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Abstract: Aim: The status of ecological quality (EcoQ) has been used as a tool of ecological
evaluation of water bodies based on benthic communities. It has been extensively used in temperate
estuaries, but its usage for tropical environments has not been tested yet. To evaluate if EcoQ can
be used as a reliable anthropic disturbance indicator in tropical estuaries, we sampled meiofaunal
assemblages on two Brazilian tropical estuaries with extensive mangrove areas submitted to
different levels of anthropic impact. Methods: This study was conducted in the Mamanguape
River estuary, a Protected Landscape (IUCN, category V), and Paraiba River estuary, adjacent
to an urban center with 1,380,923 citizens, both at tropical Northeastern Brazilian coast (-7°S).
Sampling campaigns were performed on 17 and 24, April 2016, in the Mamanguape and Paraiba
estuaries, respectively. During the low tide eight sites on each estuary were sampled on triplicates,
totaling 48 samples. Samples were taken using a corer with 11 cm? introduced 10 cm deep in
the sediment. Additionally, sediment samples were taken at each site to analyze the amount of
organic matter and granulometric characteristics. Results: Sites were grouped as sandy and sandy
mud regions. As expected, the Global Human Influence Index was considerably higher in the
more impacted estuary, in both granulometric regions. However, the EcoQ values were roughly
similar comparing both estuaries and were significantly different (ANOVA, p<0.05) comparing
the granulometric profiles. Conclusions: These results suggest that meiofaunal-based EcoQ was
more sensitive to the granulometric gradient than to the anthropogenic impact. This is likely to
be associated with environmental particularities of tropical estuaries and consequent biological
adaptations of meiofaunal assemblages, which may result in distortions in the EcoQ as currently
used. Thus, it is important to calibrate the index to tropical estuaries with fine sediments and,
therefore, a more robust baseline data is necessary, including a higher spatial and temporal
coverage, and lower taxonomic resolution.
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Resumo: Objetivo: O estado de qualidade ecolégica (EcoQ) tem sido usado como uma
ferramenta de avaliagio ecoldgica de corpos d’dgua com base na comunidade bentdnica. Ele tem
sido amplamente usado em estudrios temperados, mas seu uso em ambientes tropicais ainda nao
foi testado. Para avaliar se 0 EcoQ pode ser usado como um indicador confidvel de distarbios
antrépicos em estudrios tropicais, amostramos comunidades meiofaunais em dois estudrios tropicais
brasileiros com extensas dreas de manguezal submetidas a diferentes niveis de impacto antrépico.
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Métodos: Este estudo foi conduzido no estudrio do Rio Mamanguape, uma Paisagem Protegida
(IUCN, categoria V), e no estudrio do Rio Paraiba, adjacente a um centro urbano com 1.380.923
cidaddos, ambos na costa tropical do Nordeste brasileiro (-7°S). As campanhas de amostragem foram
realizadas em 17 ¢ 24 de abril de 2016 nos estudrios de Mamanguape e Paraiba, respectivamente.
Durante a maré baixa, oito estagdes em cada estudrio foram amostradas em triplicatas, totalizando
48 amostras. Cada amostra foi coletada usando um corer com 11 cm? introduzido a 10 cm de
profundidade no sedimento. Além disso, amostras de sedimento foram coletadas em cada local, para
analisar a quantidade de matéria orginica e as caracteristicas granulométricas. Resultados: As estagoes
foram agrupadas em regides de areia e de lama-arenosa. Conforme o esperado, o indice global de
influéncia humana foi consideravelmente maior no estudrio mais impactado. Entretanto, os valores
de EcoQ foram semelhantes comparando ambos os estudrios, mas foram significativamente diferentes
(ANOVA; p<0,05) comparando os perfis granulométricos. Conclusdes: Esses resultados sugerem que
0 EcoQ baseado na meiofauna foi mais sensivel ao gradiente granulométrico do que aos impactos
antrépicos. Isso possivelmente estd associado a particularidades ambientais de estudrios tropicais e
consequentes adaptacoes bioldgicas da meiofauna, que podem levar a distor¢des no indice. Assim,
¢ importante uma calibragem do EcoQ para estudrios tropicais com sedimentos finos e, para tanto,
faz-se necessario uma base de dados mais robusta incluindo uma maior cobertura espacial e temporal
e melhor resolugio taxondmica.

Palavras-chave: Meiofauna bent6nica, manguezal, sedimentos, fundos moles, pegada humana.

