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ABSTRACT

Studies that concurrently assess diversity patterns and interactions among
benthic organisms remain scarce. This research aims to investigate how benthic
community diversity influences trophic interactions and the structure of benthic food
webs, providing fundamental knowledge to support the development of new approaches
for assessing Descriptors 1, 4 and 6 (Marine Strategy Framework Directive).

Spatial-temporal patterns of benthic bacterial and nematode communities in
response to sediment conditions were analysed at three sampling sites in Sado estuary
(Portugal) using 16S metagenomic and morphological identification, respectively. Both
communities exhibited comparable responses to environmental variables, although
nematodes were more sensitive to site-specific variations than bacteria. The co-
occurrence of specific taxa suggests potential interactions these communities most likely
influenced by local anthropogenic activities, emphasizing their value as effective
ecological indicators.

Benthic food webs were analyzed through stable isotope ratios 8'*C and "N of
macrobenthic organisms and their potential food sources. Isotopic metrics were
combined with multivariate methods to identify food web indicators. Trophic structure,
aligned with the benthic diversity, revealed a clear spatial pattern driven by sediment
grain size, organic matter content, and primary production. “Navigator” and “Gambia”
sites exhibited simpler food webs, consistent with organic enrichment, dominance of
anaerobic bacteria, and prevalence of opportunistic nematode genera. Temporal
variability of both food webs was driven by differences in the resources. In contrast,
“Troia” food webs were more complex, with a high diversity of consumers and efficient
resource exploitation. Overall, spatial differences were more pronounced than temporal
trends, although food web complexity increased over time at 'Navigator' and 'Gambia’.
The 'Troia' food web exhibited only minor temporal variation, reflecting subtle changes
in resource use. This study introduces a novel approach integrating benthic diversity and
trophic interactions to assess estuarine habitat condition, supporting Blue Economy

activities, habitat recovery, and sustainable coastal management.

Keywords: Nematode assemblages; Bacterial communities; Benthic food webs;

Marine Strategy Framework Directive; Descriptor 4.






Biodiversidade e os efeitos “bottom-up” na cadeia tréfica bentdnica estuarina
em resposta a diferentes condigdes dos sedimentos (Estuario do Sado,
Portugal)

RESUMO

Estudos que avaliem simultaneamente padrdes de diversidade e interagcbes
entre organismos benténicos para compreensao do funcionamento dos ecossistemas
sdo raros. Este estudo investigou o efeito da diversidade das comunidades bentdnicas
nas interagdes tréficas, promovendo novas abordagens para avaliar os Descritores 1, 4
e 6 da Diretiva-Quadro Estratégia Marinha.

A distribuigcdo espacial e temporal das comunidades bentdnicas bacterianas e de
nematodes em resposta as condicoes sedimentares foi analisada em trés locais do
estuario do Sado (Portugal), através da metagenodmica 16S e identificagdo morfolégica,
respetivamente. Embora as comunidades respondessem de forma semelhante as
condicoes do sedimento, as comunidades de nematodes mostraram-se mais sensiveis
as variagoes locais. Verificou-se a coocorréncia de taxa especificos sugerindo
potenciais interacdes entre bactérias e nematodes possivelmente influenciado pelos
efeitos antropogénicos e evidenciando o seu valor como indicadores ecoldgicos.

As cadeias tréficas benténicas foram analisadas através da medicéo de isétopos
estaveis - 8'°C e 8'°N - de organismos macrobentonicos e fontes alimentares. As razdes
isotopicas, combinadas com métodos multivariados, permitiram identificar indicadores
troficos. As topologias troficas refletiram os padroes de diversidade bentdnica, sendo
fortemente influenciados pela granulometria, matéria organica e produgao primaria. Os
locais “Navigator” e “Gambia” apresentaram cadeias troficas simples, associadas ao
enriquecimento organico, elevada prevaléncia de bactérias anaerdbicas e géneros
oportunistas de nematodes. A variabilidade temporal resultou das diferengas no uso de
recursos. Em oposicao, as cadeias tréficas de “Tréia” mostraram-se mais complexas,
com maior diversidade de consumidores e uso eficiente dos recursos disponiveis. Os
padrdes temporais foram menos evidentes do que os espaciais, embora a complexidade
trofica em “Navigator” e “Gambia” tenha aumentado ao longo do tempo. Cadeias troficas
de “Tréia” mostraram ligeira variabilidade sazonal associada as mudangas no uso dos
recursos. Este estudo propde uma abordagem inovadora para avaliar ecossistemas,
integrando diversidade benténica e interacbes ftréficas, recuperagdo de habitats,

apoiando Economia Azul.

Palavras-chave: Comunidades de nematodes; Comunidades de Bactérias; Cadeias

troficas bentdnicas; Diretiva Quadro Estratégia Marinha; Descritor 4.
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1.1 Assessing the functional integrity of benthic estuarine ecosystems

based on community-level interactions and energy transfer

Estuaries are one of the most dynamic aquatic systems, where the freshwater and
seawater mix, which favors nutrient inputs and multiple physical-chemical reactions.
Nutrient enrichment makes them one of the most productive ecosystems in the world,
with a great diversity of habitats, many of which support various human activities (Elliot
& Quintino, 2007). However, the overloading of nutrients and organic matter, mostly from
terrestrial sources, increases productivity and oxygen consumption rates, leading to
eutrophication (Elliott & McLusky, 2002). Despite of being intensely disturbed by
anthropogenic activities, these habitats can provide various ecosystem services, such
as food, maintenance of water quality, and recover from disturbances (Liquete et al.,
2016). The rapid growth of opportunistic species and the uncontrolled development of
economic activities, suggest that estuaries will lose several unique habitats (Kennish,
2002). Given the rapid loss of these environments, the current concern is to improve
environmental management practices to ensure the sustainability of the ecosystem
services (Schratzberger & Somerfield, 2020).

Several indicators were developed, related with ecosystem structure (e.g. diversity,
species composition, abundance) and functional aspects to measure ecosystem
activities (e.g. productivity, nutrient cycling, ecosystem metabolism). Together, these
indicators provided valuable insights into ecosystem health (Elliott & Quintino, 2007),
although the concept of ecosystem-based management remains a challenging goal.
Biological indicators have focused on only one group of organisms or community, lacking
the interaction component to assess the ecosystem complexity (Rombouts et al., 2013;
Terborgh, 2015; Fraser et al., 2017).

