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Abstract: Mariculture is expanding rapidly in northern Brazil, where oyster farming is a key economic activity. However, little is 
known about its effects on estuarine communities. This study assessed the influence of oyster farming (Crassostrea gasar) 
on the structure of the meiofauna community in the Curuçá Estuary (Pará, Amazon region). Sampling was conducted at 
two sites: an area beneath the oyster farming tables and a control area located 100 m away. Both areas had fine, well-
sorted sediments, with higher organic matter content in the farming area. Twelve meiofauna groups were recorded, 
dominated by Nematoda and Oligochaeta. Density was lower in the cultivation area, while species richness did not differ 
between the sites. Gastropoda and Bivalvia were found beneath the cultivation tables, indicating enrichment. Multivariate 
analyses revealed differences in community structure associated with grain size and organic matter content. Overall, 
oyster cultivation induced moderate and limited changes, without exceeding ecological limits. The selective responses of 
meiofauna taxa highlight their potential as early indicators of aquaculture impacts in tropical estuaries and underscore the 
need for continuous environmental monitoring.

Keywords: Meiofauna. Bioindicator. Aquaculture. Amazon coast. Crassostrea gasar. Benthic ecology.

Resumo: 	A maricultura está expandindo rapidamente no Norte do Brasil, onde o cultivo de ostras representa uma atividade 
econômica essencial. No entanto, pouco se sabe sobre seus efeitos nas comunidades de estuários. Este estudo avaliou 
a influência do cultivo de ostras (Crassostrea gasar) sobre a estrutura da comunidade de meiofauna no estuário de 
Curuçá (Pará, Amazônia). As amostragens foram realizadas em dois locais: uma área sob as mesas de cultivo de ostras 
e uma área-controle, situada a 100 m de distância. Ambas as áreas apresentaram sedimentos finos e bem selecionados, 
com teor de matéria orgânica maior na área de cultivo. Foram registrados doze grupos de meiofauna, dominados por 
Nematoda e Oligochaeta. A densidade foi menor na área de cultivo, a riqueza não diferiu entre os locais. Gastropoda 
e Bivalvia ocorreram sob as mesas de cultivo, indicando enriquecimento. As análises multivariadas revelaram diferenças 
na estrutura da comunidade associadas ao tamanho dos grãos e ao teor de matéria orgânica. De modo geral, o cultivo 
de ostras induziu mudanças moderadas e restritas, sem ultrapassar limites ecológicos. As respostas seletivas dos táxons 
de meiofauna ressaltam seu potencial como indicadores precoces dos impactos da aquicultura em estuários tropicais e 
destacam a necessidade de monitoramento ambiental contínuo.
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INTRODUCTION
Mangrove ecosystems constitute highly productive and 
dynamic transitional environments that connect terrestrial 
and marine systems in tropical and subtropical regions 
(Alongi, 2020). Although they occupy less than 1% of 
global coastal areas (Bunting et al., 2022), these forests 
rank among the planet’s most efficient natural systems in 
terms of primary productivity and ecological functioning 
(Bouillon et al., 2008; Pinheiro et al., 2025). Brazil holds 
the second-largest mangrove area in the world, covering 
roughly 11,400 km2, with more than two-thirds situated 
along the Amazonian coast (Bunting et al., 2022). The 
Amazonian mangroves are notable for their extensive and 
mature forests, which hold ecosystem carbon stocks two 
to ten times higher than those of adjacent upland forests 
(Kauffman et al., 2018). Mangroves deliver a wide range 
of essential ecosystem services (Tasneem & Ahsan, 2024) 
that sustain the livelihoods of countless traditional coastal 
populations who depend on these habitats for subsistence 
(Maneschy, 1993, 1995; Fernandes et al., 2018; Owuor et 
al., 2024; Otieno et al., 2026).

Despite their critical importance, mangroves 
are globally recognized as one of the most threatened 
ecosystems, due to rapid coastal development and 
continuous population growth (Goldberg et al., 2020). 
Among the main drivers of mangrove degradation is 
aquaculture, which, over the past century, has profoundly 
altered the structure and functioning of coastal ecosystems 
by modifying nutrient fluxes and food webs (Price et al., 
2015; Ferriss et al., 2016; Van der Linden et al., 2016; 
Lacoste et al., 2020). Bivalve cultivation, a key component 
of marine aquaculture, is often considered to have a lower 
environmental impact compared to finfish or shrimp 
farming, as it typically requires no external feed inputs 
(Dumbauld et al., 2009; Cranford et al., 2012). However, 
intensive farming can act as a localized stressor.

Cultured bivalves can also enhance ecosystem 
complexity by providing substrates for settlement of other 
species (Tallman & Forrester, 2007), generating novel energy 

pathways (Kluger et al., 2017), and supporting meiofaunal 
communities through biodeposition (Huang et al., 2018). In 
addition, the accumulation of organic wastes, in estuarine 
sediments promotes organic enrichment, which can lead 
to reduced interstitial dissolved oxygen, eutrophication, and 
negative impacts on local benthic fauna (Diaz & Rosenberg, 
2008). Understanding the complex interactions between 
aquaculture practices and mangrove ecosystems is therefore 
essential for promoting sustainable production and effective 
coastal management (Filgueira et al., 2016).

Benthic fauna, particularly meiofauna, are widely 
used as bioindicators to assess environmental stress due to 
their ecological roles and sensitivity to pollutants. Benthic 
meiofauna (the assemblage of microscopic organisms 
inhabiting the sediment interstices) is widely employed 
to diagnose environmental stress due to their strong 
dependence on the sedimentary environment and its 
central role in nutrient cycling and energy transfer (Coull 
& Chandler, 1992; Giere, 2009). Meiofauna is particularly 
suitable for monitoring because of its high diversity, 
widespread distribution, and rapid, localized response to 
anthropogenic disturbances (Giere, 2009; Schratzberger 
& Ingels, 2018; T. M. T. Santos et al., 2025a).

In Brazil, oyster farming (ostreiculture) has expanded 
since the 1970s (Valenti et al., 2021), and in Pará State, 
production focuses on the cultivation of the native oyster 
species, Crassostrea gasar (Adanson, 1757), using fixed-table 
and long-line systems in intertidal areas characterized by a 
macrotidal regime (Hoshino, 2009; Lopes et al., 2013). 
This species naturally forms dense beds on rocky or muddy 
substrates along riverbeds (Nascimento, 1991; Rios, 1994). 
In mangrove environments, oysters represent an important 
fishery resource for coastal communities (Galvão et al., 2012) 
and the key municipalities involved in oyster cultivation in 
the Pará state include Augusto Corrêa, Curuçá, Maracanã, 
Salinópolis, and São Caetano de Odivelas (Hoshino, 2009). 

In the northern region of Brazil, oyster farming 
systems are predominantly fixed-table types installed in 
macrotidal mangrove areas, which are daily subjected to 
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tidal emersion and submersion. When cultivated, they often 
exhibit faster growth rates than in natural environments 
due to seed selection and management practices (Pereira 
et al., 2003). In this context, C. gasar has been successfully 
farmed in the Amazon region (Lopes et al., 2013), and 
well-regulated oyster farming can help mitigate the 
environmental pressure caused by extractive harvesting 
on natural populations (Gardunho et al., 2012). Therefore, 
by understanding the interactions among oyster farming 
practices, benthic communities, and mangrove ecosystem 
functioning, sustainable management strategies can be 
developed to balance production with conservation of 
these highly valuable coastal habitats.

While the cultivation of C. gasar provides an 
important income source for communities and helps 
mitigate pressure on natural populations (Gardunho et al., 
2012), information on its specific environmental impacts in 
the Amazonian region remains scarce. Given the imminent 
expansion of ostreiculture along the Pará coast, this study 
aimed to identify and assess the effects of the cultivation of 
mangrove oysters (C. gasar) in the meiofauna community in 
the Curuçá estuary. The following hypothesis was tested: 
Oyster farming of C. gasar in alters the composition and 
abundance of meiofaunal communities, such that cultivated 
areas exhibit significant differences in density, species 
richness, and diversity compared to non-cultivated areas. 