1. Introduction

Estuaries have great ecological, economic and
social importance, providing favorable conditions
to the development and maintenance of abundant
aquatic and terrestrial life (Miranda et al., 2002;
Elliott & Quintino, 2007; Semprucci et al., 2019).
Due to the economic importance and consequently
intensive human occupation, these environments
have been deeply modified to supply human needs
and commonly are under high anthropic pressure
(Elliott & Quintino, 2007). In these ecosystems,
urbanization and socioeconomic development
along coastlines and river basins have increased
significantly over the past century (Santos et al.,
2015, Dantas et al., 2020). This has resulted in
major impacts on soil quality with the development
of infrastructure and agriculture, which has increased
the runoff of sediments, nutrients, pollutants,
domestic and industrial sewage, pharmaceuticals,
and toxins downstream of estuarine systems
(Freeman et al., 2019). Therefore, data acquisition
and research on methods of ecological indicators
and environmental monitoring are paramount in
order to track and understand such impacts in
estuarine systems (Gusmao et al., 2016; Silva et al.,
2022). Thus, the increase in anthropogenic impacts
has caused an overload in the important function
of estuaries as a natural filter between land and sea,
reducing water quality and causing hypoxia due
to prolonged eutrophication, affecting all biota
(Freeman et al., 2019).

The status of ecological quality (EcoQ) is
a concept stablished by the European Water
Framework Directive (WFD, 2000/60/EC) and
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Marine Strategy Framework Directive (MSFD,
2008/56/EC). It constitutes an important tool for
environmental diagnostic and applied ecology in
European water bodies (Moreno etal., 2011). In the
past decades, ecological indicators based on benthic
invertebrates have been internationally recognized as
a powerful tool (Rubal et al., 2009; Moreno et al.,
2011; Bianchelli et al., 2016; Chen et al., 2018;
Sroczyniska et al., 2021). A variety of indexes and
approaches have been proposed and still discussed
to evaluate the EcoQ more objectively, using both
macro (Borja et al., 2000; Bremner et al., 2003)
and meiofaunal assemblages (Pusceddu et al.,
2007; Moreno et al., 2011; Semprucci et al., 2016;
Silva et al., 2022).

Meiofauna are microscopic organisms (retained
in meshes between 45 and 500 pm), with high
phyletic diversity (-24 phyla), abundance (10°-10°
ind. m*) and biomass (1-2 g dw m™), and therefore
they have high ecological importance (e.g., Giere,
2009; Balsamo et al., 2010). These organisms are
essential to the functioning of marine and estuarine
ecosystems, contributing to nutrient cycling and
energy supply to higher trophic levels (Giere, 2019;
Kim et al., 2020). There are many characteristics
of the meiofaunal biology supporting their use as
environmental indicators (Moreno et al., 2011;
Zeppilli et al,, 2015; Chen et al., 2018; Kim et al.,
20205 Sroczytiska et al., 2021), including: i) high
abundance and diversity; ii) different sensibility
levels to pollutants and environmental disturbances;
iii) direct development; iv) short life-cycles.
Moreover, pollutants and organic matter are
deposited and accumulate within the sediments,
reflecting in benthic communities (Levin etal., 2009;
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Fonseca et al., 2014). Particularly, meiobenthic
assemblages are so strictly associated with the
sediment they are frequently called the living part of
the sediment (Giere, 2009, 2019), and will quickly
respond to natural and/or anthropic environmental
disturbances (Pusceddu et al., 2007; Chen et al.,
2018; Kim et al., 2020; Silva et al., 2022). Thus,
evaluation of meiofaunal assemblages is an approach
that has been widely used as ecological indicator
and to estimate EcoQ (Ferreira et al., 2015;
Semprucci et al., 2016; Rubal et al., 2009).

The evaluation of the EcoQ using benthic
meiofauna is commonly made using a compound of
meiofaunal ecological indicator parameters such as:
i) presence of rare taxa (<1% of total abundance), ii)
higher taxa richness and, iii) Nematoda/Copepoda
ratio (Ne:Co) which typically are the most
abundant and diversified marine meiofaunal taxa
(Raffaelli & Mason, 1981; Danovaro et al., 2004;
Rubal et al., 2009; Giere, 2009; Bianchelli et al.,
2016). Higher taxa richness and the presence of rare
taxa are interpreted as indicative of a better EcoQ
(Danovaro et al., 2004; Semprucci et al., 2016).
The dominance relation between nematodes and
copepods considers the typically higher tolerance
of the formers to pollutants in the sediments.
Thus, the ratio is based on the hypothesis that
more disturbed sites tend to have a higher
Nematoda/Copepoda ratio due to the general lower
resistance of copepods (Raffaelli & Mason, 1981;
Semprucci et al., 2016; Rubal et al., 2009). These
parameters, in conjunction with classical ecological
indexes (e.g., Shannon, Pielou and Margallef’s
indexes), and environmental variables can provide
important insights for environmental diagnostic
in estuarine ecosystems (Semprucci et al., 2018;
Silva et al., 2022).

However, boundaries to objectively and unarbitrary
separate the EcoQ categories are still unclear in many
parameters (Moreno etal., 2011). Moreover, although
good proxies, many of these parameters can naturally
fluctuate under different environmental characteristics,
many of which sparsely studied, and thus reference
values are missing or debated (Rubal et al., 2009).
For instance, the Nematoda/Copepoda ratio >100
is considered as indicator of low environmental
status for some authors (Raffaelli & Mason, 1981;
Semprucci et al., 2016), while others consider values
>10-20 and >40-70 for sandy and finer sediments,
respectively (Warwick, 1981; Rubal et al., 2009).
These discrepancies suggest that there is no consistency
in defining the class boundaries and perhaps the
granulometric profile may play a particularly
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important role in influencing meiofaunal-based EcoQ
(Silva et al., 2022).

