, respectively; p = 0.038). Also,

water temperature was 1.8 °C higher on average (p=0.01) inside tide

pools (27.0 ± 2.0 °C) when compared to sandy beaches (25.2 ± 0.8 °

C), as well as salinity (32.4 ± 0.5 and 31.9 ± 0.7, respectively;

p=0.001). Furthermore, temperature was higher at Gramuté (26.8 ±

1.7°C) than at Rio Preto (25.4 ± 1.0°C; p=0.015), but no significant

differences were observed for salinity (32.4 ± 0.7 and 32.0 ± 0.7,

respectively; p=0.158).

The sediment organic quality varied significantly across habitats

(p < 0.01) with higher total lipids (LIP) and biopolymeric carbon

(BPC) inside tide pools (LIP 594.5 ± 163.3 and BPC 1182.3 ± 685.9,

respectively) compared to sandy beaches (LIP 317.4 ± 186.8 and

BPC 792.1 ± 401.9, respectively), but we did not observe

significative differences for other variables between habitats. Both

locations, Gramuté beach and Rio Preto beach, showed differences

in sedimentary variables. Gramuté beach had higher carbonate

content (p<0.001), total organic matter content (p<0.001),

carbohydrate content (p<0.001), biopolymeric carbon (p=0.026),

and carbohydrate-to-lipids ratio (p<0.001). Meanwhile, Rio Preto

beach showed higher lipids content (p=0.021) and protein-to-

carbohydrate ratio (p<0.001). Furthermore, sediments at Gramuté

beach were mainly composed of sand (95.4 ± 2.6%), with a low

presence of gravel (4.6 ± 2.6%), while Rio Preto beach sediments

were composed of 50.2 ± 24.3% sand and 49.8 ± 24.3% gravel.

However, we did not observe significant differences in sedimentary

variables among seasons.
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3.2 Environmental DNA

A total of 33 meiofaunal taxa were identified. Taxon richness

ranged from 18 taxa in spring to 30 taxa in winter (Figure 2), and

was considerably higher in sandy beaches (31 taxa) than in tide

pools (6 taxa). In terms of spatial variation, Gramuté exhibited the

highest richness (33 taxa), whereas only 4 taxa were recorded at the

Rio Preto location. Of the 33 taxa, 27 were exclusively found in

sandy beaches, 2 were unique to tide pools, and 4 taxa occurred in

both habitats (Figure 2). Meiofaunal richness was significantly

higher in sandy beaches (3.50 ± 0.56) than in tide pools (1.03 ±

0.03) (U = 348.5; p < 0.001). Within sandy beaches, Gramuté

showed greater taxon richness (6.00 ± 3.10) compared to the Rio

Preto (0.94 ± 0.24) (U = 8.00; p < 0.001). However, no significant

differences were observed between spring (2.56 ± 2.22) and winter

(4.28 ± 4.01) (U = 112.5; p = 0.252). Within tide pools, no

differences were found between Gramuté and Rio Preto (U =

162.00; p = 1.000) or between seasons (U = 144.5; p = 0.176).

Results from the PERMANOVA showed that meiofaunal

assemblage composition and abundance of reads differed

significantly between sandy beaches and tide pools (df = 1;

Pseudo-F = 2.501; p = 0.001). Tide pools were dominated by

Arthropoda (Crustacea; 3 taxa) and Nematoda (2 taxa), followed

by Annelida (1 taxon) (Table 1). In contrast, sandy beach

assemblages showed higher taxon richness and was primarily

composed of Annelida (12 taxa), Arthropoda (Crustacea; 6 taxa),

and Nematoda (2 taxa). Furthermore, Cyclopoida (Crustacea) and

Monhysterida (Nematoda) were exclusively detected in tide pools,
TABLE 1 Continued

Identified ASV
Season Habitat Location

Spring Winter Sandy beach Tide pool Gramuté Rio Preto

Palaeonemertea 1 0 1 0 1 0

Platyhelminthes 1 2 2 0 2 0

Dalytyphloplanida 0 1 1 0 1 0

Rhabdocoela 1 1 1 0 1 0
Presence is indicated by 1 and absence by a 0. Taxa are categorized by phyla and the total number of taxa is indicated in bold for each Phylum by column.
FIGURE 2

Number of meiofaunal taxa (amplicon sequence variants (ASVs)) detected by environmental DNA metabarcoding in each (A) season (spring and
winter), (B) habitat (sandy beach and tide pool), and (C) location (Gramuté and Rio Preto).
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while Mollusca, Gastrotricha, Echinodermata, Cnidaria,

Platyhelminthes, and Nemertea taxa were detected only in sandy

beach samples.