MATERIAL AND METHODS

STUDY AREA
This study was carried out in Curuçá city (00° 43’ 48” S, 
47° 51’ 06” W) located on the Northern Amazon coast of 
Brazil (Figure 1). It is a humid equatorial region (Amazon 
Rainforest equatorial climate-type Am), characterized by 
high temperatures (27 °C annual average), low thermal 
amplitude, and high precipitation of over 2,000 mm per 
year (Martorano et al., 1993). Curuçá city has over 40,000 
residents and its economy is based on fishing, agriculture, 
and tourism in mangroves (IBGE, 2018). Salinity varies 

from < 7 ‰ during rainy season to > 22 ‰ in the dry 
season (Pará, 2005).

The city is within a coastal extractive reserve 
(Lauro Sodré Community), which holds one of the 
largest protected areas on the Amazon coast with rich 
mangrove ecosystems so there is good representation 
for other reserves in the country. The reserve has nearly 
60 traditional community settlements with approximately 
3,000 families living on estuarine islands, tidal creeks, rivers, 
beaches, and mangroves (Figueiredo et al., 2009). The 
Curuçá estuary is formed by the confluence of the Curuçá 
and Muriá rivers (Paula et al., 2006).

FIELD PROCEDURES
Sampling was carried out in April 2019 within a cultivation 
area of Crassostrea gasar in the São João da Ponta village 
(00º 50’ 59” S, 47º 55’ 12” W). Two distinct areas were 
selected for sample collection: (I) the cultivation area, located 
directly beneath the oyster tables, and (II) the control area, 
positioned approximately 100 m away from the cultivation 
area. In each area, ten biological samples were collected 
using a 3 cm diameter corer inserted to a depth of 10 cm 
into the sediment (Figure 1C). Immediately after sampling, 
the material was fixed in 4% formaldehyde. Additionally, 
sediment samples were taken from each site for the 
analysis of grain size and organic matter content. Samples 
intended for organic matter determination were kept 
refrigerated during fieldwork and subsequently frozen in the 
laboratory until further processing. Seawater salinity was also 
determined in the water column with a manual refractometer.

LABORATORY PROCEDURES
Meiofauna was extracted from the sediment using colloidal 
silica at a specific density of 1.18 g/cm3 (Somerfield et al., 
2005). The supernatant was washed through 0.3 and 0.045 
mm meshes, and the organisms retained in the 0.045 mm 
mesh were placed on Dollfus plates and identified to the 
major taxonomic groups (phylum, class, or order, depending 
on the group) following Giere (2009) and Danovaro (2010).
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The granulometric analysis was conducted by sieving 
out coarse sediments and pipetting fine sediments, as 
proposed by Suguio (1973). Textural parameters (mean 
grain size, sorting, % sand, and gravel) were calculated 
using the equations of Folk and Ward (1957). Grain 
sizes were determined by sieving the sediment in an 
automatic shaker and classifying the grains according to 
the Wentworth scale (Buchanan, 1984). Water content 
was determined as the percentage of mass loss after drying 
the sediment samples at 60 °C until constant weight and 
calculated according to the formula: water content (%) = 
[(wet mass − dry mass)/wet mass] x 100. Organic matter 
content was determined by loss on ignition (Dean, 1974). 
Sediment samples were dried at 60 °C until constant weight 
to obtain dry mass and then combusted at 550 °C for 4 h. 

Organic matter was calculated as the percentage of mass 
loss relative to the initial dry mass, using the formula: %LOI 
= [(dry mass − ash mass)/dry mass] x 100. 

STATISTICAL ANALYSIS 
Meiofauna density (ind./10 cm²) and major taxonomic 
group richness were calculated for each biological sample; 
density was standardized to the corer surface area (10 
cm²), and all samples were analyzed considering the 
entire sediment column (0–10 cm). Differences between 
study areas (Crassostrea gasar tables × control area) were 
tested using one-way analysis of variance (ANOVA) after 
verifying normality and homogeneity of variances with 
the Kolmogorov–Smirnov and Levene tests, respectively. 
When necessary, data were fourth-root transformed.

Figure 1. Map of the study area showing the location of the study areas. Map: Thuareag Monteiro Trindade dos Santos (2025).
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A Principal Coordinates Analysis (PCO) was run on a 
Bray-Curtis similarity matrix of the fourth root-transformed 
species to visualize the similarity between samples across 
areas. To identify the species that characterized each area, 
species that correlated (Spearman’s coefficient) more than 
60% with one of the first two axes were plotted in each 
PCO. Simultaneously, the same density matrices used for 
the PCO were analyzed using a one-way permutational 
ANOVA (PERMANOVA) designed using the same layout 
as the ANOVA. The contribution of each taxon to the 
dissimilarity found among the groups was assessed using 
the SIMPER (similarity percentage) routine. 

For linking the meiofauna community biological 
descriptors with the sediment variables, a distance-
based linear model (DistLM; Anderson, 2001) was 
performed. This technique analyzes and models the 
relationship between a multivariate data cloud, as 
described by a resemblance matrix and predictor 
variables. Resemblance matrices were calculated using 
Euclidean distance (log(x+1) transformed data). The best 
models in DistLM were chosen using a forward routine 
with 9999 permutations based on AIC selection criteria 
(Anderson et al., 2008). A 5% significance level was 
considered in all analyses.

RESULTS

ENVIRONMENTAL VARIABLES
In the study area, seawater salinity was 11 ± 2 ‰. 
Overall, sediment temperature presented higher values 
in the control area in comparison with the Crassostrea 
gasar table (Table 1). The sediment H2O content 
presented higher values in the Control area (Table 1). 
Organic matter (OM) did not varied between areas (F(1,8) 
= 7.03, p > 0.05), however higher value was found in 
the Crassostrea gasar table (Table 1). The sediments were 
mostly very-well sorted muddy (silt + clay) however, 
some differences were found between the areas. In the 
C. gasar table the sediment varied from well-sorted coarse 

silt to moderated-sorted medium sand, with presence 
of gravel, while in the Control area, the sediment was 
predominantly muddy (Table 1). 

MEIOFAUNA COMMUNITY
Overall, ANOVA showed significant differences in density 
between areas (F (1,18) = 8.41; p < 0.01), with higher 
values found at Control area (38.65 ± 29.16 ind/10 
cm²) than in the Crassostrea gasar table (32.04 ± 22.05 
ind/10cm²) (Figure 2A). On the other hand, richness did 
not varied significantly between areas (F (1,18) = 3.21; p > 
0.05), however, higher values were found in the control 
area (Figure 2B).

Meiofauna was comprised of 12 major groups and 
composition was similar in the study areas, however 
gastropods and bivalves were exclusively found at C. gasar 
table area (Table 2). Overall, Nematoda (77.5%) and 
Oligochaeta (15.8%) were the dominant groups; however, 
their contribution varied among areas. In the C. gasar table 
area, Nematoda (74.6%) and Oligochaeta (19.5%) were 
the dominant groups, in addition, the contribution of other 
major groups were higher. In the Area 2, a decrease in 

Table 1. Mean values (± SD) of the sediment variables in the 
study areas.

Variable

Study areas 

Crassostrea  
gasar table Control area

Temperature (°C) 28.13 ± 0.32 29.53 ± 0.50

Organic matter (%) 5.08 ± 1.44 4.67 ± 1.02

H2O content (%) 49.81 ± 1.07 47.25 ± 1.21

Mean grain size (Φ) 3.85 ± 0.24 4.61 ± 0.31

Sorting (Φ) 0.89 ± 0.84 0.48 ± 0.28

% Gravel 0.37 ± 0.64 0

% Sand 27.29 ± 21.06 0.99 ± 0.32

% Mud (Silt + Clay) 72.34 ± 21.4 99.01 ± 0.24

Grain size classification Coarse silt Coarse silt

Sorting classification Well sorted to 
Moderate sorted Very-well sorted
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the Oligochaeta (12%) contribution, with a proportional 
increase in Nematoda (80.2%) and of other major groups 
occurred dominance (Figure 3C).

The structure of the meiofauna community varied 
significantly between areas (pseudo-F(1,18) = 8.15; p(perm) = 
0.001; p (Monte Carlo) = 0.001), and the spatial configuration 
distinguished the meiofauna samples between the 
two study areas (Figure 3). Regarding major groups,  

Table 2. Mean density (±SE) of the meiofauna major groups found 
in the study areas.