Biodiversity is a fundamental component that sustains estuarine and marine
ecosystem services, supporting food resources, maintaining water quality, and enabling
recovery from disturbances (Liquete et al., 2016). Aquatic management must support all
the biological parts that ensure the functional component of ecosystems and maintain
biodiversity at all levels, preserving the integrity and stability of ecosystems (Fraser et
al., 2017). Directives to regulate and protect the marine environments were implemented
in Europe, with the main propose of unifying common commitments for marine
management practices and stablishing criteria to evaluate the ecosystems status. With
the implementation of the Marine Strategy Framework Directive (MSFD), the main
challenge is to provide scientific knowledge to assess the ecological status of marine
environment and ensure its protection across Europe (Rombouts et al., 2013). MSFD

covers a wide range of ecosystem components and pressures through eleven
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quantitative descriptors, all aimed at achieving “Good Environmental Status” (GES) of
marine ecosystems (MSFD; 2008/56/EC). The descriptors are based on specific
pressures, and all represent an impact to biodiversity. The descriptors - D1 -
Biodiversity, D4 - food-webs and D6 - seafloor integrity - are considered the
“biodiversity group” crucial for monitoring plans, to ensure the biodiversity prevalence
and occurrence of habitats. The D4 is highlighted as the most difficult to implement due
to significant lack of knowledge on functional aspects of marine food webs related with
the high dynamic and complex interactions (Rogers et al., 2010; Rombouts et al., 2013).
Functional aspects, such as species interactions and energy transfer, are constantly
changing, making it challenging to define and implement a single condition that
represents “GES” (Bohan et al., 2017; Bush et al., 2019).

The functional integrity of aquatic ecosystems is based on ecological responses
resulting from multiple and complex interactions between organisms that mediate the
energy transfer to higher trophic levels (Schratzberger & Somerfield, 2020; Ridall &
Ingels, 2021). To assess the effectiveness of these processes, it is crucial to quantify
this energy transfer by analyzing the ecological regulation of species diversity through
resource-based (bottom-up) and predator-based (top-down) pathways (Terborgh,
2015). Until now, the current indicators under D4 have been focused on the well-studied
pelagic habitats or economically significant groups like fish and birds, overlooking benthic
habitats and ecosystem processes that are key for detecting environmental
disturbances, especially at the base of the food web (Rogers et al., 2010). Benthic food
webs differ from their pelagic and terrestrial counterparts by supporting higher degrees
of omnivory and connectivity, becoming a promising approach to effectively detect

changes in the energy pathways (Campanya-Llovet et al., 2017).

1.2 The role of benthic habitats in the functional integrity of estuarine

ecosystems

Benthic habitats represent the largest ecosystem on Earth in spatial coverage
and are predominantly composed of microorganisms and metazoans. These organisms
dominate the benthic biomass and are primary mediators of several ecosystem
processes and interactions (Schratzberger & Ingels, 2018). One of the most productive
areas in estuaries is the intertidal flat areas, accessible during low-tide periods, which
are known to be model areas for assessing various ecological issues that affect
ecosystem health (Kaiser et al., 2011; Schratzberger & Somerfield, 2020). Sediments
are structured along different environmental gradients and various regulatory processes

such as food production, pollutant degradation, nutrients recycling, and mediation of
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energy flows that promote ecosystem functioning and contribute to human well-being
(Schratzberger & Ingels, 2018).

1.2.1 Benthic organisms as good ecological indicators of ecosystem

functioning and sediment condition

Interstitial benthic organisms that live within sediments’ spaces, exhibit limited
reduced mobility, rendering them particularly vulnerable to environmental changes
(Bonaglia et al., 2014; Schratzberger & Ingels, 2018). This rapid response to
environmental stressors makes them powerful bioindicators for evaluating sediment
quality status (Schratzberger & Somerfield, 2020). The community’s integrity, structure
(e.g., diversity, trophic levels), and dynamics (e.g., robustness, resilience), reflect
significantly on the quality and provision of the ecosystem services (Schratzberger &
Ingels, 2018). Benthic microorganisms are the primary facilitators of biogeochemical
processes, including organic matter processing (Wang et al., 2020), which have direct
implications on sediment trophic conditions (Baker et al., 2015; Trevathan-Tackett et al.,
2019). Due to their high efficiency in energy capture, they are more prone to establish
symbiotic relationships with other organisms, such as invertebrates (e.g., sponges,
tunicates, and corals) (Peixoto et al., 2017) and benthic nematodes (Bellec et al., 2019;
Ott et al., 2004). The chemoautotrophy of these organisms is dominant in estuarine
sediments, driven by the oxidation of reduced inorganic compounds such as hydrogen
sulfide (H2S) or methane (CH.), which is a result of organic matter degradation and
mineralization (Marshall et al., 2021; Petersen and Yuen, 2021). Sediment organic
enrichment is common and stimulates the growth of a wide range of organisms; however,
excessive organic input may negatively impact benthic communities, by inducing hypoxic
or anoxic conditions (Balsamo et al., 2012; Steyaert et al., 2007).

Vertical patterns observed in benthic communities are generally associated with
oxygen gradients, which regulate the distribution of nutrients and biological interactions
(Broman et al., 2020). As oxygen levels gradually decline with depth, anaerobic
processes become prevalent, and several microorganisms use inorganic sulfur and other
compounds (e.g. Mg and Fe) to support their metabolism (Figure 1) (Wasmund et al.,
2017; Jensen et al. 2017; Broman et al., 2020).
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Figure 1. Distribution patterns of benthic communities mediated by oxygen availability through
sediment depth (adapted by Jessen et al., (2017)).

In several environments, microbial communities have proven to be very sensitive
to natural and anthropogenic pressures, modifying the diversity patterns and function
(Jensenetal., 2017; Zhao et al., 2019). The composition and metabolic activities of these
communities are directly influenced by physical-chemical changes in the sediment,
making them highly reactive to local and global pressures (Buongiorno et al., 2019;
Jokanovic et al., 2021; Rocca et al., 2019). The short generation times, high functional
diversity, and phenotypic plasticity allow their fast response to the surrounding changes,
and thus are suggested good indicators of current sediment conditions. Nevertheless,
these microbial benthic communities remain relatively under-explored (Pawlowski et al.,
2021). In addition, these microorganisms, as mediators of energy transfer, establish
several interactions with other benthic organisms (e.g., nematodes), increasing the
efficiency of energy transfer within the ecosystem (Bonaglia et al., 2014; De Mesel et al.,
2006; Nascimento et al., 2012). These contributions reinforce the potential of using
bacteria in monitoring actions to assess ecosystem health. They are relatively easy to
sample and display rapid response to environmental changes, thereby potentially
simplifying the monitoring efforts (Pawlowski et al., 2021; Lalzar et al., 2023). Recent
advances in environmental genomics have significantly improved biodiversity
assessment, providing a holistic view of the ecosystems by predicting shifts in biological
communities in response to climate changes (Nigel G. Yoccoz, 2012; Jensen et al., 2022;

Pawlowski et al., 2021). The use of next generation sequencing (NGS) for amplicon-
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based metagenomics to assess bacteria diversity patterns (e.g., 16S rRNA gene) further
endorse this taxon as a powerful tool to evaluate sediment quality (Nawaz et al., 2018;
Mahamound et al., 2018; Stoeck et al., 2018). Understanding the taxonomic basis of
metabolic skills helps us to accurately predict the functional changes and the
sustainability of biogeochemical processes (Laiolo et al., 2024). As a result, bacteria
started to be a key component in monitoring programs for assessing marine environment
status (Borja et al., 2006; Chen et al., 2021).