Moreover, the majority of studies investigating
the use of EcoQ) in estuaries have been conducted
in temperate laticudes, highlighting the lack of
knowledge regarding tropical estuaries. Beyond
the climatological-related aspects, tropical estuaries
also differ from temperate systems due to a higher
proportion of fine particles such as silt and clay,
particularly in inner mangrove areas (Somerfield etal.,
2003; Venekey & Melo, 2016; Tilbert et al., 2019;
Silva et al., 2022). Therefore, the variation of the
meiofaunal parameters and the validity of their
usage to estimate environmental quality in such
environments has not been tested yet, hampering a
broad usage of meiofaunal-based EcoQ.

In this study we estimate the EcoQ based on
meiofaunal parameters of two important tropical
estuaries from Northeastern Brazil with extensive
mangroves and well-known different degrees of
anthropic pressure. Both estuaries have a similar
granulometric gradient profile, with dominance
of sandy sediment in the outer region and muddy
sediment in the inner mangrove regions. The main
goal is to test if meiofaunal-based EcoQ respond
to anthropogenic impacts, and thus functions as a
reliable disturbance indicator in tropical estuaries.

2. Material and Methods

2.1. Study site

This study was conducted in the Mamanguape
River estuary (less impacted) and Paraiba River
estuary (more impacted) at tropical Northeastern
Brazilian coast (-7°S; Figure 1). These estuaries have
distinct levels of anthropic pressure as supported by
data of the ecological footprint based on the Global
Human Influence Index (GHII; 1 km? of resolution;
Sanderson et al., 2002) and regional literature
(Marcelino et al., 2005; Alves et al., 2016, 2025).

The Mamanguape River estuary is located in a
Federal Protected Area (Brasil, 2014) and declared
a Protected Landscape (IUCN, category V) with
the main goal to protect a small population of the
marine manatee Trichechus manatus (Dolbeth et al.,
2016). The area around the estuary has remnants of
the Adantic Rain Forest and extensive mangroves with
690 hectares. The mouth of the estuary is trespassed
by an arenitic reef cord that extends ~8.5 km in the
N-S orientation. The estuary s relatively isolated from
urban centers, and thus, aquatic traffic is restricted
to a reduced number of small boats, domestic
sewage is reduced, and industrial sewage absent.



Tilbert, S. and Nogueira Junior, M.

South

Atlantic

7°S

7.05°S |

7.1°S

amanguape Rive

Ocean Data View

34.96°W 34.94°W 34.92°w
2
rd - g
Paraiba Rive 3
g
— — ©
34.9°W 34.85°wW 34.8°wW

Figure 1. Map of the study sites showing the stations sampled (1-8) on Mamanguape and Paraiba River estuaries,
Brazil. Generated using Ocean Data View (Schlitzer, 2022).

Yet, the Mamanguape River basin is impacted by
human activities, as it encompasses 30 municipalities
(-500,000 inhabitants) and occupies an area of
3,522.69 km? that includes the Zona da Mata and
Agreste Paraibano mesoregions (Santos et al., 2015).
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These anthropogenic impacts are mostly related
to the production of coconut and sugarcane
plantations and shrimp aquaculture, activities that
cause the drainage of agrochemical pollutants into

the estuary (Dolbeth et al., 2016).
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The Paraiba River basin is the second largest in
the State and is highly impacted by urbanization,
with an area of 20,071.83 km?, home to 1,828,178
inhabitants (Dantas et al., 2020). The Paraiba
River estuary (3012 ha) is adjacent to an urban
region nearby Jodo Pessoa metropolitan area
with 1.380.923 inhabitants (IBGE, 2022). Thus,
this ecosystem has been impacted through the
urbanization process as the city grows. It has a
port handling large amounts of oil and derivatives
and suffers many other anthropic activities such
as domestic and industrial sewage, discard of
urban and industrial waste, aquiculture, real state
expansion, wood trade, and many types of debris
(Dolbeth et al., 2016; Lima et al., 2017; Ramos &
Pessoa, 2019; Amorim et al., 2020).

2.2. Samplings

Sampling campaigns were performed on 17 and
24, April 2016, in the Mamanguape and Paraiba
estuaries, respectively. During the low tide eight sites
on each estuary were sampled (Figure 1). Samples
were taken using a corer with 11 cm? introduced
10 cm deep in the sediment. At each site three
replicate samples were taken ~1 m from each other,
totaling 48 samples. Each sample was immediately
fixed using formalin (4%). Additionally, sediment
samples were taken at each site and frozen to analyze
the amount of organic matter and granulometric
characteristics. Abiotic variables as salinity (in
practical salinity scale), temperature (°C) and
dissolved oxygen (mg. L") were measured at each
site using a field manual refractometer (salinity),
and a multiparameter probe (Alfakit, AT-160,
Florianépolis, Brazil; temperature and oxygen).