Major groups Crassostrea  
gasar table Control area

Nematoda 28.7 ± 2.9 34.1 ± 4.65

Ostracoda 0.5 ± 0.3 0.6 ± 0.2

Oligochaeta 7.5 ± 1.4 5.36 ± 1.34

Acari 0.1 ± 0.07 0.14 ± 0.05

Kinorhyncha 0 0.35 ± 0.06

Copepoda 0.3 ± 0.1 0.53 ± 0.16

Simpunculla 0.5 ± 0.2 0.48 ± 0.21

Tuberllaria 0.14 ± 0.07 0.22 ± 0.07

Gasthropoda 0.16 ± 0.06 0

Bivalve 0.22 ± 0.08 0

Polychaeta 0.05 ± 0.05 0.63 ± 0.14

Gastrothicha 0 0.02 ± 0.01

Peracarida 0.02 ± 0.01 0.05 ± 0.01

Figure 2. Mean density (±SE) (A), mean major groups richness 
(±SE) (B), and relative abundance (%) (C) of the meiobenthic major 
groups of the study areas.

Figure 3. Principal Coordinates Analysis (PCO) of the samples of the 
meiobenthic major groups considering the taxonomic composition. 
The vectors represent species/groups correlating more than 60% 
(based on Spearman correlation coefficients) with one of the first 
two PCO axes.
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axis 1 explained 48.4% of the variation in the data and 
was responsible for separating the two areas. The major 
groups most correlated with C. gasar tables samples 
were Gasthropoda and Bivalve, whereas Nematoda, 
Oligochaeta and Polychaeta were most correlated with 
Control area. The SIMPER analysis indicated a mean 
dissimilarity of more than 80% between the study 
areas (Table 3). Comparing areas, most of the species 
indicated by SIMPER were more abundant in C. gasar 
tables, in particular Gasthropoda and Bivalve (Table 3).

The best distance-based linear model (DistLM) 
explained 45% for density and 56% for richness 
variation of meiofauna community in the study areas. 
Sediment grain size, organic matter and % sandy were 
the principal environmental variables correlated with 
both descriptors, while H2O content and % muddy 
were related principally with density and richness, 
respectively (Table 4).

DISCUSSION
Overall, the granulometric composition on both areas was 
characterized by predominantly muddy sediments (silt + 
clay). This sediment composition is typical of low-energy 
Amazonian estuaries (Silva et al., 2011; Mendes, 2023; Braga 

et al., 2024; T. M. T. Santos et al., 2024, 2025b, 2026; Rocha 
et al., 2026) where fine fractions enhance organic matter 
retention and provide a food-rich microhabitat for benthic 
fauna (Giere, 2009). In contrast, the occurrence of coarser 
and poorly sorted particles in the C. gasar table indicates local 
hydrodynamic influence associated with the oyster-table 
structures and the deposition of fragmented shells. Fixed 
installations can modify near-bottom flow, generating micro-
zones of turbulence, erosion, and selective deposition (Heery 
et al., 2017; T. M. T. Santos & Aviz, 2020). Similar patterns 
were reported by Chamberlain et al. (2001), who observed 
increased sand and gravel fractions beneath Mytilus edulis long-
lines, and by Mendes (2023) in the Muriá Channel (Curuçá, 
Pará), where intermittent currents and microtopographic 
variations promoted heterogeneous accumulation of fine and 
coarse sediments around fixed structures.

Organic matter content was slightly higher in the 
C. gasar table, although the difference was not statistically 
significant. This pattern agrees with previous studies 
showing that the accumulation of bivalve biodeposits 
is the main source of organic enrichment beneath 
aquaculture structures (Dahlbäck & Gunnarsson, 1981; 
Chamberlain et al., 2001; Nizzoli et al., 2006; Zhao et 
al., 2022). Oyster biodeposits have high settling velocities 

Table 3. Average dissimilarities between the samples from Crassostrea gasar table and control area, with the contribution from 
taxonomical groups.

Average dissimilarity = 82.64 

Major groups Average dissimilarity Dissimilarity/Standard deviation Contribution %

Gasthropoda 6.32 1.46 23.72

Bivalve 3.94 0.7 22.8

Oligochaeta 3.01 1.11 11.29

Nematoda 2.68 0.95 10.06

Table 4. Best distance-based linear models (DistLM) fitted for meiobenthic community descriptors against sediment variables in the study 
areas. Values in brackets: proportion of variability explained by each variable; * = significant differences (p < 0.05).

Descriptors AIC R² Variable included p

Density 25.7 0.86 Grain size (15%), organic matter (12%), H2O content (10%), % sand (8%) < 0.05* (all)

Richness 19.4 0.81 Grain size (22%), organic matter (17%), % sand (10%), % muddy (7%) < 0.05* (all)
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and tend to accumulate directly beneath culture tables, 
locally increasing particulate organic carbon and altering 
decomposition dynamics (Callier et al., 2006). However, 
the magnitude of this accumulation depends strongly on 
hydrodynamic conditions. In macrotidal environments 
such as the Amazon coast, strong currents and tidal 
flushing disperse fine particles, mitigating excessive 
organic buildup (Sutherland et al., 2018). Therefore, 
the moderate increase in OM observed in the Curuçá 
estuary likely reflects a balance between organic input 
and dispersive forces, a condition typical of high-energy 
estuarine systems where hydrodynamics prevent anoxia 
but do not entirely remove deposited material (Souza-
Filho et al., 2009; Asp et al., 2013).

The community descriptors (density and richness) 
differed between conditions, with lower density and 
richness at C. gasar table, as expected from previous 
studies (Mirto et al., 2000; Christensen et al., 2003; 
Callier et al., 2008). Overall, in organically enriched areas, 
meiofaunal density generally tends to decrease due to 
oxygen depletion and sediment compaction (La Rosa et al., 
2001). In the Curuçá estuary, this pattern was consistent 
with those observations, as lower densities were recorded 
in the C. gasar table area, while higher values occurred in 
the Control area. 

Overall, the composition of the meiofauna on the study 
areas was similar. Furthermore, the taxonomic composition 
of these areas was similar to that of other soft bottom habitats 
on the Amazon coast (Paula et al., 2006; Gomes & Rosa 
Filho, 2009; Rosa Filho et al., 2011; Baia & Venekey, 2019; 
T. M. T. Santos et al., 2021, 2025a; Baia et al., 2021; T. B. 
Santos et al., 2023; Melo et al., 2024; Ferreira-Ramos et 
al., 2026; T. M. T. Santos & Aviz, 2026), as well as other 
estuarine areas worldwide, with Nematoda as the dominant 
group (see Giere, 2009 for review). This dominance of 
nematodes is associated with three main factors: i) their body 
shape (long, thin, and fusiform), which facilitates burrowing 
activities; ii) their high tolerance to environmental stress; and 
iii) their diversity of feeding habits, allowing them to utilize all 

available food resources (Bouwman, 1983; Giere, 2009; T. 
M. T. Santos & Venekey, 2017). In addition, Nematodes are 
known bioindicators of anthropic impact (T. M. T. Santos et 
al., 2021, 2025a) and are highly tolerant to environmental 
variations, often dominating areas with organic enrichment 
(Schratzberger & Ingels, 2018).

Species richness is generally expected to decline 
in impacted areas, leading to increased dominance by 
opportunistic taxa (Clarke & Warwick, 2001), while more 
sensitive species decrease (Pearce et al., 1981). In this study, 
the high abundance of Oligochaeta beneath C. gasar tables 
indicates that oyster bio-deposition strongly shapes the 
benthic environment. It is well known that Oligochaeta is 
favored under organically enriched conditions (Pearson & 
Rosenberg, 1978; Giere, 2009). This bio-stimulatory effect 
is reinforced by the exclusive presence of Gastropoda 
and Bivalvia in the farming area, likely benefiting from 
increased detrital food and calcareous particles from 
shell fragments (Dahlbäck & Gunnarsson, 1981; Zhao et 
al., 2022). In contrast, the absence or reduction of the 
sensitive Gastrotricha highlights its susceptibility to micro-
environmental changes such as sediment compaction and 
oxygen fluctuations (Kieneke & Schmidt-Rhaesa, 2015). 
The low abundance of Copepoda is consistent with the 
low-salinity conditions of the inner estuarine zone, where 
freshwater-associated copepod taxa are commonly 
recorded (Boxshall & Defaye, 2008). These selective 
shifts in meiofaunal composition underscore their value 
as early-warning indicators of low-level environmental 
impacts (Paula et al., 2006).