Meiofauna is a benthic group of small-sized organisms (< 1mm) that share the
sediment habitat with the microorganisms. Opposite to macrofauna (>1mm), meiofauna
organisms complete their life cycle within sediment and can be found in a wide variety of
habitats (such as deep sea, estuaries, lakes, as well as tropical reefs, cold seeps and
polar ice) (Semprucci et al., 2014; Panieri et al., 2023; Vanreusel et al., 2010; Zeppilli et
al., 2018), showing a high degree of specificity in the selection of the environment
(Semprucci et al., 2022).

-
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Figure 2. Benthic nematodes genera: a) Desmodora (200x); b) Enoploides head and buccal
structure (600x); c) Pterygonema (200x); d) Pterygonema head and buccal structure (600x)
(images taken on Olympus BX50 light microscope and cell software D Olympus, Japan).
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Nematodes (Figure 2) are the most diverse and abundant of all meiofaunal
metazoans in aquatic systems, and have been used to assess the environmental
ecological condition in several marine habitats (Ridall & Ingels 2021; Sroczynska et al.,
2021). They exist even in heavily polluted/disturbed areas, as one of the few taxa to
persist (Giere, 2019; Ridall & Ingels 2021). The composition and distribution of nematode
communities are closely linked to the physicochemical characteristics of sediments, even
minor spatial scale differences can lead to substantial shifts in communities’ structure
(Gallucci et al., 2008; Adao, 2020). Nematodes adjust their biological traits (e.g.,
biomass, length, weight) based on site-specific conditions, being good ecological
indicators of the habitat condition (Patricio et al., 2012; Sroczynska et al., 2021).

1.2.2 Ecological roles and interactions of benthic nematodes

In benthic environments, nematodes are considered well adapted to extreme
conditions being connected to sediment microbiome (Schratzberger & Ingels, 2018;
Rzeznik-Orignac et al., 2018; Schuelke et al., 2018; Zeppilli et al., 2018). During organic
matter degradation, sulfate-reducing bacteria oxidize organic compounds (CH4) using
sulfate (SO472) to produce hydrogen sulfide (H2S), a compound that is extremely toxic for
other organisms (Ott et al., 2004). Some nematode species protect themselves from
sulfides by forming a viscous shield in their cuticle, while others live in symbiosis with
sulfide-oxidizing bacteria (e.g. Candidatus Thiosymbion) benefiting from a protective
shield to avoid the sulfide toxicity (Figure 3) (Steyaert et al., 2007; Broman et al., 2020;

Zimmermann et al., 2016).

Figure 3. Nematode-bacteria symbiotic strategy forming a viscous shield in their cuticle against
sulphides toxicity. Nematodes from the families Stilbonematinae, Desmodoridae and Sulfur-
oxidizing bacteria Candidatus Thiosymbion. (Ott et al., 2004).
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Microorganisms associated with the gut lining of nematodes have also been
discovered, which can convert organic carbon in energy that is accessible to nematodes
(e.g. protein and polysaccharide) (Musat et al., 2007; Bayer et al., 2009; Derycke et al.,
2016). Recent studies at hydrothermal vents also support this idea of symbiotic
associations observing interactions between nematodes and sulphur-oxidizing bacteria
(Campylobacterota and Gammaprobacteria) (Bellec et al., 2020). This highlights the idea
that extreme environments favour positive associations, such as bacteria-nematodes,
which are directly related to energy transformation and tolerance to toxicity conditions.
On the contrary, the presence of nematodes in sediments has been shown to enhance
bacterial biomass, and promote organic matter mineralization and denitrification
processes (Bonaglia et al., 2014; Nascimento et al., 2012). Nematode activity associated
with bioturbation has also been considered essential for regulating biogeochemical
processes by stimulating microbial activity (Kristensen et al.,, 2012; Bonaglia &
Nascimento, 2023). Bioturbation alters the porosity and permeability of superficial
sediment layers, forming vertical conveyors to transport several solutes (e.g., oxygen
(02), nitrate (NO3) and ammonium (NH4*), modifying the depleted conditions of the
surrounding environment (Bonaglia & Nascimento, 2023). During the burrowing
activities, nematodes secrete extracellular polymeric substance (EPS) biofilms to attach
the eggs and stabilise the sediments (Coull, 1999), often used by microbes as a nutrient
source (D’Hondt et al., 2018; Moens et al., 2005). The biofilms act as an interacting
matrix secreted by nematodes, diatoms, and bacteria for substrate attachment,
locomotion, protection against desiccation and carbon overflow (D’Hondt et al., 2018;
Gerbersdorf et al., 2009).

Nematodes also provide important trophic links between macro- and
microbenthos, as consume microorganisms while serving as food sources for
macrofauna organisms (Gee, 1989; Coull, 1990, 1999). Studies addressing the
interactions between organisms (e.g., bacteria and archaea, nematodes, macrobenthos)
in response to environmental variations remain scarce. Few studies only focus on a
single taxonomic group (Bianchelli et al., 2018; Jokanovic et al., 2021; Wang et al.,
2020). Thus, is essential to understand the patterns of diversity and distribution whithin
benthic communities, in particular species coexistence and co-dependency (Lalzar et al.,
2023).