2.3. Sampling processing

In laboratory, the meiofauna was counted after
manual centrifugation and humid sieving with a
45 pm mesh (Elmgren, 1966). Total samples were
analyzed using Dollfus plates and stereomicroscope
(Type SZ61, Olympus) and meiofaunal higher taxa
was counted (following Giere, 2009).

The organic-matter content (OM) was
quantified by standard protocols and expressed as
a percentage of the mass (Walkley & Black, 1934).
The granulometric analyses were performed through
mechanic separation in a vibratory sieve (model
lab1000, ADAMO Produtos para Laboratérios,
LojaLab, Piracicaba, Sao Paulo, Brasil). Grain
size was also expressed as a percentage of the total
sample mass and classified according to standard
granulometric fractions: gravel (>2000 pm), very
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coarse sand (1000-2000 pm), coarse sand (500-
1000 pm), medium sand (250-500 pm), fine
sand (125-250 pm), very fine sand (62-125 pm)
and silt and clay (<62 pm) (Bale & Kenny, 2005;
Wentworth, 1922). Based on local granulometric
heterogeneity and mud concentration, sampling
sites were classified as sandy (<15% of very fine
sand and silt and clay) and sandy mud (>15% of
very fine sand and silt and clay).

2.4. Data analyses

Classical ecological indices such as number of
taxa, Margalef richness, Shannon diversity and
Pielou evenness were calculated (all transformed by
log x+1 and based on higher taxa), using PRIMER
software v.6.0. A two-way ANOVA (p<0.05) was
performed to test the hypothesis that meiofaunal
abundances and ecological indices differ between
estuaries and regions (sandy and sandy mud)
and possible interactions between these factors
(STATISTICA software v. 10).

The Global Human Influence Index (GHII) is a
well-known and widely used quantitative measure of
human impact (Sanderson et al., 2002). The GHII
is a high resolution (1 km? map of cumulative
human pressure based on four satellite data type:
populational density, landscape transformation,
human access and infrastructure (Sanderson et al.,
2002, Venter et al., 2016). GHII values of our study
sites were assessed to corroborate the assumption
that anthropic impact differs in both estuaries. To
gather these data, we used the function extract of the
package raster (Hijmans, 2022) on R environment
(Hijmans, 2022).

The meiofaunal parameters adopted to evaluate
the EcoQ (Table 1) were richness of higher taxa,
Nematoda/Copepoda ratio, presence of rare taxa
(those representing <1% of total abundance of each
estuary), abundance, and nematode dominance
(Raffaelli & Mason, 1981; Pusceddu et al.,
2007; Rubal et al., 2009; Bianchelli et al., 2016;
Semprucci et al., 2016). The Nematoda/Copepoda
ratio was analyzed following Rubal et al. (2009)
considering values >20 for sand and >70 for mud-
dominated sediments as indicator of pollution. The
EcoQ classification followed limit values proposed in
the literature (Moreno etal., 2011; Semprucci et al.,
2016; Chenetal., 2018; Silva et al., 2022). Values of
EcoQ between 1 (low) and 5 (high) were attributed
to each one of the meiofaunal parameters considered
(Table 1) for each site and then averaged (+ standard
deviation).
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Table 1. Parameters adopted for the ecological classification (EcoQQ) using meiofaunal descriptors (following Raffaelli &
Mason, 1981; Pusceddu et al., 2007; Rubal et al., 2009; Bianchelli et al., 2016; Semprucci et al., 2016; Chen et al., 2018).
In parentheses, together with the EcoQ categories, are their respective values (1-5).

EcoQ Classification

Parameters High (5) Good (4) Moderate (3) Poor (2) Bad (1)
Richness 215 210 - <15 25-<10 >1-<56 <1
Abundance (individuals per 10 cm?) >2000 <2000 <1500 <1000 - 2500 <500
- 21500 - 21000
Dominance of Nematoda (%) <30 >30 - <60 >60 - <90 >90 - <100 100
Ne:Co ratio <20 >20 - <70 270 -<120 >120 *
Number of rare taxa 25 23 -<5 22 -<3 1 0
*Incalculable due to lack of copepods.
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Figure 2. Spatial variation and its total granulometric composition in the sandy and sandy mud regions of the
Mamanguape (A, B) and Paraiba (C, D) River estuaries, Brazil.

Graphical outputs were produced using
Microsoft Excel 2019 MSO (Version 2309 Build
16.0.16827.20166) 64-bit.