In the study region, the oyster production system 
that covers both juvenile and growth phases until the 
market-size adults (Funo et al., 2019). Therefore, the 
presence of adults tends to be lower in comparison to 
other cultivation areas, since the adults are collected 
regularly. The organic enrichment due to the presence of 
juvenile oysters is likely low compared with that of adult 
oysters, but the continuous exploitation of the area for 
farming may have modified community characteristics 
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compared with outside areas (Lacoste et al., 2020). 
However, despite the reduction in the C. gasar table, the 
densities remained within the range reported for other 
unpolluted tropical estuaries (Vasconcelos et al., 2004), 
suggesting that the level of organic enrichment in Curuçá 
has not yet reached a critical threshold capable of causing 
severe ecological degradation (Paula et al., 2006).

Aquaculture has become the primary solution for 
meeting the continuously rising global demand for aquatic 
products, in light of plateauing wild-capture fisheries. A 
major milestone was recently reached: according to the 
FAO’s SOFIA 2024 report (FAO, 2024), aquaculture 
surpassed capture fisheries in 2022, contributing 51% 
of the total global production of aquatic animals for 
human consumption. This rapid and sustained growth 
underscores the sector’s crucial role in global food 
security. However, this expansion demands a strict 
commitment to sustainability, particularly given the intense 
competition for resources (land, water, energy) and the 
imperative to minimize environmental impact. 

In vulnerable ecosystems, such as Amazonian 
estuaries where aquaculture is often nascent, assessing 
environmental impacts from the outset is essential for 
adaptive management. We recommend that impact 
assessments move beyond isolated physical and chemical 
analyses and integrate farming-related factors (e.g., 
establishment time, occupied area, and production yield) 
with biological indicators. In this context, the meiofauna 
community is proposed as a highly effective monitoring 
tool (Giere, 2009). 

Among meiofaunal groups, Nematoda deserve 
particular emphasis, as they are typically the most 
abundant and taxonomically diverse group and often 
respond to environmental changes before shifts become 
evident at broader taxonomic levels (Bongers & Ferris, 
1999). Analyses at finer taxonomic resolution (e.g., 
family or genus level) can therefore provide a more 
sensitive and precise assessment of mariculture impacts 
(Mirto et al., 2014).

CONCLUSION
In conclusion, the sediment and meiofaunal patterns 
observed in the Curuçá estuary indicate that oyster 
farming induces moderate, localized environmental 
changes without exceeding ecological thresholds. The 
selective responses of meiofaunal taxa, particularly 
the dominance of tolerant groups and the reduction 
of sensitive taxa, underscore their utility as sensitive 
bioindicators. Nematoda, the most abundant meiofaunal 
group, comprises a high diversity of species whose 
abundance and composition are strongly influenced by 
environmental conditions, reinforcing the potential of 
finer taxonomic resolution to improve impact detection. 
Ongoing and future analyses at the genus level will 
provide additional insights into community responses to 
oyster farming. These findings highlight the importance 
of continuous monitoring and adaptive management to 
ensure sustainable oyster cultivation while preserving 
benthic ecosystem integrity in tropical estuaries.

ACKNOWLEDGEMENTS
The authors thank the Biodiversity Authorization and 
Information System (Sistema de Autorização e Informação 
em Biodiversidade – SISBIO/ICMBio) for granting the 
license for biological material collection under permit 
No. 33700-2. The first author thanks Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior (CAPES) 
for the postgraduate research studentship (Brazil). The 
authors are grateful to the students for their assistance 
in the field and in the laboratory. Thanks also to the 
anonymous reviewers for their comments, which helped 
us to improve the manuscript.

REFERENCES 
Alongi, D. M. (2020). Global significance of mangrove blue carbon 

in climate change mitigation. Science, 2(3), 67. https://doi.
org/10.3390/sci2030067

Anderson, M. J. (2001). A new method for non-parametric 
multivariate analysis of variance. Austral Ecology, 26, 32–46. 
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x

https://doi.org/10.3390/sci2030067
https://doi.org/10.3390/sci2030067
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x


10

Benthic meiofauna response to mangrove oyster farming (Crassostrea gasar) in an Amazonian estuary

Anderson, M. J., Gorley, R. N., & Clarke, K. R. (2008). PERMANOVA+ 
for PRIMER: guide to software and statistical methods. 
PRIMER-E.

Asp, N. E., Freitas, P. T. A. de, Gomes, V. J. C., & Gomes, J. D. (2013). 
Hydrodynamic overview and seasonal variation of estuaries at 
the eastern sector of the Amazonian coast. Journal of Coastal 
Research, 165, 1092–1097. https://doi.org/10.2112/SI65-185.1

Baia, E., & Venekey, V. (2019). Distribution patterns of meiofauna 
on a tropical macrotidal sandy beach, with special focus on 
nematodes (Caixa d’Água, Amazon Coast, Brazil). Brazilian 
Journal of Oceanography, 67, e19230. https://doi.org/10.1590/
S1679-87592019023006701

Baia, E., Rollnic, M., & Venekey, V. (2021). Seasonality of pluviosity and 
saline intrusion drive meiofauna and nematodes on an Amazon 
freshwater-oligohaline beach. Journal of Sea Research, 170, 
102022. https://doi.org/10.1016/j.seares.2021.102022 

Bongers, T., & Ferris, H. (1999). Nematode community structure as 
a bioindicator in environmental monitoring. Trends in Ecology 
& Evolution, 14(6), 224–228. https://doi.org/10.1016/S0169-
5347(98)01583-3 

Bouillon, S., Connolly, R., & Lee, S. Y. (2008). Organic matter 
exchange and cycling in mangrove ecosystems: recent insights 
from stable isotope studies. Journal of Sea Research, 59(1-2), 
44–58. https://doi.org/10.1016/j.seares.2007.05.001

Bouwman, L. A. (1983). A survey of nematodes from the Ems estuary. 
Part II: species assemblages and associations. Zoologische 
Jahrbücher, 110(3), 345–376. https://www.cabidigitallibrary.org/
doi/full/10.5555/19840817078 

Boxshall, G. A., & Defaye, D. (2008). Global diversity of copepods 
(Crustacea: Copepoda) in freshwater. Hydrobiologia, 595, 
195–207. https://doi.org/10.1007/s10750-007-9014-4 

Braga, C. F., Santos, T. M. T., Filho, J. S. R., & Beasley, C. R. (2024). 
Variation in macrobenthic community of vegetated and 
unvegetated habitats in a macrotidal estuary of northern Brazilian 
Amazon coast. Wetlands Ecology and Management, 32(2), 249-
262. https://doi.org/10.1007/s11273-023-09973-w

Buchanan, J. B. (1984). Sediment analysis. In N. A. Holme, & A. D. 
McIntyre (Eds.), Methods for the study of marine benthos (pp. 
41–65). Blackwell Scientific Publications.