1.2.3 Structuring factors shaping the diversity and distribution patterns of
benthic communities

Environmental heterogeneity in estuaries occurs at several scales in space and

time influencing the distribution and composition of benthic communities. The abiotic
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factors that determine the estuary typology are the same as those that shape benthic
communities. Salinity is among the most structuring factors affecting the diversity of
benthic species. Which directly influence the nutrient availability (Adao et al., 2009; Alves
et al., 2009). The variability of this factor challenges the tolerance of many organisms,
especially in mudflat habitats, which increases with salinity concentration, such as
microfauna (Zhang et al., 2006; Zhu et al., 2018) meiofauna (Soetaert et al., 1994; Adao
et al., 2009) and macrofauna (Wolf et al., 2009). The hydrodynamic activity and low-tide
exposure are also structuring factors, especially in the intertidal zone, favoring the
horizontal distribution patterns (zonation) and vertical stratification (Steyaert et al., 2001;
Kaiser et al., 2011). For example, nematodes and invertebrates actively move within
sediments to avoid desiccation and extreme salinity variations that occur at the sediment
surface (Steyaert et al., 2001; Giere, 2009). Moreover, the heterogeneity of benthic
habitats is also related to the physical and chemical composition of sediment (e.g., grain
size, organic matter, and oxygen concentration) (Bianchelli et al., 2018; Moens &
Beninger, 2018), atmospheric events (e.g., wind, rain, temperature, and light), and
impacts of human activities (e.g., pollutions, dredging) (Sahaean et al., 2017;
Schratzberger & Somerfield, 2020). Another important driver of benthic communities’
distribution and diversity patterns are the food sources and their quality (Campanya-
Llovet et al., 2017). In estuaries, organic matter represents an important energy source,
derived from multiple origins and primary producers (e.g., microphytobenthos,
cyanobacteria, and heterotrophic bacteria) being able to sustain all trophic levels (Moens
etal., 2005; Vafeiadou et al., 2013; Van der Heijden et al., 2018). The influence of organic
matter on benthic communities is mainly related to multiple interactions with other
environmental variables, e.g., hydrodynamic activities, and sediments type, which
contribute to increase the diversity of habitat-specific conditions (Schratzberger and
Somerfield, 2020). Biotic interactions (e.g. predator-prey competition) are also regulated
by abiotic stressors, altering energy flows (Moens & Beninger, 2018). In these habitats,
benthic trophic dynamics are influenced not only by the availability of inorganic nutrients
driven by primary production, but also by the supply rates and sources of the organic
matter (Bianchelli et al., 2020). Until now, the mechanisms by which benthic
communities control the bottom-up interactions that potentially support fundamental

processes and energy flows remain poorly understood (Hooper et al., 2005).
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1.3 Food webs contributions to assess the Good Environmental Status

(GES) of the ecosystem

The main concern about biodiversity loss is not only related to species loss, but
also to the consequences on ecosystem functioning. Assessing ecosystem health based
only on patterns of community richness and composition, without considering energy
flows and species interactions, does not provide a global and accurate picture of how
ecosystems function (Thompson et al., 2012). Food webs analysis provides a broad
snapshot of ecosystem functioning, characterizing energy flows through a complex
network of interconnected organisms that support essential ecological processes (Begon
et al., 2006). However, constructing food webs can be highly complex and difficult to
predict due to multiple trophic levels, species interactions (e.g., predation, competition,
mutualism), and indirect effects (Thompson et al., 2007). To better assess food webs,
ecologists started to link trophic positions with feeding behaviors, diets, and energy
transfer interactions, describing a position or space occupied by the organism as its
trophic niche (Post, 2002). However, niche occupancy goes beyond the concept of
trophic position as it is directly dependent on the resource use (e.g., organisms can be
at the same trophic level and feed on different prey types), describing distinct niche
sizes (Layman et al., 2007b).

Initially, food webs were constructed based on organisms’ stomach contents,
providing brief and incomplete information on niche occupancy, limited to organisms’
size (Cortes & Preti, 2000; Post, 2002). The Stable Isotope Analysis (SIA) overcome
these limitations, improving the concept of food web assessment, considering all trophic
levels regardless organisms” size, temporal variability, and potential turnover rates of
adjacent metabolic processes (Kortsch et al., 2021). This novel multi-dimensional
approach for estimating the food web structure based on stable isotope ratios of
nitrogen (8'°N) and carbon (8'3C) provided a high-quality insight into the organism's
trophic niche construction (Post, 2002). This allowed inferences about the food sources
and trophic variability within a community (Nelson et al., 2015). Later, with the
development of quantitative metrics to assess isotopic data reflecting community-wide
facets, it becomes possible to quantify the structural responses at community level
(e.g. ecological niches, resource partitioning, and potential competition among species)
(Layman et al.,, 2007a). Statistical comparisons of individual communities using
descriptive metrics (Layman et al., 2007a) become limited in providing a broader
perspective of ecosystem functioning. The metrics were reformulated within a Bayesian
framework to address uncertainties derived from sampling processes and overcome

biased information related to sample size differences. This provided a robust comparison
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among data sets with different sample sizes (Jackson et al., 2011). However, the exact
contribution of food sources in the food web structure was unclear. Thus, mixing models
were explored to estimate each source's dietary contribution to a consumer,
revolutionizing our understanding of how food sources impact diets by quantifying the
extent of specialization and omnivory (Jackson et al., 2017), which became useful to
detect trophic shifts, standardize food webs models and assess the effect of
disturbances. Although mixing models showed limitations, their success depends on the
number of potential sources sampled and the accuracy of taxonomic identification
(Philips et al., 2014). Therefore, ecologists began to use different metrics simultaneously
to understand trophic interactions and food sources contributions to the food webs

complexity patterns.
1.3.1 Spatial and temporal variability of the food web structures

Food webs are extremely dynamic in space and time and understanding how
respond to ecosystem changes is highly challenging, mostly because traditional metrics
are unable to provide quantitative measures of resource changes and rarely consider
physical environmental factors (McCann & Rooney, 2009). Thus, it become important to
include spatial (Vander Zanden & Rasmussen 1999) and temporal variations in isotopic
values to capture the factors that directly influence the habitat condition and food
availability (Cabana & Rasmussen, 1996). Food web structure changes over different
temporal scales, influenced by shifts in abiotic factors (e.g., temperature, organic matter)
and biotic processes (e.g., migrations, population dynamics) (Thompson et al., 2012;
Bergamino et al., 2015). These variations can shape species diversity, interactions and
energy flows, resulting in dynamic and site-specific food webs (Dézerald et al., 2018).
Several statistical tools and metrics have been developed to summarize community-
wide isotopic data, providing quantitative measures of trophic structure and
complexity at the ecosystem level (Layman et al., 2007a; Jackson et al., 2011). Applying
a Bayesian approach to these metrics allowed comparisons of trophic structure across
ecosystems and over time (Jackson et al. 2012).

Examining patterns of 8N and §'3C, ecologists are able to quantify several food
web attributes, including trophic length, niche overlap, trophic diversity, and
redundancy. This approach provided a comprehensive understanding of energy flow
and resource distribution among species (Jackson et al., 2011). But although these
metrics mainly reflected community-wide trophic structure based on species diversity,
there is no consideration about the functional aspects. To complement the existing
metrics, a set of four isotopic diversity metrics (isotopic divergence, dispersion,

evenness, and uniqueness) were developed. These metrics allow to quantify multiple
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facets of functional diversity of the community in a multidimensional isotopic space based
on functional traits (Cucherousset & Villéger, 2015), which become useful to accurately

identify the communities’ responses to several types of disturbances.