3. Results
3.1. Environmental variables

According to the combined granulometric
fractions (very fine sand and silt and clay; >15%),
the Mamanguape sampling sites classified as sandy
were 1, 2, 3 and 4, and the sandy mud sites were
5, 6, 7 and 8. In Paraiba, sites 1, 2, 3, 4 and 5 were
defined as sandy, and sites 6, 7 and 8, as sandy
mud (Figure 1). Overall, the granulometric profile
was coarser in the sandy region of Paraiba, with a
greater representation of gravel, very coarse and
coarse sand, totaling more than 31.6% of the total.
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The highest concentrations of silt and clay and
very fine sand were found in the sandy mud region
of Mamanguape, totaling 28.8% (Figure 2A, B).
In the sandy region of both estuaries, medium
sand predominated (>30%), followed by fine sand
(>24%), but the highest concentrations of coarse
(28.6%) and very coarse (44.5%) sand occurred
at site 2 of the Paraiba River Estuary (Figure 2C).
Temperature ranged between 26.9 and 33.4°C,
without pronounced spatial variations within the
estuaries and slightly higher values in the site 2, in
the sandy region of the Mamanguape (Figure 3A).
The saline gradient was pronounced in the
Mamanguape, ranging from 32 near the mouth to
10 in the sites 7 and 8 (sandy mud region). Salinity
variation was less expressive in the Paraiba, ranging

from 39 to 25 (Figure 3B). Dissolved oxygen was
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higher in the sandy region of the Mamanguape
where high spatial oscillations were observed and
remained more constant between 6.1 and 7.4 mg
I in the Paraiba (Figure 3C). Organic matter varied a
lot in both estuaries, with typically low values in the
sandy regions and tending to considerably increase
in the sandy mud parts (Figure 3D).

3.2. Meiofauna

A total of 11 taxa were found, all of them in the
Parafba and only seven in the Mamanguape. The
number of taxa did no differ between estuaries, but
significant differences were detected (ANOVA, p<0.05;
Table 2) comparing the sandy and sandy mud regions,
higher in the former for both estuaries (Figure 4A, B).
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Figure 3. Spatial variation of temperature (A; °C), salinity (B; practical salinity unity), dissolved oxygen (C; mg. L")
and organic matter (D; %) in the Mamanguape and Paraiba River estuaries, Brazil.

Table 2. Summary of the bi-factorial ANOVA testing for differences in number of taxa and ecological indexes,

considering regions and estuaries as factors.

Diversity parameters Factor SS DF MS F p

Number of taxa Intercept 372.5377 1 372.5377 65.77566 <0.05
Region 45.0431 1 45.0431 7.95286 <0.05
Estuary 18.0646 1 18.0646 3.18951 >0.05
Region x Estuary 22.3119 1 22.3119 3.93942 >0.05
Error 249.2056 44 5.6638

Shannon index Intercept 4.555328 1 4.555328 21.38965 <0.05
Region 2.453500 1 2.453500 11.52047 <0.05
Estuary 0.135501 1 0.135501 0.63625 >0.05
Region x estuary 0.197784 1 0.197784 0.92870 >0.05
Error 9.370624 44 0.212969

Margalef index Intercept 6.076289 1 6.076289 34.56789 <0.05
Region 1.259014 1 1.259014 7.16249 <0.05
Estuary 0.031928 1 0.031928 0.18163 >0.05
Region x estuary 0.203052 1 0.203052 1.15516 >0.05
Error 7.734262 44 0.175779

Pielou index Intercept 2.081967 1 2.081967 29.14981 <0.05
Region 0.775578 1 0.775578 10.85894 <0.05
Estuary 0.009926 1 0.009926 0.13898 >0.05
Region x estuary 0.001576 1 0.001576 0.02206 >0.05
Error 3.142613 44 0.071423

Differences are considered significant if p<0.05 (in bold). SS (sum of squares), DF (degree of freedom), MS (mean of squares),

F (test parameter) and p (associated probability).
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The number of taxa of most sites of the sandy
region from the Parafba estuary were higher than
those from the Mamanguape, but differences were
not significant (p>0.05; Table 2) due to the high
variation between sites. The ecological indexes
of Shannon, Margalef and Pielou had similar
patterns, differing significantly between regions of
the estuary but not between the estuaries, tending
to be higher always in the sandy region (Table 2;
Figure 4C, D).

Total meiofaunal density was significantly
higher in the Paraiba estuary, but no differences
were detected between the regions neither in
the interaction between these factors (Table 3).
Meiofaunal density was smaller in the Mamanguape,
averaging 71.7+69.1 ind. 10 cm™ and highly
dominated by nematodes (92.5%) that reached
their peak of 242 ind. 10 cm™ in the sandy
region (site 4; Figure 5A). In the Paraiba estuary,
meiofaunal densities averaged 409.5+403.8 ind.
10 cm?, with maximum of 1261.0 ind. 10 cm™? in
the sandy region (site 2; Figure 5B). In the Paraiba,
nematodes were less dominant, representing
50.3% of total meiofaunal abundance, although
density values were high, reaching up to 993.6
ind. 10 cm™ in the site 6 (Figure 5B). Densities
of the most representative taxa such as Nematoda
and Copepoda differed significantly between the

estuaries, but only for Copepoda and Turbellaria
significant differences between the regions were
detected (p<0.05; Table 3; Figure 5).