Bunting, P., Rosenqvist, A., Hilarides, L., Lucas, R. M., Thomas, N., 
Tadono, T., Worthington, T. A., Spalding, M., Murray, N. J., & 
Rebelo, Lisa-Maria. (2022). Global mangrove extent change 
1996-2020: global mangrove watch version 3.0. Remote Sensing, 
14(15), 3657. https://doi.org/10.3390/rs14153657 

Callier, M. D., Weise, A. M., McKindsey, C. W., & Desrosiers, G. 
(2006). Sedimentation rates in a suspended mussel farm 
(Great-Entry Lagoon, Canada): biodeposit production and 
dispersion. Marine Ecology Progress Series, 322, 129–141. 
https://doi.org/10.3354/meps322129 

Callier, M. D., McKindsey, C. W., & Desrosiers, G. (2008). Evaluation 
of indicators used to detect mussel farm influence on the 
benthos: two case studies in the Magdalen Islands, Eastern 
Canada. Aquaculture, 278, 77–88. https://doi.org/10.1016/j.
aquaculture.2008.03.026 

Chamberlain, J., Fernandes, T. F., Read, P., Nickell, T. D., & 
Davies, I. M. (2001). Impacts of biodeposits from suspended 
mussel (Mytilus edulis L.) culture on the surrounding surficial 
sediments. ICES Journal of Marine Science, 58, 411–416. https://
doi.org/10.1006/jmsc.2000.1037

Christensen, P. B., Glud, R. N., Dalsgaard, T., & Gillespie, P. (2003). 
Impacts of longline mussel farming on oxygen and nitrogen 
dynamics and biological communities of coastal sediments. 
Aquaculture, 218, 567–588. https://doi.org/10.1016/S0044-
8486(02)00587-2 

Clarke, K. R., & Warwick, R. M. (2001). A further biodiversity index 
applicable to species lists: variation in taxonomic distinctness. 
Marine Ecology Progress Series, 216, 265–278. https://doi.
org/10.3354/meps216265

Coull, B. C., & Chandler, G. T. (1992). Pollution and meiofauna: 
field, laboratory and mesocosm studies. Oceanography and 
Marine Biology, 30, 191–271.

Cranford, P. J., Kamermans, P., Krause, G., Mazurié, J., Buck, B. H., 
Dolmer, P., Fraser, D., Van Nieuwenhove, K., O’Beirn, F. X., 
Sanchez-Mata, A., Thorarinsdóttir, G. G., & Strand, Ø. (2012). 
An ecosystem-based approach and management framework 
for the integrated evaluation of bivalve aquaculture impacts. 
Aquaculture Environment Interactions, 2, 193–213. https://doi.
org/10.3354/aei00040

Dahlbäck, B., & Gunnarsson, L. Å. H. (1981). Sedimentation and 
sulfate reduction under a mussel culture. Marine Biology, 63, 
269–275. https://doi.org/10.1007/BF00395996

Danovaro, R. (2010). Methods for the study of deep-sea sediments, 
their functioning and biodiversity. CRC Press.

Dean, W. E. (1974). Determination of carbonate and organic 
matter in calcareous sediments and sedimentary rocks by 
loss on ignition: comparison with other methods. Journal 
of Sedimentary Petrology, 44(1), 242–248. https://doi.
org/10.1306/74D729D2-2B21-11D7-8648000102C1865D 

Diaz, R. J., & Rosenberg, R. (2008). Spreading dead zones and 
consequences for marine ecosystems. Science, 321, 926–929. 
https://doi.org/10.1126/science.1156401

Dumbauld, B. R., Ruesink, J. L., & Rumrill, S. S. (2009). The 
ecological role of bivalve shellfish aquaculture in the 
estuarine environment: a review with application to 
oyster and clam culture in West Coast (USA) estuaries. 
Aquaculture, 290, 196–223. https://doi.org/10.1016/j.
aquaculture.2009.02.033 

https://doi.org/10.2112/SI65-185.1
https://doi.org/10.1590/S1679-87592019023006701
https://doi.org/10.1590/S1679-87592019023006701
https://doi.org/10.1016/j.seares.2021.102022
https://doi.org/10.1016/S0169-5347(98)01583-3
https://doi.org/10.1016/S0169-5347(98)01583-3
https://doi.org/10.1016/j.seares.2007.05.001
https://www.cabidigitallibrary.org/doi/full/10.5555/19840817078
https://www.cabidigitallibrary.org/doi/full/10.5555/19840817078
https://doi.org/10.1007/s10750-007-9014-4
https://doi.org/10.1007/s11273-023-09973-w
https://doi.org/10.3390/rs14153657
https://doi.org/10.3354/meps322129
https://doi.org/10.1016/j.aquaculture.2008.03.026
https://doi.org/10.1016/j.aquaculture.2008.03.026
https://doi.org/10.1006/jmsc.2000.1037
https://doi.org/10.1006/jmsc.2000.1037
https://doi.org/10.1016/S0044-8486(02)00587-2
https://doi.org/10.1016/S0044-8486(02)00587-2
https://doi.org/10.3354/meps216265
https://doi.org/10.3354/meps216265
https://doi.org/10.3354/aei00040
https://doi.org/10.3354/aei00040
https://doi.org/10.1007/BF00395996
https://doi.org/10.1306/74D729D2-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/74D729D2-2B21-11D7-8648000102C1865D
https://doi.org/10.1126/science.1156401
https://doi.org/10.1016/j.aquaculture.2009.02.033
https://doi.org/10.1016/j.aquaculture.2009.02.033


Bol. Mus. Para. Emílio Goeldi. Cienc. Nat., Belém, v. 21, n. 1, e2026-1091, jan.-abr. 2026

11

Fernandes, M. E. B., Oliveira, F. P., & Eyzaguirre, I. A. L. (2018). 
Mangroves on the Brazilian Amazon Coast: uses and 
rehabilitation. In C. Makowski, & C. W. Finkl (Eds.), Threats 
to mangrove forests (pp. 621-635). Coastal Research Library. 
https://doi.org/10.1007/978-3-319-73016-5_29

Ferreira-Ramos, A. B. M., Venekey, V., & Santos, T. M. T. (2026). 
How vegetation of Aninga (Montrichardia linifera) shapes 
meiofauna and nematoda in an urban Amazonian estuary? 
Estuarine, Coastal and Shelf Science, 328, 109597. https://doi.
org/10.1016/j.ecss.2025.109597 

Ferriss, B. E., Reum, J. C. P., McDonald, P. S., Farrell, D. M., & 
Harvey, C. J. (2016). Evaluating trophic and non-trophic 
effects of shellfish aquaculture in a coastal estuarine food web. 
ICES Journal of Marine Science, 73(2), 429–440. https://doi.
org/10.1093/icesjms/fsv173

Figueiredo, E. M., Furtado, L. G., & Castro, E. R. (2009). 
Trabalhadores da pesca e a Reserva Extrativista Marinha 
Mãe Grande de Curuçá – PA: impactos socioeconômicos 
da rodovia PA-136. Amazônia: Ciência & Desenvolvimento, 
5(9), 231–252.

Filgueira, R., Guyondet, T., Comeau, L. A., & Tremblay, R. (2016). 
Bivalve aquaculture–environment interactions in the context of 
climate change. Global Change Biology, 22, 3901–3913. https://
doi.org/10.1111/gcb.13346

Folk, R. L., & Ward, W. C. (1957). Brazos River bar: a study of the 
significance of grain size parameters. Journal of Sedimentary 
Petrology, 27, 3–26. https://doi.org/10.1306/74D70646-2B21-
11D7-8648000102C1865D 

Food and Agriculture Organization of the United Nations (FAO). 
(2024). The state of world fisheries and aquaculture 2024. 
Blue transformation in action. FAO. https://doi.org/10.4060/
cd0683en

Funo, I. C. da S. A., Antonio, I. G., Marinho, Y. F., Monteles, J. 
S., Lopes, R. G. P. S., & Gálvez, A. O. (2019). Recruitment 
of oyster in artificial collectors on the Amazon macrotidal 
mangrove coast. Ciência Rural, 49(3), e20180482. https://doi.
org/10.1590/0103-8478cr20180482 

Galvão, S. N., Pereira, O. M., & Hilsdorf, W. S. (2012). Molecular 
identification and distribution of mangrove oysters (Crassostrea) 
in an estuarine ecosystem in Southeast Brazil: implications 
for aquaculture and fisheries management. Aquaculture 
Research, 44, 1589-1601. https://doi.org/10.1111/j.1365-
2109.2012.03166.x 

Gardunho, D. C. L., Gomes, C. P., Tagliaro, C. H., & Beasley, C. 
R. (2012). Settlement of an unidentified oyster (Crassostrea) 
and other epibenthos on plastic substrates at a northern 
Brazilian mangrove island. Brazilian Journal of Aquatic Science 
and Technology, 16(1), 41–51. https://doi.org/10.14210/bjast.
v16n1.p41-51 

Giere, O. (2009). Meiobenthology: the microscopic fauna in aquatic 
sediments. Springer-Verlag. https://doi.org/10.1007/978-3-
540-68661-3 