1.3.2 Estuarine food webs main structuring factors and their patterns

Estuarine food webs are complex and dynamic, shaped by various environmental
and biological factors (Vinagre et al., 2017; Young et al., 2021). The spatial and temporal
patterns of these food webs have just recently started to be investigated (Liu et al., 2020,
Szczepanek et al., 2021; Ziolkowska and Sokolowski, 2022). These studies highlighted
the significant influence of seasonally and spatially regulated organic matter inputs,
primary productivity, and physical and environmental variables on food webs.

Benthic organisms are crucial for capturing the spatial and temporal variability of
estuarine food web structures, reflecting diverse patterns of trophic relationships
(Donazar-Aramendia et al., 2019; Szczepanek et al., 2021). This is strongly related to
their small body size and fast turnover rates which allows them to respond rapidly to the
spatial-temporal variations of nutrients and organic matter inputs within the estuary
(Kortsch et al., 2018; Liu et al., 2020; Szczepanek et al., 2021). In estuarine benthic food
webs, diverse trophic pathways can occur due to high variability in trophic guild
diversity and the available resources, which are particularly abundant in estuarine
environments (Hoffman et al., 2015). Benthic organisms are mainly opportunistic
feeders, yet distinct trophic groups respond differently to quality parameters, suggesting
that food quality can significantly alter benthic trophic structure (Campanya-Llovet et
al., 2017).

Most marine food web studies focus on pelagic rather than benthic ecosystems,
creating a knowledge gap and a disentanglement within food web structures. Benthic
consumers already proved to play a crucial role in the connectivity between estuaries
and adjacent ecosystems, utilizing subsidies of terrestrial and marine origin (Dias et al.,
2023), serving as excellent models for studying the importance of energy pathways

across different locations within an estuary.

1.4 PhD project conceptualization

Estuarine and coastal ecosystems are considered among the most productive
ecosystems, even though highly disturbed by various environmental pressures. The
functional integrity of these systems is driven by complex interactions between
organisms, which play a crucial role in transferring energy to higher trophic levels. As a

result, food webs become a key component to include in the MSFD, being recognized
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as the function descriptor 4 (D4). The implementation of this descriptor remains
challenging due to the lack of significant information to evaluate and identify one
definitive condition that represents “GES”. To date, indicators developed under D4 have
focused mainly on well-studied pelagic habitats, overlooking benthic habitats that are
essential for detecting environmental disturbances and drawing energy pathways.
Despite their potential role as mediators of fundamental processes and energy flows,
little is known about how benthic communities shape bottom-up interactions (Figure
4).

Assessing the energy transferred to higher trophic levels requires studying the
diversity patterns of benthic communities, as multiple interactions occur during
biogeochemical processes. Furthermore, the interaction among communities and their
responses to varying habitat conditions remain poorly understood, limiting our full
comprehension of their role in energy pathways. Nematodes and bacteria have been
proven to be good indicators of fundamental processes, responding rapidly to different
habitat conditions. Evaluating their responses to different sediment conditions can
provide new insights into how environmental changes affect the interactions within
benthic communities, impacting other trophic levels and the entire benthic food web
(Figure 4).
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Figure 4. Graphical concept of the PhD project representing the sediment trophic state, biological
interactions mediating biogeochemical processes and implications in the benthic trophic webs
and energy pathways base on bottom-up effects.

Given the existing knowledge gaps regarding how benthic food webs influence
energy pathways and the estuarine ecosystem functioning, this PhD project aimed to

address the following scientific questions:
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How will different sediment conditions shape the:
a) composition and distribution patterns of benthic communities?
b) interactions within benthic communities?

c) trophic levels and the entire benthic food web?

Study Area

The Sado estuary, on the south-west coast of Portugal, is surrounded by extensive
urban and industrial areas with many polluting activities (e.g., Lisnave shipyard,
Navigator paper mill, and rice paddies). In contrast, parts of the estuary are
environmentally protected, highlighting the importance of ecological conservation and
biomonitoring. The estuary provides essential habitats for a wide range of species,
including migratory birds, fish, and invertebrates. The salt marshes, mudflats, and
intertidal zones provide important breeding and feeding grounds for many organisms. In
addition, the estuary supports several activities that exploit some areas that are
considered nurseries for fish and oysters.

Changes in sediment trophic conditions can influence the abundance and
diversity patterns of benthic communities of Sado estuary, directly affecting trophic
interactions and the energy transferred to higher trophic levels (bottom-up effect)

(Figure 4). The following hypothesis was initially proposed (Figure 5):

H1: Bacterial and nematode communities will respond equally to different sediment

conditions in Sado’s Estuary, presenting similar spatial-temporal distribution patterns;

H2: The decrease in food availability/quality alters carbon sources, increasing
small opportunistic species and reducing the number of specialist species and top

predators;

H3: The reduction of the energy transfer to higher trophic levels leads to overall

simplification of the benthic food webs.
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Figure 5. Abiotic and biotic interactions in response to different sediment conditions: implications
for energy pathways and ecosystem functioning. (H1) Hypothesis 1 and (H2) Hypothesis 2 and
Hypothesis 3 (H3).

To test the hypotheses, three sampling sites were selected considering
different biogeochemical properties, anthropogenic influences, and hydrodynamic
activity:

Chapter 2: “Tréia” sandy sediments, with an intermediate level of OM (a different
site from the other "Trdéia" site mentioned in chapters 3, 4 and 5); “Moinho” muddy
sediments with high levels of OM at the inner part of the estuary and “Navigator” sandy
sediments with low levels of OM and influenced by the paper mill.

Chapters 3, 4 and 5: “Troia” sandy sediments located in a protected area at the
mouth of the estuary, with low level of OM; “Gambia” intermediate level of OM, influenced
by aquaculture activities and “Navigator” high levels OM, influenced by the paper mill. All

samples were collected simultaneously during four different occasions (Figure 6)

presenting different environmental conditions (winter 2019 and 2020; summer 2020 and
2021).

Sado Estuary

=1 (=]
000600000

Figure 6. Sampling design to assess the spatial and temporal variability of the benthic
communities in Sado estuary (Chapter 3, 4 and 5): 3 sampling sites (Navigator, Gambia and
Troia) 4 sampling occasions (winter 2019 (win19) and 2020 (win20); summer 2020 (Sum 20) and
2021 (Sum 21)).
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Sediment was collected to analyse: a) biogeochemical composition, b) nematode

assemblage, c) bacterial communities; d) trophic composition; e) food sources.