In the Mamanguape estuary, other meiofaunal
taxa such as turbellarians (4.8%) and oligochaetes
(2.0%) had relatively high abundances in the
sandy region (sites 1 and 2; Figure 5A). At these
sites, the turbellarians were the second most
abundant taxa, representing between 17 and
35%. Ostracoda, Copepoda, Tardigrada and
Polychaeta were considered rare taxa (<1%) in the
Mamanguape, but had higher densities in the Paraiba
estuary (Figure 5A, B). Apart from the dominant
nematodes, other taxa were representative in the
sandy region of the Paraiba estuary such as nauplii
(up t0 30.3%), copepods (up to 35.8%), tardigrades
(up to 35.2%) turbellarians (up to 13.6%), and
ostracods (up to 11%), particularly in the sites 2 and 5
(Figure 5B). Rare taxa in the Paraiba, such as Acari,
Oligochaeta, Polychaeta, Nemertea and Gastropoda
had densities always <23 ind. 10 cm™ (Figure 5B).

3.3. Indexes of Ecological quality

As expected, the GHII indicated that Paraiba
estuary is more impacted than the Mamanguape
in both sandy and sandy mud regions, with a

clear tendency of the former region having higher
values of GHII in both estuaries (Figure 6A).
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Figure 4. Spatial variation of the number of taxa and classical ecological indexes (mean + standard deviation) in the
Mamanguape (A, C) and Paraiba (B, D) River estuaries, Brazil.
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Table 3. Summary of the bi-factorial ANOVA testing for density differences in total meiofauna and the most abundant
taxa (>5% of total abundance), considering estuaries and regions as factors.

Taxon Factor SS DF MS F p

Total meiofauna Intercept 2733085 1 2733085 28.61224 <0.05
Region 150231 1 150231 1.57274 >0.05
Estuary 1355337 1355337 14.18881 <0.05
Region x estuary 244966 7 244966 2.56452 >0.05
Error 4202948 44 95522

Nematoda Intercept 876549 1 876549.2 35.27029 <0.05
Region 42138 1 42137.9 1.69553 >0.05
Estuary 276967 1 276967.4 11.14452 <0.05
Region x estuary 6205 1 6205.4 0.24969 >0.05
Error 1093503 44 24852.3

Copepoda Intercept 47420.2 1 4742017 5.020117 <0.05
Region 45088.4 1 45088.39 4.773264 <0.05
Estuary 46191.4 1 46191.43 4.890037 <0.05
Region x estuary 44107.1 1 44107.05 4.669375 <0.05
Error 415625.3 44 9446.03

Tardigrada Intercept 128271 1 12827.09 2.095755 >0.05
Region 12827.1 1 12827.09 2.095755 >0.05
Estuary 12652.3 1 12652.26 2.067190 >0.05
Region x estuary 12652.3 1 12652.26 2.067190 >0.05
Error 269302.5 44 6120.51

Nauplii Intercept 45641162 1 11622.88 2.380855 >0.05
Region 11622.9 1 11622.88 2.380855 >0.05
Estuary 11622.9 1 11622.88 2.380855 >0.05
Region x estuary 11622.9 1 11622.88 2.380855 >0.05
Error 214799.7 44 4881.81

Turbellaria Intercept 3397.13 1 3397.133 4.648479 <0.05
Region 3238.53 1 3238.527 4.431450 <0.05
Estuary 1358.46 1 1358.459 1.858852 >0.05
Region x estuary 1409.68 1 1409.681 1.928942 >0.05
Error 32155.43 44 730.805

Ostracoda Intercept 2374.05 1 2374.052 2.120921 >0.05
Region 2258.10 1 2258.100 2.017333 >0.05
Estuary 2324.00 1 2324.003 2.076209 >0.05
Region x estuary 2307.44 1 2307.438 2.061410 >0.05
Error 49251.37 44 1119.349

Oligochaeta Intercept 29.9547 1 29.95468 3.305943 >0.05
Region 24.5694 1 24.56945 2.711603 >0.05
Estuary 7.7739 1 7.77393 0.857968 >0.05
Region x estuary 5.1613 1 5.16129 0.569625 >0.05
Error 398.6777 44 9.06086

Differences are considered significant if p<0.05 (in bold). SS (sum of squares), DF (degree of freedom),
MS (mean of squares), F (test parameter) and p (associated probability).

Contrastingly, the EcoQ values tended to be higher
in the Paraiba estuary, although high variations
were observed. In addition, a clear spatial trend was
observed within each estuary, with EcoQ being higher
in the sandy regions of both estuaries, difference more
pronounced in the Paraiba estuary (Figure 6B).
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The Nematoda/Copepoda ratio ranged from
103 to 555 in the Mamanguape and 1 to 169 in the
Paraiba, with lower values in the sandy region of both
estuaries (Table 4). This ratio suggested high ecological
quality only in the sandy region of the Paraiba
estuary, with values considerably lower than 20.
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Table 4. Classification of the Ecological Quality Status (EcoQ) in the Mamanguape and Paraiba River estuaries

according to the meiofaunal parameters.