Goldberg, L., Lagomasino, D., Thomas, N., & Fatoyinbo, T. (2020). 
Global declines in human-driven mangrove loss. Global Change 
Biology, 26, 5844–5855. https://doi.org/10.1111/gcb.15275

Gomes, T. P., & Rosa Filho, J. S. (2009). Composição e variação 
espaço-temporal da comunidade de meiofauna em uma praia 
arenosa amazônica (Ajuruteua, Pará, Brasil). Iheringia, Série 
Zoologia, 99(2), 210–216. https://doi.org/10.1590/S0073-
47212009000200015 

Heery, E., Bishop, M. J., Critchley, L., Bugnot, A. B., Airoldi, L., 
Mayer-Pinto, M., Sheehan, E. V., Coleman, R. A., Loke, L. 
H. L., Johnston, E. L., Komyakova, V., Morris, R. L., Strain, 
E., Naylor, L. A., & Dafforn, K. A. (2017). Identifying the 
consequences of ocean sprawl for sedimentary habitats. Journal 
of Experimental Marine Biology and Ecology, 492, 31–48. https://
doi.org/10.1016/j.jembe.2017.01.020

Hoshino, P. (2009). Avaliação e comparação de projetos comunitários 
de ostreicultura localizados no nordeste paraense [Dissertação de 
mestrado, Universidade Federal do Pará]. https://repositorio.
ufpa.br/handle/2011/3495 

Huang, Q., Olenin, S., Sun, S., & De Troch, M. (2018). Impact of 
farming non-indigenous scallop Argopecten irradians on benthic 
ecosystem functioning: a case-study in Laizhou Bay, China. 
Aquaculture Environment Interactions, 10, 227–241. https://
doi.org/10.3354/aei00264 

Instituto Brasileiro de Geografia e Estatística (IBGE). (2018). Censo e 
dados geográficos nacionais. https://www.ibge.gov.br/cidades-
e-estados.html?view=municipio 

Kauffman, J. B., Bernardino, A. F., Ferreira, T. O., Giovannoni, L. R., 
Gomes, L. E. O., Romero, D. J., Jimenez, L. C. Z., & Ruiz, F. 
(2018). Carbon stocks of mangroves and salt marshes of the 
Amazon region, Brazil. Biology Letters, 14, 20180208. https://
doi.org/10.1098/rsbl.2018.0208 

Kieneke, A., Schmidt-Rhaesa, A., & Hochberg, R. (2015). A new 
species of Cephalodasys (Gastrotricha, Macrodasyida) from 
the Caribbean Sea with a determination key to species of the 
genus. Zootaxa, 3947(3), 367–385. https://doi.org/10.11646/
zootaxa.3947.3.4 

Kluger, L. C., Filgueira, R., & Wolff, M. (2017). Integrating the 
concept of resilience into an ecosystem approach to bivalve 
aquaculture management. Ecosystems, 20, 1364–1382. https://
doi.org/10.1007/s10021-017-0118-z 

La Rosa, T., Mirto, S., Mazzola, A., & Danovaro, R. (2001). Differential 
responses of benthic microbes and meiofauna to fish-farm 
disturbance in coastal sediments. Environmental Pollution, 112, 
427–436. https://doi.org/10.1016/S0269-7491(00)00141-X 

https://doi.org/10.1007/978-3-319-73016-5_29
https://doi.org/10.1016/j.ecss.2025.109597
https://doi.org/10.1016/j.ecss.2025.109597
https://doi.org/10.1093/icesjms/fsv173
https://doi.org/10.1093/icesjms/fsv173
https://doi.org/10.1111/gcb.13346
https://doi.org/10.1111/gcb.13346
https://doi.org/10.1306/74D70646-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/74D70646-2B21-11D7-8648000102C1865D
https://doi.org/10.4060/cd0683en
https://doi.org/10.4060/cd0683en
https://doi.org/10.1590/0103-8478cr20180482
https://doi.org/10.1590/0103-8478cr20180482
https://doi.org/10.1111/j.1365-2109.2012.03166.x
https://doi.org/10.1111/j.1365-2109.2012.03166.x
https://doi.org/10.14210/bjast.v16n1.p41-51
https://doi.org/10.14210/bjast.v16n1.p41-51
https://doi.org/10.1007/978-3-540-68661-3
https://doi.org/10.1007/978-3-540-68661-3
https://doi.org/10.1111/gcb.15275
https://doi.org/10.1590/S0073-47212009000200015
https://doi.org/10.1590/S0073-47212009000200015
https://doi.org/10.1016/j.jembe.2017.01.020
https://doi.org/10.1016/j.jembe.2017.01.020
https://repositorio.ufpa.br/handle/2011/3495
https://repositorio.ufpa.br/handle/2011/3495
https://doi.org/10.3354/aei00264
https://doi.org/10.3354/aei00264
https://www.ibge.gov.br/cidades-e-estados.html?view=municipio
https://www.ibge.gov.br/cidades-e-estados.html?view=municipio
https://doi.org/10.1098/rsbl.2018.0208
https://doi.org/10.1098/rsbl.2018.0208
https://doi.org/10.11646/zootaxa.3947.3.4
https://doi.org/10.11646/zootaxa.3947.3.4
https://doi.org/10.1007/s10021-017-0118-z
https://doi.org/10.1007/s10021-017-0118-z
https://doi.org/10.1016/S0269-7491(00)00141-X


12

Benthic meiofauna response to mangrove oyster farming (Crassostrea gasar) in an Amazonian estuary

Lacoste, E., Boufahja, F., Pelaprat, C., Le Gall, P., Berteaux, T., 
Messiaen, G., Mortreux, S., Oheix, J., Ouisse, V., Roque 
d’Orbcastel, E., Gaertner-Mazouni, N., & Richard, M. 
(2020). First simultaneous assessment of macro- and 
meiobenthic community response to juvenile shellfish 
culture in a Mediterranean coastal lagoon (Thau, France). 
Ecological Indicators, 115, 106462. https://doi.org/10.1016/j.
ecolind.2020.106462 

Lopes, G. R., Gomes, C. H. A. M., Tureck, C. R., & Melo, C. M. R. 
(2013). Growth of Crassostrea gasar cultured in marine and 
estuary environments in Brazilian waters. Pesquisa Agropecuária 
Brasileira, 48(7), 975–982. https://doi.org/10.1590/S0100-
204X2013000800024 

Maneschy, M. C. (1993). Pescadores nos manguezais: estratégias 
técnicas e relações sociais de produção na captura de 
caranguejo. In L. Furtado, W. Leitão, & A. Fiúza, (Eds.), Povos 
das águas: realidade e perspectivas na Amazônia (pp. 19–62). 
Museu Paraense Emílio Goeldi.

Maneschy, M. C. (1995). A mulher está se afastando da pesca? 
Continuidade e mudança no papel da mulher na manutenção 
doméstica entre famílias de pescadores no litoral do Pará. 
Boletim do Museu Paraense Emílio Goeldi. Série Antropologia, 
11(2), 145–166. https://repositorio.museu-goeldi.br/server/
api/core/bitstreams/c9e654fa-e148-434d-afa4-e62c2f687b61/
content 

Martorano, L. G., Pereira, L. C., Cezar, E. G. M., & Pereira, I. C. B. 
(1993). Estudos climatológicos do Estado do Pará: classificação 
climática (Köppen) e deficiência hídrica (Thornthwaite, Mather). 
SUDAM/EMBRAPA. http://www.infoteca.cnptia.embrapa.br/
infoteca/handle/doc/328300 

Melo, T. P. G., Aviz, D., Silva, D. C. M., Silva, S. E. L., Borba, T. A. 
C., Rollnic, M., & Venekey, V. (2024). How morphodynamic 
gradients shape the distribution of meiofauna and nematodes 
on sandy beaches of the Amazon region? Regional Studies 
in Marine Science, 79, 103844. https://doi.org/10.1016/j.
rsma.2024.103844

Mendes, R. M. L. (2023). Caracterização hidrodinâmica e sedimentar 
do estuário furo do Muriá, Curuçá-PA [Dissertação de mestrado, 
Universidade Federal Rural da Amazônia]. https://repositorio.
ufra.edu.br/jspui/handle/123456789/1841 