Environmental parameters were measured in situ (e.g. salinity, oxygen, temperature and

pH). This sampling strategy was supported by the D4Ss project (Food-web approaches

to assess the functional benthic ecosystem interactions for Marine and Coastal

management under the MSFD), which initiated the framework for studying benthic

trophic interactions in the Sado estuary.

The main goals of this project were:

Investigate how the bottom-up processes can modulate the marine benthic food
webs;

Assess how different sediment conditions affect nematode and bacteria
communities’ structure (abundance and diversity) and the trophic pathways
(stable isotopic signatures) of the benthic food webs.

Develop high-throughput tools or methodologies to complement the routine
framework assessments of the D4 and other associated directives D1(biodiversity)
D6 (seafloor integrity) within the MSFD.

To achieve these goals the following objectives were performed:

1.

Analyze the spatial distribution patterns of bacterial and nematode communities
using 16S amplicon metagenomic and morphological identification, respectively,
and assess both communities’ responses to different sediment conditions in each
site, (Chapter 2);

Detailed analyze of the bacterial communities spatial and temporal patterns, using
16S metagenomic approach to describe their composition, potential metabolic
pathways and assess bacterial communities’ responses to different sediment
conditions (Chapter 3);

Investigate the spatial and temporal patterns of nematode assemblages using
morphological identification and relate the distribution pattens of both communities,
bacterial and nematode and potential implications for benthic trophic food webs
(Chapter 5);

Analyze spatial and temporal patterns of trophic web structures using stable
isotopic analysis (8'°N and 8'3C) to evaluate bottom-up effects based on food web
attributes (Chapter 4).

Examine and integrate the results to provide methodologies to assess the
Descriptor 4 and associated descriptors of the biodiversity theme (D1, D4 and D6)
of MSFD (Chapter 6).
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CHAPTER 2

2.1 Abstract

Benthic organisms are crucial in the regulation of the ecosystem functions. The
interactions between benthic nematodes and sediment bacteria across divergent
environmental conditions are poorly understood. The main goal of this study was to
understand the spatial distribution patterns and diversity of benthic bacterial communities
and nematode assemblages of the intertidal sediments in three sampling sites
(Navigator, Tréia and Moinho) along Sado Estuary (SW, Portugal). Bacterial
communities were described using a 16S metagenomic approach, while nematode
assemblages were characterized using morphological identification. Overall, bacterial
and nematode communities presented significant diversity between sites (p<0.05), which
is primarily related with the environmental variables (e.g., organic matter and percentage
of gravel). The spatial distribution of bacterial communities was in accordance with the
ecological conditions of three selected sites at a larger scale than nematode
assemblages. Previously described as good ecological indicators, nematode
assemblages were separated at sampling site level, suggesting that their response is
driven by within site specific factors at a smaller scale. Hence, the present study set a
fundamental ground for future research on functional interactions between bacteria and

nematodes.

Keywords: Benthic nematodes, 16S rRNA amplicon sequencing, bacterial

communities, Sado Estuary
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2.2 Introduction

Estuarine and coastal benthic ecosystems represent one of the major sources of
essential services for human well-being (Bonaglia et al., 2014; Schratzberger et al.,
2018). They play a crucial role in regulating fundamental ecosystem functions such as:
food production, degradation and distribution of pollutants, recycling of nutrients and
transfer energy through higher trophic levels (Schratzberger et al., 2018). These
functions are mediated by intra and interspecific interactions between organisms that
support the functional integrity of the benthic ecosystems (Schratzberger et al., 2020).

Benthic nematodes are the most abundant taxon of metazoan meiofauna,
representing 50-90% of total meiofauna abundance (Semprucci et al., 2014) and are
considered an important tool to assess the effects of natural and anthropogenic
disturbances in marine and estuarine sediments (Ridall et al., 2021). These organisms
also play important roles in several ecosystem processes, being involved in complex
relationships with microbial communities (Bonaglia et al., 2014; Nascimento et al., 2012;
Derycke et al., 2016). The trophic composition of the nematode assemblages has been
characterized by the morphological diversity of the buccal cavity providing feeding
preferences or morphologic restrictions by ingesting certain type of food (e.g., bacteria
or detritus). Under adverse environmental conditions, these assemblages can present a
high trophic plasticity adopting generalist feeding behaviour (Nascimento et al., 2012;
Derycke et al., 2016). Furthermore, nematode activities related with bioturbation,
extracellular polymeric substances (EPS) production and grazing have been proved to
be important contributors to stimulate the bacterial development and growth (Moens et
al., 2005; De Mesel et al., 2006; D’Hondt et al., 2018). Nematodes are thus important
mediators of energy transfer to higher trophic levels (Moens et al., 2005; De Mesel et al.,
2006; D’Hondt et al., 2018; Vafeiadou et al., 2013), while sediment microbes are the
primary facilitators of biogeochemical processes, such as carbon remineralization and
sulphate reduction (Hargrave et al., 2008; Wang et al., 2020). A strong interconnection
between nematode-microbe communities is well recognized, the presence of nematodes
enhances bacterial metabolic activities, while bacteria provide physiological adaptations
to nematodes under hypoxic and anoxic conditions (Bayer et al., 2009; Nascimento et
al., 2012; Broman et al., 2020).

Assessing ecosystem conditions become one of the major concerns over the past
two decades. Majority of the studies have been focused on the analysis of a single
domain distribution patterns and relate with ecosystem environmental parameters
(Materatski et al., 2015; Branco et al., 2018; Bulseco et al., 2020). However, such

approach does not consider the interaction between organisms belonging to different
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domains, thereby limiting the assessment of the functional component of the ecosystem.
Besides the existence of the above-mentioned associations between bacteria and
nematodes, it is still largely unknown how both groups interact in the context of
community distributional patterns and most importantly if exists any congruence between
both groups in their response to ecological conditions. Applying the novel high
performance methodological approaches such as 16S metagenomics to analyse the
sediment bacterial diversity provide the possibility to develop essential understanding of
the connection between benthic organisms. The main goal of this study was to
understand the relation between the spatial distribution patterns and diversity of benthic
bacterial and nematode communities of the intertidal sediments in Sado Estuary in
Portugal. The diversity patterns were investigated using: /) a 16S metagenomic approach
for bacterial communities’ assessment; and i) a morphological approach for the
characterization of nematode assemblages. The sediment biogeochemical conditions
were analysed to assess the ecological conditions at each sampling site. Drawing from
above it is hypothesized that spatial distribution of both communities will follow a close
pattern, both responding to the environmental conditions of the sampling sites in Sado's

Estuary.