Mamanguape River

Paraiba River

Parameters Sandy Sandy mud Sandy Sandy mud
Richness 2.5¢1.7 1.9+1.2 5.1£3.7 1.8+1.1
Abundance (individuals per 10 cm?) 56.0+66.4 88.0+71.1 542.9+481.6 283.9+326.4
Dominance of Nematoda (%) 79.1+26.1 98.5+1.8 65.8+43.1 98.412.6
Ne:Co ratio 103.3 555.0 1.0 169.1
Number of rare taxa 2 5 5 3
EcoQ (minimum-maximum) 1-3 1-2 2-5 1-4
EcoQ (mean £ s.d.) 2.240.8 1.6+0.5 3.6+£1.3 2.241.0
EcoQ classification Poor Poor Moderate Poor

Overall, the meiofaunal parameters indicated a
poor EcoQ on both regions of the Mamanguape
and moderate to poor in the sandy and sandy mud
regions of the Paraiba, respectively (Table 4).

4. Discussion

The human footprint on both studied estuaries
can be considered as moderate to high (c.f.,
Sanderson et al., 2002), with higher impact in the
Paraiba estuary, as expected, and tending to reduce
within each estuary towards the sandy mud region
(Figure 6A). Although the index used may have some
limitations (e.g., Halpern et al., 2008), it supports
our assumption that both ecosystems have different
degrees of human impact, and is in conformity with
the regional literature suggesting higher impacts on
the Paraiba estuary (e.g. Lima et al., 2017; Ramos &
Pessoa, 2019). Contrastingly, our estimates using
meiofaunal parameters suggest both estuaries have a
roughly similar EcoQ, with somewhat higher values
in the Paraiba estuary, particularly in the sandy,
more impacted, region (Figure 6B). Thus, the EcoQ
based on meiofauna had responses more associated
with the granulometric gradient, reflecting more the
characteristics of the sediment than anthropogenic
impacts. This is likely to be associated to some
constraints in the parameters used. Although the
parameters used in the EcoQ are quantitative,
boundaries to distinct between different EcoQ
categories are not clear-cut, and frequently some
of these parameters are weighted differently among
different authors (Rubal et al., 2009; Moreno et al.,
2011). This problem may be particularly true for
tropical estuaries with lack of studies using this
approach, and thus of reference values. In addition,
the characteristic meiofaunal assemblages from fine
sediments, common on tropical estuaries, may lead to
distortions on some of the parameters used to estimate
the EcoQ such as number of taxa, presence of rare taxa
and Ne/Co (Rubal et al., 2009; Sciberras et al., 2022).
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Indeed, in the sandy mud region of both estuaries
studied the discrepancies of both indexes were higher,
with GHII indicating less anthropic impact but lower
EcoQ values (Figure 6). The Nematoda/Copepoda,
for instance, was erratic but with comparable values
in both estuaries. Total abundance, presence of rare
taxa and the classical ecological indexes were in
general higher in the Paraiba estuary, particularly
in the sandy region that was classified here with a
moderate EcoQ (Table 4). At first, this could be
indicative that environmental quality in the Paraiba
estuary was higher. This is contrary to the expected,
considering pollution and human impact are higher
in the Paraiba estuary, particularly in the sandy region,
although Mamanguape river basin also is impacted
(Santos et al., 2015; Dolbeth et al., 2016; Table 4;
Figure 6A). Thus, a calibration of the meiofaunal
parameters to tropical estuaries with fine sediments
seems necessary since the wide habitat heterogeneity
of these ecosystems and the anthropic impact may
disguise the biological indicators (Townsend &
Hildrew, 1994; Gusmao et al., 2016).

Physical particularities of tropical estuaries and
consequent biological adaptations of the meiofauna
may result in an inaccurate EcoQ. Tropical estuaries
frequently harbor extensive mangroves and have
considerable proportions of small (<125 pm)
sedimentary particles, with granulometric profile
commonly ranging from sandy to muddy in the
mouth and inner areas, respectively (Bale & Kenny,
2005; Levin et al., 2009; Pinto et al., 2012; Fonseca
& Netto, 2014). The smallest the size of the sediment
particles, the greater is the organic matter retention
accumulation in the sediment and subsequent
increase of microbial activity and associated
hypoxia (Levin et al., 2009; Fonseca et al., 2014).
Thus, in these areas organic matter concentration
and oxygen levels are commonly high and low,
respectively (Bale & Kenny, 2005; Levin et al.,
2009; Pinto et al., 2012). Moreover, in sediment



Tilbert, S. and Nogueira Junior, M.

with small particles (median <100-180 pm),
meiofaunal organisms may either adopt an infaunal
burrowing mode of life or keep restrict to the
epibenthos (Raffaelli, 1987; Tita et al., 1999),
depending on its ecological plasticity (Pinto et al.,
2012). So, these environmental characteristics may
lead to particular meiofaunal assemblages that may
generate distortions in the Nematoda/Copepoda
ratio, presence of rare taxa, as well as higher taxa
richness (Warwick, 1981; Hodda & Nicholas, 1985;
Moreno et al., 2008), what apparently was the case
in the current study.