Mirto, S., La Rosa, T., Danovaro, R., & Mazzola, A. (2000). 
Microbial and meiofaunal response to intensive mussel-
farm biodeposition in coastal sediments of the Western 
Mediterranean. Marine Pollution Bulletin, 40, 244–252. https://
doi.org/10.1016/S0025-326X(99)00209-X 

Mirto, S., Arigò, C., Genovese, L., Pusceddu, A., Gambi, C., & 
Danovaro, R. (2014). Nematode assemblage response 
to fish-farm impact in vegetated (Posidonia oceanica) and 
non‑vegetated habitats. Aquaculture Environment Interactions, 
5, 17-28. https://doi.org/10.3354/aei00091 

Nascimento, I. A. (1991). Crassostrea rhizophorae (Guilding) 
and Crassostrea brasiliana (Lamarck) in South and Central 
America. In W. Menzel (Ed.), Estuarine and marine bivalve 
mollusk culture (pp. 125–134). CRC Press. https://doi.
org/10.1201/9781351071918 

Nizzoli, D., Welsh, D. T., Fano, E. A., & Viaroli, P. (2006). Impact of clam 
and mussel farming on benthic metabolism and nitrogen cycling, 
with emphasis on nitrate reduction pathways. Marine Ecology 
Progress Series, 315, 151–165. https://doi.org/10.3354/meps315151 

Otieno, P., Owuor, M., Pacheco, C. F., Coppo, G. C., Santos, 
T. M., Ferreira, T. O., & Bernardino, A. F. (2026). Valuing 
mangrove ecosystem services along the Brazilian Amazon 
coast. Ecosystem Services, 79, 1-11. https://doi.org/10.1016/j.
ecoser.2026.101831

Owuor, M., Santos, T. M. T., Otieno, P., Mazzuco, A. C. A., Iheaturu, 
C., & Bernardino, A. F. (2024). Flow of mangrove ecosystem 
services to coastal communities in the Brazilian Amazon. 
Frontiers in Environmental Science, 12, 1329006. https://doi.
org/10.3389/fenvs.2024.1329006

Pará. (2005). Conheça o Pará – Curuçá. Governo do Estado do Pará.

Paula, J. H. C., Rosa Filho, J. S., Souza, A. L. B., & Aviz, D. (2006). 
A meiofauna como indicador de impactos da carcinicultura do 
estuário de Curuçá (PA). Boletim do Laboratório de Hidrobiologia, 
19(1), 61–72.

Pearce, J. B., Radosh, D. J., Caracciolo, J. V., & Steimle Jr., F. W. 
(1981). Benthic fauna (Mesa New York Bight Atlas Monograph, 
14). New York Sea Grant Institute. https://repository.library.
noaa.gov/view/noaa/40946

Pearson, T. H., & Rosenberg, R. (1978). Macrobenthic succession 
in relation to organic enrichment and pollution of the marine 
environment. Oceanography and Marine Biology Annual 
Review, 16, 229–311. https://www.semanticscholar.org/paper/
Macrobenthic-succession-in-relation-to-organic-and-Pearson-
Rosenberg/b7443e0dacfc28cada33bf64c217c3472ef371c4

Pereira, O. M., Henriques, M. B., & Machado, I. C. (2003). Estimativa 
da curva de crescimento da ostra Crassostrea brasiliana em 
bosques de mangue e proposta para sua extração ordenada no 
estuário de Cananéia, SP, Brasil. Boletim do Instituto de Pesca, 
29(1), 19–28. https://institutodepesca.org/index.php/bip/article/
view/Pereira29%281%29 

Pinheiro, A. C. S., Santos, T. M. T., Braga, C. F., & Fernandes, M. E. 
B. (2025). Spatial and seasonal variation of species richness and 
biomass of macroalgae (Rhodophyta) on mangrove roots on 
the Brazilian Amazon Coast. Marine Ecology, 46(4), e70043. 
https://doi.org/10.1111/maec.70043

Price, C., Black, K. D., Hargrave, B. T., & Morris, J. A. (2015). Marine 
cage culture and the environment: effects on water quality and 
primary production. Aquaculture Environment Interactions, 6, 
151–174. https://doi.org/10.3354/aei00122

https://doi.org/10.1016/j.ecolind.2020.106462
https://doi.org/10.1016/j.ecolind.2020.106462
https://doi.org/10.1590/S0100-204X2013000800024
https://doi.org/10.1590/S0100-204X2013000800024
https://repositorio.museu-goeldi.br/server/api/core/bitstreams/c9e654fa-e148-434d-afa4-e62c2f687b61/content
https://repositorio.museu-goeldi.br/server/api/core/bitstreams/c9e654fa-e148-434d-afa4-e62c2f687b61/content
https://repositorio.museu-goeldi.br/server/api/core/bitstreams/c9e654fa-e148-434d-afa4-e62c2f687b61/content
http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/328300
http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/328300
https://doi.org/10.1016/j.rsma.2024.103844
https://doi.org/10.1016/j.rsma.2024.103844
https://repositorio.ufra.edu.br/jspui/handle/123456789/1841
https://repositorio.ufra.edu.br/jspui/handle/123456789/1841
https://doi.org/10.1016/S0025-326X(99)00209-X
https://doi.org/10.1016/S0025-326X(99)00209-X
https://doi.org/10.3354/aei00091
https://doi.org/10.1201/9781351071918
https://doi.org/10.1201/9781351071918
https://doi.org/10.3354/meps315151
https://doi.org/10.1016/j.ecoser.2026.101831
https://doi.org/10.1016/j.ecoser.2026.101831
https://doi.org/10.3389/fenvs.2024.1329006
https://doi.org/10.3389/fenvs.2024.1329006
https://repository.library.noaa.gov/view/noaa/40946
https://repository.library.noaa.gov/view/noaa/40946
https://www.semanticscholar.org/paper/Macrobenthic-succession-in-relation-to-organic-and-Pearson-Rosenberg/b7443e0dacfc28cada33bf64c217c3472ef371c4
https://www.semanticscholar.org/paper/Macrobenthic-succession-in-relation-to-organic-and-Pearson-Rosenberg/b7443e0dacfc28cada33bf64c217c3472ef371c4
https://www.semanticscholar.org/paper/Macrobenthic-succession-in-relation-to-organic-and-Pearson-Rosenberg/b7443e0dacfc28cada33bf64c217c3472ef371c4
https://institutodepesca.org/index.php/bip/article/view/Pereira29%281%29
https://institutodepesca.org/index.php/bip/article/view/Pereira29%281%29
https://doi.org/10.1111/maec.70043
https://doi.org/10.3354/aei00122


Bol. Mus. Para. Emílio Goeldi. Cienc. Nat., Belém, v. 21, n. 1, e2026-1091, jan.-abr. 2026

13

Rios, E. C. (1994). Seashells of Brazil. Fundação Universidade do 
Rio Grande.

Rocha, K., Aviz, D., Petracco, M., Da Silva Dias, V., & Santos, 
C. R. M. (2026). How do estuarine channel morphology 
and vegetation presence shape the distribution of benthic 
macrofauna in Amazonian mangroves? Regional Studies 
in Marine Science, 93, 104620. https://doi.org/10.1016/j.
rsma.2025.104620 

Rosa Filho, J. S., Gomes, T. P., Almeida, M. F., & Silva, R. F. 
(2011). Benthic fauna of macrotidal sandy beaches along 
a small-scale morphodynamic gradient on the Amazon 
coast (Algodoal Island, Brazil). Journal of Coastal Research, 
64, 435–439.