2.3 Material and Methods

2.3.1 Study area and sampling design

The Sado Estuary is the second largest estuarine system in Portugal, with an
area of approximately 240 km?, being one of the most important wetlands in Europe
(Bettencourt et al., 2003) (Fig. 1). The intertidal areas comprise approximately 78 km?,
of which 30% are salt marshes and intertidal flats (Caeiro et al., 2005). Sado estuary has
a semi-diurnal mesotidal system with tidal amplitude varying between 0.6 m and 1.6 m
during spring and neap tides, respectively. The salinity gradient ranges between 0.75 at
upstream to 35.34 at downstream (Sroczynska et al. 2021), and it is influenced by the
Sado’s river flow (annual mean of 40m3®s™") changing with seasonal and inter-annual

conditions and temperature can range from 10 to 26°C (Bettencourt et al., 2003).
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Figure 1. Sado estuary located at Southwest of Portugal (38° 31' 14" N, 8° 53' 32" W). The
selected sampling sites: Navigator (38.487033, -8.795686) (grey circle), highly industrialized
area; Moinho (38.528101, -8.802995) (orange circle) with high organic inputs and Trdéia
(38.417317, -8.816433) (green circle) with coarser sediment. Moinho and Trdia are situated in a
protected area.

The sampling sites were selected based on the expected differences in
environmental conditions of the sediments according to water hydrodynamics within the
Estuary (high/low water residence time), salinity gradient and the type of neighbouring
anthropogenic activities (Caeiro et al., 2005; Kennedy et al., 2005; Sroczynska et al.,
2021). Based on above-mentioned criteria three “Sampling Sites” were selected (Fig. 1):
(1) Navigator Site located in the proximity of industrial area, dominated by fine sand, clay
and high organic contents (Caeiro et al., 2005); (2) Moinho Site is located within the
borders of the Sado’s Nature Reserve, affected by the surrounding aquaculture activities
with the predominance of clay-fine sediments (Kennedy et al., 2005); (3) Troia Site is
located close to the Estuary mouth, is directly exposed to the main estuary channel, with
high water exchange rate and high proportion of sand (Sroczynska et al., 2021).

Samples were collected between January and February of 2019 at each sampling
site during neap low tide. At each site, three sediment samples were randomly collected
for community analysis (nematode, n=3; bacteria, n=3) and for sediment physical-

chemical analysis (n=3).
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2.3.2 Sediment physicochemical processing

The characterization of sediment samples included the analyses of total organic
matter (OM) (%), granulometry, and elemental analysis (C and N), according to Costa et
al. (2011). The sediment OM content (derived from the total combustible C content) was
determined from the organic loss-on-ignition after burning samples at 400 °C for 3h.
Gravel (>2mm), sand (2-0.063mm) and fine fraction (FF) (<0.063mm) were determined
by hydraulic sieving following disaggregation with pyrophosphate (Costa et al., 2011).
For elemental analyses, each sediment sample was first dried (60 °C) to constant weight
and subsequently grinded on a planetary micro mill Pulverisette 7 Classic Line from
Fritsch. About 1,5 - 2,3 mg of grinded and combusted samples were placed in tin
capsules (3,2 x4 mm) and run in a TruSpec® Micro CHNS elemental analyser (Version
2.72) from LECO, for the simultaneous analysis of total C (TC) and N (TN), as described
in (Teixeira et al., 2020). The independent infrared detectors detect the C content and
the thermal conductivity detection system, the N content. The results are expressed as
weight percentage (wt.%). The relative precision calculated from repeated measurement
of samples and standards was 0.05%. In each sampling site, the salinity (SAL) of the

sediment interstitial water was measured in situ using a VWR pHenomenal ® MU 600 H.
2.3.3 Sample processing of benthic communities
2.3.3.1 Total DNA extraction of sediment and amplicon sequencing

Samples were taken from sediment surface at 10 cm depth into a sterilized 50-
mL Falcon Tube (& 30mm), snap-freezed in dry ice and transported into the lab, where
were stored at -80°C until DNA extraction. Total DNA extraction from 0.25 g of the
sediment (surface between 0-3 cm) was conducted under sterile conditions, using the
DNeasy® PowerSoil® kit (QIAGEN, Hilden, Germany) following the manufacturer’s
instructions. For cell lysis, samples were homogenized in a Precellys 24 Tissue
Homogenizer (Bertin Instruments) for a total of 6 min under the program 2x 20s at 5000
rpm. The quality and quantity of total DNA was analysed through NanoDropTM2000
Spectrophotometer (Thermo Fisher) and Qubit4® fluorometer (Thermo Fisher Scientific).
The presence of amplifiable DNA was confirmed by amplicon amplification with primers
flanking the V4 region of 16S rRNA (515F-806R) (Caporaso et al.,2012). A total of 9
samples were selected and sent for sequencing on Illlumina MiSeq 2x 250bp (lllumina,
Inc. San Diego, CA, USA) for INVIEW Microbiome at EUROFINS Genomics (Cologne,
Germany). The protocol for preparation of the 16S rRNA gene library is detailed in 16S
Metagenomic Sequencing Library Preparation Reference guide Part#15044223 Rev.B.
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2.3.3.2 Bioinformatics analyses and data availability

Raw lllumina data was demultiplexed and quality-filtered using the defaults
parameters of QIIME2 (Bolyen et al., 2019). Single-end read data were denoised using
DADA2 plugin (Callahan et al., 2016), that discarded biased reads (e.g., chimeras,
singletons) and determined the amplicon sequence variants (ASVs). Further, ASVs were
clustered into Operational Taxonomic Units (OTUs) at 97% similarity using VSEARCH
open-reference OTU picking strategy against the SILVA v138 reference database (Quast
et al., 2013). Representative sequences were assigned taxonomy using a trained Naive
Bayes classifier (SILVA 138) (Bokulich et al., 2021) for V3-V4 hyper variable region from
16S rRNA. The resulting OTUs table was filtered to keep only features with a total
abundance over 10. OTUs classified as chloroplast, mitochondria, eukaryote, archaea,
and unassigned were also removed. Filtered OTUs table was rarefied at 14000
sequences per sample, the lowest sequencing depth (Appendix A, Fig. A.1). Raw data
supporting our results have been deposited into the NCBI SRA repository under the
Bioproject PRJNAG80980 and accessions SRR13151077-13151079 (NAV),
SRR13165305-13165307 (TRO), and SRR13165323- SRR13165325 (MOI).