Usually, nematodes are the dominant meiofaunal
taxa in marine and estuarine sediments worldwide,
followed by copepods that also may dominate
on some situations (Semprucci et al., 2019;
Tilbert etal., 2019; Cai et al., 2020). In sediments
with fine particles, nematode dominance tends
to be even higher and the presence of copepods
and other taxa is rarer since they usually are less
tolerant to the reduced oxygen condition on
these habitats (Hodda & Nicholas, 1985). The
nematodes, particularly the epifaunal ones, are
well-adapted to these peculiar conditions due
to their high morpho-functional diversity and
tolerance to the oxygen depletion (Soctaert et al.,
2002; Vanaverbeke et al., 2004; Pinto et al., 2012).
Differently, the strictly infaunal meiobenthos
such as most copepods, tardigrades, nemerteans,
ostracods and polychaetes tend to be more
common, abundant, and diversified in sandy
sediments (Somerfield et al., 1998; Bale & Kenny,
2005; Balsamo et al., 2010; Tilbert et al., 2019).
Thus, the absence and/or the low abundance of
copepod and rare taxa and, consequently, the low
numbers of higher taxa and smaller values of the
classical ecological indexes would be expected
to these meiofaunal communities from finer
sediments (Balsamo et al., 2010; Sharma et al.,
2021), and not necessarily suggestive of an
impacted environment as assumed by the EcoQ
(Semprucci et al., 2016). Indeed, this pattern was
found in the inner sites of the present study, with
granulometric profile of sandy mud and lower
EcoQ values for both estuaries, in spite of the lower
GHII. This was particularly pronounced in the
Mamanguape estuary, where higher proportions
of silt and clay (Figure 2) were observed in the
inner region along with the lowest values of EcoQ
and of GHII found here (Figure 6). These results
suggest that EcoQQ was more sensitive to particle
size gradient than to anthropogenic impact, at least
within the spatial resolution of the present study.
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The Nematoda/Copepoda ratio has been
debated (Raffaelli & Mason 1981; Kim etal., 2000;
Ansari & Ingole, 2002; Moreno et al., 2008) and
frequently considered an oversimplification with
a need of higher standardization (Sciberras et al.,
2022). Currently, there is little consensus regarding
a threshold limit due to the great variability on
different granulometric profiles (e.g., Platt et al.,
1984; Rubal et al., 2009; this study). Some
modifications have been proposed, such as: i)
consider only epistrate feeders (2A type) nematodes
in the ratio (Warwick, 1981; Moreno et al., 2008);
and ii) to include nauplii, the larval copepod
stage typically accounted separated, that are more
sensitive to disturbances and also considering that
for nematodes there is no stratification regarding
developmental stages (Verriopoulos & Moraitou-
Apostolopoulou, 1982; Green et al., 1996;
Rubal et al., 2009). In any case, the Nematoda/
Copepoda values may be distorted on ecosystems
with low copepod density and became incalculable
on their absence. In this study, for instance,
copepods were not found at all in 29 (60.4%) out
of 48 samples taken, and in 6 out of 16 sites they
were not found in any of the three-replicate taken,
even when considering nauplii. These observations
may suggest the Nematoda/Copepoda ratio
may be better applied on environments with the
granulometric profile strictly interstitial (sandy),
where copepods are more common and diversified
(Raffaelli & Mason, 1981; Raffaelli, 1987;
Balsamo et al., 2010).

Another issue is the taxonomic resolution,
low in this study following the idea to use
indicators that are easily assessed with no need of
a laborious and time-consuming laboratory work
(Rubal et al., 2009; Fonseca & Netto, 2014).
A greater taxonomic and/or morpho-functional
depth on dominant taxa (Moreno et al., 2011;
Semprucci et al., 2018; Sroczyriska et al., 2021)
may enable more accurate analyses on ecosystems
with fine particles of sediment. Yet, some studies
suggest higher taxonomic resolution does not
increase discriminatory power in the assessment
of environmental quality in spite of consuming
considerably more time in the preparation and
identification of the material (Moreno et al., 2008).

This is a pioneering study in tropical estuarine
ecosystems in an attempt to assess these meiofaunal
parameters that have been widely used in temperate
estuaries (Moreno etal., 2011; Bouchetetal., 2018;
Chen et al., 2018; Semprucci et al., 2010, 2016,
2018), providing important baseline information.
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Our results demonstrate the effectiveness of the
meiofaunal-based EcoQ to detect environmental
gradients in tropical estuaries, particularly regarding
granulometric profile, successfully capturing
environmental heterogeneity. However, EcoQ
needs calibration and refinement to improve the
detection of axes of environmental variation caused
by anthropogenic impacts in tropical environments.
Despite these interesting results, is necessary to
further deepen the analyses particularly considering
some limitations of the current study, including
higher spatial and temporal coverage, testing the
effectiveness of lower taxonomic resolution and
refining the class value limits applied to the EcoQ
classification to reduce arbitrariness.
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