Further differences in meiofaunal assemblage composition were

also observed between the two sandy beach locations (df = 1; Pseudo-

F = 3.339; p = 0.001). The Gramuté beach assemblage was composed

of Arthropoda (Crustacea; 5 taxa), Nematoda (2 taxa), Annelida (12

taxa), Mollusca (2 taxa), Gastrotricha (2 taxa), Echinodermata (2

taxa), Cnidaria (2 taxa), Platyhelminthes (2 taxa), and Nemertea (2

taxa) (Table 1). At Rio Preto beach, however, only Arthropoda

(Crustacea; 2 taxa), Mollusca (1 taxon), and Nematoda (1 Taxon)

were detected (Table 1). Within tide pools, 4 taxa (including annelids,

crustaceans, and nematodes) were exclusively detected at Gramuté

and Rhabditida (Nematoda) was detected only at Rio Preto (Table 1).

Seasonal differences were also detected (df = 1; Pseudo-F = 1.465; p =

0.044), with annelids and Rhabditida (Nematoda) exclusively

detected during spring, whereas Cyclopoida (Crustacea), other

Multicrustacea (Crustacea), Calanoida (Crustacea), Gastrotricha,

and Monhysterida (Nematoda) taxa detected only during winter.

We also observed significative differences in meiofauna composition

in the interaction between season and location (Pseudo-F = 1.647; p =

0.026), with Rhabditida (Nematoda) only detected at Rio Preto

during winter, Podocopida, Paleonemertea, Holothuroidea,

Zoantharia (Cnidaria), Spionida, and Protodrilidae only detected at

Gramuté during spring. Furthermore, Haplotaxida, Capitellida,

Eunicida, Golfingiida, Sabellida, Calanoida (Crustacea), Actinaria

(Cnidaria), Echinoidea, Gastrotricha, Monostilifera (Nemertea), and

Nematoda were only detected at Gramuté during winter.

The distinct assemblage compositions between habitats were

supported by high values of turnover (sandy beach = 0.939 and tide

pool = 0.920) and low nestedness (sandy beach = 0.037 and tide

pool = 0.017). This suggest that many taxa present in sandy beaches

are not found in tide pools, and meiofaunal assemblages in tide

pools are not merely a subset of the diversity found on sandy

beaches, but rather represent distinct assemblages.
3.3 Phylogenetic diversity

We found significant differences on phylogenetic diversity

between seasons, with higher values on winter (12.21 ± 7.66) than
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on spring (7.42 ± 2.54) (PERMANOVA; df = 1; Pseudo-F = 9.717; p

= 0.002; Figure 3); higher in sandy beaches (8.92 ± 6.31) than in tide

pools (6.55 ± 3.08) (PERMANOVA; df = 1; Pseudo-F 7.626; p =

0.005; Figure 3); and in Gramuté (10.92 ± 5.57) than in Rio Preto

site (4.72 ± 1.20) (PERMANOVA; df = 1; Pseudo-F = 75.867; p =

0.001; Figure 3).

The PCA analysis showed a clear separation between sandy

beach and tide pool samples. The first axis (PCA1; 43.1%) reflected

variations within habitats, primarily associated with gradients in

carbonate content, TOM, CHO, %sand, and BPC content, with

positive loadings, while PRT: CHO ratio showed a strong negative

loading, followed by %gravel. Although PCA1 captured most of the

variance, it did not clearly separate habitats. Instead, differentiation

between sandy beach and tide pool samples was mainly observed

along the second axis (PCA2; 19.4%), associated to LIP content,

BPC content, temperature, and CHO: LIP ratio. Overall,

phylogenetic diversity was positively related to CHO: LIP ratio,

total organic matter (TOM) and %sand, and negatively related to %

gravel, temperature, salinity, BPC, PRT, LIP content, and PRT:

CHO ratio (Figure 4; Supplementary Table S6).
4 Discussion

The metacommunity theory provides a theoretical framework

for understanding the dynamics of meiofaunal assemblages in

coastal marine environments, such as sandy beaches and tide

pools, proposing that biodiversity in a network of interconnected

habitats results from processes of species dispersal, selection, drift,

and local ecological interactions (Leibold et al., 2004). In the context

of our study, the dominance of turnover over nestedness suggests

that coastal neighboring habitats (sandy beaches and tide pools)

may hold distinct assemblages within the metacommunity, with

species adapted to specific environmental conditions and limited by

dispersal barriers or competitive interactions. The different

environmental conditions within tide pools, such as warmer

temperatures and more labile organic matter, may act as

ecological drivers shaping meiofaunal metacommunities, leading

to significant differences in taxon richness (number of amplicon

sequence variants (ASVs)), assemblage composition, and

phylogenetic diversity between this habitat and the adjacent sandy
FIGURE 3

Faith’s phylogenetic diversity of meiofaunal DNA extracted from sediment samples per (A) season, (B) habitat, and (C) location. Asterisks (*) indicate
significant differences.
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beach. Moreover, seasonal variations observed in the studied region

indicate that temporal environmental changes also play a crucial

role in shaping metacommunities, highlighting the importance of

considering both spatial and temporal variability in the

conservation and management of these dynamic ecosystems.

Marked environmental differences were found between

adjacent sandy beaches and tide pools. In general, tide pools

offered warmer conditions (+ 1.8°C), higher sedimentary total

lipids and biopolymeric carbon, and similar total organic matter

and protein content as sandy beaches. These conditions suggest that

although meiofaunal organisms may be subject to temperature

stress in tide pools more frequently, the quality of organic matter

available for consumers may also be an important driver shaping

meiofaunal biodiversity in these coastal habitats. Previous studies

have recognized the positive effects of labile sedimentary organic

matter to the meiofaunal assemblages (Fabiano and Danovaro,

1994; Fabiano et al., 1995; Danovaro, 1996; Neto et al., 2021;

Coppo et al., 2024b).

Meiofaunal phylogenetic diversity was positively correlated

with granulometry (%Sand), sediment organic matter content

(TOM) and quality (carbohydrate-to-lipid ratio, CHO: LIP), but

negatively influenced by temperature, salinity, PRT, LIP and BPC

content, and protein-to-carbohydrate ratio (PRT: CHO). Since

phylogenetic diversity was significantly lower in tide pools, these

findings suggest that meiofaunal assemblages in tide pools may be

shaped by adaptations to aged organic matter (low CHO: LIP and

PRT: CHO ratios) and by competitive pressure from larger

meiofaunal organisms, such as crustaceans and annelids as
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observed in our study, which are known to be strong competitors.

This aligns with previous studies that have highlighted the role of

organic matter composition in shaping meiofaunal assemblages,

particularly when strong competitors may limit access to fresh

available organic matter (Antón et al., 2011; Neto et al., 2021). The

role of interspecific competition in structuring meiofaunal

assemblage aligns with the idea that phylogenetically related

species cannot coexist due to overlapping ecological traits,

whereas more phylogenetically distant species are less constrained

by competition (Graves and Gotelli, 1993; Webb et al., 2002).

Temperature was negatively associated with meiofaunal

phylogenetic diversity in tide pools. This may be explained by the

fact that meiofaunal communities are strongly influenced by the

maximum temperature experienced in the habitat (Wieser and

Schiemer, 1977; Schratzberger and Somerfield, 2020). Our

findings support the idea that elevated temperatures in tide pools

may reduce phylogenetic diversity by selecting for taxa with higher

thermal tolerance. Additionally, we observed seasonal patterns in

phylogenetic diversity and taxon richness, supporting our

hypothesis. In sandy beach environments, meiofaunal

phylogenetic diversity tends to show seasonal fluctuations, likely

in response to significant seasonal fluctuations on characteristics of

the beach system, such as temperature, salinity, rainfall, and organic

matter content (Coull, 1988; Albuquerque et al., 2007; Coppo et al.,

2024b). In tide pools, meiofaunal diversity and abundance can be

positively influenced by the abundance of macroalgae, that may

fluctuate seasonally, as well as temperature and salinity (Losi et al.,

2018). However, different meiofaunal taxa may respond differently
FIGURE 4

Principal Component Analysis (PCA) of meiofaunal phylogenetic diversity and environmental variables (grain size, temperature, salinity, carbonate
content, total organic matter, biopolymers, and biopolymeric carbon content) in tide pools and nearby sandy beaches.
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to environmental changes due to their specific adaptations of

dispersion, nutrition, development, and reproduction (Curini-

Galletti et al., 2012).