Santos, T. B. L., Baía, E., & Venekey, V. (2023). Effect of sediment 
on meiofauna and Nematoda structure in different 
freshwater Amazon environments under the influence 
of mesotides. Journal of the Marine Biological Association 
of the United Kingdom, 103, e75. https://doi.org/10.1017/
S0025315423000656 

Santos, T. M. T., & Venekey, V. (2017). Meiofauna and free-living 
nematodes in volcanic sands of a remote South Atlantic, 
Oceanic Island (Trindade, Brazil). Journal of the Marine 
Biological Association of the United Kingdom, 98(8), 1919-1934. 
https://doi.org/10.1017/S0025315417001710

Santos, T. M. T., & Aviz, D. (2020). Effects of a fish weir on the 
structure of the macrobenthic community of a tropical sandy 
beach on the Amazon coast. Journal of the Marine Biological 
Association of the United Kingdom, 100(2), 211–219. https://
doi.org/10.1017/S0025315419001231 

Santos, T. M. T., Petracco, M., & Venekey, V. (2021). Recreational 
activities trigger changes in meiofauna and free-living 
nematodes on Amazonian macrotidal sandy beaches. 
Marine Environmental Research, 167, 105289. https://doi.
org/10.1016/j.marenvres.2021.105289

Santos, T. M. T., Aviz, D., & Rosa Filho, J. S. (2024). Variations in 
macrobenthic fauna of mangrove and unvegetated habitats 
in an Amazon estuary. Wetlands Ecology and Management, 
32, 523–538. https://doi.org/10.1007/s11273-024-09993-0

Santos, T. M. T., Petracco, M., & Venekey, V. (2025a). Human 
trampling and vehicle traffic affect meiofauna and Nematoda 
distribution patterns in Amazonian macrotidal sandy beaches. 
Continental Shelf Research, 293, 105533. https://doi.
org/10.1016/j.csr.2025.105533

Santos, T. M. T., Silva, M. V. B., & Braga, C. F. (2025b). Effects 
of temporal variation on the vertical distribution of the 
macrobenthic assemblage of Amazonian saltmarshes. Journal 
of the Marine Biological Association of the United Kingdom, 105, 
e54. https://doi.org/10.1017/S0025315425100088

Santos, T. M. T., & Aviz, D. (2026). Meiofauna community associated 
with Diopatra sp. (Onuphidae: Polychaeta) tubes of an 
estuarine tidal flat on the Brazilian Amazon coast. Journal of 
the Marine Biological Association of the United Kingdom, 106, 
e13. https://doi.org/10.1017/S002531542610109X 

Santos, T. M. T., Andrade, R. D. C. G., Petracco, M., & Aviz, 
D. (2026). Temporal variation of the bioengineering 
Lepidophthalmus siriboia (Decapoda: Callichiridae) and 
associated macrofauna on macrotidal sandy beaches of 
Amazon coast. Estuarine, Coastal and Shelf Science, 329, 
109656. https://doi.org/10.1016/j.ecss.2025.109656

Schratzberger, M., & Ingels, J. (2018). Meiofauna matters: The roles 
of meiofauna in benthic ecosystems. Journal of Experimental 
Marine Biology and Ecology, 502, 12–25. https://doi.
org/10.1016/j.jembe.2017.01.007

Silva, R. F., Souza, S. R., Souza-Filho, P. W. M., & Rosa-Filho, J. S. 
(2011). Spatial and temporal changes in the structure of soft-
bottom benthic communities in an Amazon estuary (Caeté 
estuary, Pará, Brazil). Journal of Coastal Research, 64, 440–444.

Somerfield, P. J., Warwick, R. M., & Moens, T. (2005). Meiofauna 
techniques. In A. Eleftheriou, & A. McIntyre (Eds.), Methods for 
the Study of Marine Benthos (3. ed., pp. 229–272). Blackwell 
Science Ltd. https://doi.org/10.1002/9780470995129.ch6 

Souza-Filho, P. W. M., Lessa, G. C., Cohen, M. C. L., Costa, F. R., & 
Lara, R. J. (2009). The subsiding macrotidal barrier estuarine 
system of the eastern Amazon coast, northern Brazil. In S. F. 
Dillenburg, & P. A. Hesp (Eds.), Geology and Geomorphology 
of Holocene Coastal Barriers of Brazil (pp. 347–375). Springer. 
https://doi.org/10.1007/978-3-540-44771-9_11 

Suguio, K. (1973). Introdução à sedimentologia. Edusp.

Sutherland, T. F., Garcia-Hoyos, L. M., Poon, P., Krassovski, M. 
V., Foreman, M. G., Martin, A. J., & Amos, C. L. (2018). 
Seabed attributes and meiofaunal abundance associated with 
a hydrodynamic gradient in baynes sound, British Columbia, 
Canada. Journal of Coastal Research, 34(5), 1021–1034. https://
doi.org/10.2112/JCOASTRES-D-17-00213.1 

Tallman, J. C., & Forrester, G. E. (2007). Oyster grow-out cages 
function as artificial reefs for temperate fishes. Transactions 
of the American Fisheries Society, 136, 790–799. https://doi.
org/10.1577/T06-119.1 

Tasneem, S., & Ahsan, M. N. (2024). A bibliometric analysis on 
mangrove ecosystem services: past trends and emerging 
interests. Ocean and Coastal Management, 256, 107276. 
https://doi.org/10.1016/j.ocecoaman.2024.107276

Valenti, W. C., Barros, H. P., Moraes-Valenti, P., Bueno, G. W., & 
Cavalli, R. O. (2021). Aquaculture in Brazil: past, present 
and future. Aquaculture Reports, 19, 100611. https://doi.
org/10.1016/j.aqrep.2021.100611

https://doi.org/10.1016/j.rsma.2025.104620
https://doi.org/10.1016/j.rsma.2025.104620
https://doi.org/10.1017/S0025315423000656
https://doi.org/10.1017/S0025315423000656
https://doi.org/10.1017/S0025315417001710
https://doi.org/10.1017/S0025315419001231
https://doi.org/10.1017/S0025315419001231
https://doi.org/10.1016/j.marenvres.2021.105289
https://doi.org/10.1016/j.marenvres.2021.105289
https://doi.org/10.1007/s11273-024-09993-0
https://doi.org/10.1016/j.csr.2025.105533
https://doi.org/10.1016/j.csr.2025.105533
https://doi.org/10.1017/S0025315425100088
https://doi.org/10.1017/S002531542610109X
https://doi.org/10.1016/j.ecss.2025.109656
https://doi.org/10.1016/j.jembe.2017.01.007
https://doi.org/10.1016/j.jembe.2017.01.007
https://doi.org/10.1002/9780470995129.ch6
https://doi.org/10.1007/978-3-540-44771-9_11
https://doi.org/10.2112/JCOASTRES-D-17-00213.1
https://doi.org/10.2112/JCOASTRES-D-17-00213.1
https://doi.org/10.1577/T06-119.1
https://doi.org/10.1577/T06-119.1
https://doi.org/10.1016/j.ocecoaman.2024.107276
https://doi.org/10.1016/j.aqrep.2021.100611
https://doi.org/10.1016/j.aqrep.2021.100611


14

Benthic meiofauna response to mangrove oyster farming (Crassostrea gasar) in an Amazonian estuary

Vasconcelos, D. M., Santos, P. J. P., & Trindade, R. L. (2004). 
Distribuição espacial da meiofauna no estuário do Rio 
Formoso, Pernambuco, Brasil. Atlântica, 26(1), 45–54. https://
periodicos.furg.br/atlantica/article/view/2231 

Van der Linden, P., Borja, A., Rodriquez, J. G., Muxika, I., Galparsoro, 
I., Patrício, J., Veríssimo, H., & Marques, J. C. (2016). Spatial 
and temporal response of multiple trait-based indices to 
natural- and anthropogenic seafloor disturbance (effluents). 
Ecological Indicators, 69, 617–628. https://doi.org/10.1016/j.
ecolind.2016.05.020 

Zhao, Q., Huang, H., Zhu, Y., Cao, M., Zhao, L., Hong, X., & 
Chu, J. (2022). Analysing ecological carrying capacity of bivalve 
aquaculture within the Yellow River Estuary ecoregion through 
mass-balance modelling. Aquaculture Environment Interactions, 
14, 147–161. https://doi.org/10.3354/aei00430

AUTHORS’ CONTRIBUTION
A. B. M. Ferreira-Ramos contributed to formal analysis, methodology, investigation and writing (original draft); E. F. S. de Souza 
contributed to formal analysis and investigation; J. T. Lee contributed to project administration, methodology and visualization; and 
T. M. T. dos Santos contributed to supervision, conceptualization, data curation, validation and writing (review and editing).

https://periodicos.furg.br/atlantica/article/view/2231
https://periodicos.furg.br/atlantica/article/view/2231
https://doi.org/10.1016/j.ecolind.2016.05.020
https://doi.org/10.1016/j.ecolind.2016.05.020
https://doi.org/10.3354/aei00430