In sandy beaches, the meiofaunal phylogenetic diversity was

positively influenced by granulometry (%Sand), temperature, and

food quality and quantity (BPC content, TOM and CHO: LIP), and

negatively influenced by %gravel, protein (PRT), lipids (LIP), and

PRT: CHO. These results may suggest that the total organic matter

content and accumulation of labile organic matter (BPC) are

associated with higher meiofaunal phylogenetic diversity, even if

part of it is aged or partially degraded (Lastra et al., 2006; Rodil

et al., 2012; Venturini et al., 2012; Corte et al., 2022; Coppo et al.,

2024b). Protein, which is a highly nutritional part of organic matter

(Joseph et al., 2008) and PRT: CHO, were also negatively related to

meiofaunal phylogenetic diversity in sandy beaches. This unexpected

relationship may reflect strong inter-specific competition for high-

quality resources, where dominant competitors may outcompete

other, suppressing the overall biodiversity (Kalmykov and

Kalmykov, 2012; Bianchelli et al., 2016; Coppo et al., 2024b).

Our study revealed a distinct metazoan meiofauna in coastal

intertidal habitats in the SW Atlantic, demonstrating that

environmental conditions of sandy beaches and tide pools

influence their assemblage composition and phylogenetic

diversity. Understanding the main factors that affect meiofaunal

biodiversity is crucial to defining conservation strategies and

priority conservation areas (Pittman et al., 2021). Therefore, our

study supports existing efforts to include sandy beaches and tide

pools in areas of relevant biological significance (Fanini et al., 2020;

Harris and Defeo, 2022). This metabarcoding assessment is only the

second molecular record of benthic animals for this region, and the

first to study benthic metazoans in tide pools at this region. We

recognize the importance that other eukaryotes and prokaryotes

have to shape the meiobenthic community, and these taxa should be

included in future assessments for this area. We understand that

metabarcoding studies are influenced by different methodological

limitations, such as PCR errors, primer biases, incompleteness of

genetic databases with meiofaunal sequences, and the choice and

number of genetic markers used. These factors can affect both the

detection and accurate taxonomic assignment of meiofaunal

organisms, potentially leading to underestimation of diversity or

misrepresentation of community composition (Adams et al., 2019;

Beng and Corlett, 2020; Steyaert et al., 2020; Castro et al., 2021).

Acknowledging these limitations is essential for interpreting the

results with caution and for guiding future efforts to improve

molecular reference libraries and methodological protocols for

meiofaunal biodiversity assessments.

Our findings also highlight the importance of temporal studies to

understand how meiofaunal assemblages may vary over time in

response to fluctuations in environmental conditions in tropical

regions (Bernardino et al., 2016). Additionally, the reduced

phylogenetic diversity and distinct taxonomic composition

observed in tide pools (+ 1.8°C) highlight future risks for coastal

marine habitats under climate warming. In tide pools, meiofaunal

assemblages were dominated by a few taxa and phylogenetic diversity

was negatively associated with higher temperature, salinity, and labile
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organic matter, suggesting that elevated thermal stress may lead to

strong environmental filtering in these environments. Global average

temperature has increased approximately 0.2°C per decade over the

last 30 years and projections suggest an increase of +1.0°C to +3.0°C

in the SW Atlantic by 2100 (Sánchez et al., 2015; Hoegh-Guldberg

and Bruno, 2010; Schratzberger and Somerfield, 2020). Regionally, it

is expected that the Eastern Brazilian Marine Ecoregion faces higher

temperatures and lower rainfall, which could lead to loss of

meiofaunal biodiversity and impacts on several benthic attributes

and processes.
5 Conclusion

Tide pools hold different meiofaunal assemblages from those found

on nearby sandy beaches, exhibiting both lower taxon richness and

phylogenetic diversity. In both habitats, phylogenetic diversity varied

seasonally, influenced by temperature, food availability, and organic

matter quality. Although our initial hypothesis proposed that tide pool

assemblages would be a nested subset of the meiofauna found on sandy

beaches, our findings indicate that tide pools support unique

assemblages. Additionally, our results support the second hypothesis,

as significant seasonal differences were observed in meiofaunal

composition and phylogenetic diversity across habitats, with higher

phylogenetic diversity in winter than in spring. Furthermore, our study

suggests that conditions of higher temperatures and aged organic

matter may be responsible for meiofaunal assemblages with lower

phylogenetic diversity. Understanding how meiofaunal assemblages

respond to warming scenarios is critical in a changing ocean,

underscoring the importance of long-term monitoring programs.
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