2.3.3.3 Nematode assemblages

Nematode samples were collected by forcing a hand core (3.8 cm inner diameter)
to a depth of 3 cm into sediment. Each replicate was fixed in a 4% buffered formalin.
Each sample was first rinsed on a 1000 um mesh sieve and then on a 38 um mesh sieve.
Nematodes were extracted from sediment using LUDOX HS-40 coloidal silica at specific
gravity 1.18 g cm? (Heip et al, 1985). Nematodes were counted using a
stereomicroscope Leica M205 (100x magnification) and a counting dish. From each
replicate, a random set of 120 nematodes was picked, transferred through a graded
series of glycerol-ethanol solutions, stored in anhydrous glycerol, and mounted on slides
for further identification (Vincx, 1996). Based on morphological characters, each
nematode was identified until genus level (Olympus BX50 light microscope and cell
software D Olympus, Japan). Taxonomic identification until genera, that is considered a
level with good resolution in communities’ assessment (Warwick et al., 1998) and was
made using pictorial keys (Warwick et al., 1998; Platt & Warwick, 1983), and online

identification keys/literature available in the Nemys database (Bezerra et al., 2021).

2.3.4 Statistical analyses

The statistical analyses of the nematode assemblages and environmental data

was performed using the PRIMER v6 software package (Clarke &Warwick, 2001) with
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permutational analysis of variance (PERMANOVA) add-on package (Anderson et al.,
2008). Statistical analyses of 16S rRNA metagenomics was performed in Quantitative
Insights into Microbial Ecology (QIIMEZ2, version 2020.8) (Bolyen et al.,2019) and
phyloseq R package (McMurdie & Holmes, 2013).

2.3.4.1 Environmental factors

To explore the multidimensional patterns of the environmental data,
environmental matrix was analysed using Principal Component Analysis (PCA). The
resemblance matrix was based on Euclidean distances and checked for uniform
distribution, when necessary, the data was log (X+1) transformed and normalized
(subtracting the mean and dividing by the standard deviation, for each variable) (Clarke
and Warwick, 2001). The high correlated variables were selected and removed from the

analysis.
2.3.4.2 Bacterial and Nematode Communities

Bacterial communities a- and B-diversity indexes were calculated with q2-
diversity plugin. For a-diversity analysis, several metrics were determined: Observed
OTUs, Chao1, Shannon, Simpson, and Pielou’s Evenness. To detect significant
differences of a-diversity indices between sites, Kruskal-Wallis tests were performed,
p<0.05. To detect significant differences of B-diversity index was performed one-way
PERMANOVA, p<0.05.

To assess the diversity of nematode assemblages, Margalef's richness Index (d)
(Margalef, 1958) and Shannon Wiener diversity (Ho) (Shannon & Weaver, 1963) were
determined. To evaluate the trophic composition, each nematode genus was assigned
to one of the four feeding groups based on mouth morphology, as follows: selective (1A)
and non-selective (1B) deposit feeders, epigrowth feeders (2A) and omnivores/predators
(2B) (Wieser, 1953). Based on the above-mentioned feeding-type classification, the
reciprocal trophic diversity index (ITD™") was calculated to ascertain higher trophic
diversity (Heip et al., 1985). The Maturity index (MI) was utilised as a life strategy
measure, in which nematode genera were assigned to a colonizer/persister scale (c-p
scale) varying between 1 (colonizers) and 5 (persisters) (Bongers et al.,1990; Bongers
et al.,1991). One-way PERMANOVA analysis was performed to detect significant
differences between nematode assemblages from each site, using the following design:
fixed factor “Site” with 3 levels “Moinho”; “Navigator”; “Tréia”, applying Bray-Curtis
similarity matrix (Clarke &Warwick, 2001) with the significant level, p<0.05. The same

statistical test was performed for all diversity and functional descriptors to detect
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significant differences (p<0.05) in the composition of the assemblages between “Sites”.
Data dispersions were inspected with PERMDISP and nematode density data were
square root transformed. Within both communities, the relative contribution of each taxon
to the (dis)similarities between sites was calculated using the Bray Curtis method,

SIMPER two-way crossover similarity percentage analysis (100% cut-off percentage).
2.3.4.3 Environmental factors influencing the both communities

Redundancy Analysis (RDA) was conducted to test linear combinations of the
environmental variables that best explain the variation of the bacteria and nematode
communities’ patterns. The response dataset consisted of Hellinger-transformed relative
bacteria (observed OTUs with taxonomy assignment, corresponding to the 20 most
abundant taxa) matrix, nematode genera abundance matrix (Legendre et al., 2001) and
explanatory environmental data. Variation inflation factors (VIF) where calculated to
check for linear dependencies and to ensure that only variables with small VIFs (<10)
were included. These were: “OM”, “Gravel”, “FF”, “SAL”, “Sand”, “TC” and “TN”. “TN”
was removed from the analysis due to high (>95%) correlation with” TC”. All the variables
were transformed using arcsine square root transformation, except for “TC” and salinity
that was log10 transformed. A forward selection procedure, using function “ordiR2step()”
was utilised to select only significant variables (p<0.05) . RDA analysis was performed
in R (Legendre et al., 2001) using “vegan” and “BiodiversityR” packages (Kindt and Coe,
2005). To test the correlation between both ordinations (bacteria and nematodes) it was
performed Procrustean test. Procrustean test measures the degree of concordance
between two or more datasets having different characteristics and if statistically
significant, two datasets reflect in the same way the processes that determine their

association (Peres-Neto and Jackson, 2001).

2.4 Results

2.4.1 Environmental variables

The environmental variables measured in sediment revealed three distinct
sampling sites (Table B.1). Moinho sediment was predominantly characterized by the
highest mean values (%) of Gravel (2.27 + 0.61), FF (80.9 £ 2.2), OM (11.1 £ 0.3), TC
(1.46 £0.02)and TN (0.16 £ 0.002), while sediments from Tréia and Navigator presented
the highest values of Sand (79.0 £ 7.2 and 78.6 £ 2.1, respectively) and SAL (35.2 £ 0.5
and 34.7% 0.13, respectively) (Appendix B, Table B.1). These results were supported
with a clear separation in the PCA (Principal Component Analysis) (PC1: 73,6% and PC2
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22%) (Fig. 2). Moinho site was associated with high sediment OM content, FF and total

TN, while Navigator and Troia sites were associated with high SAL and %Gravel,

respectively.
2 Sites
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Figure 2. PCA plot based on Euclidian distances, according to environmental variables measured
(Organic Matter: OM, gravel, Fine Fraction: FF, Total Nitrogen: TN and Salinity: sal) at each
sampling site: Navigator, Moinho and Troia, PC1 73,6%; PC2 22%.

2.4.2 Sequencing statistics, diversity, and richness estimations

lllumina sequencing of the 9 sediment samples (Navigator, NAVR1-R3; Trdia,
TROIAR1-R3; and Moinho, MOIR1-R3) yielded a total of 435.781 sequence reads, out
of which 175.796 high-quality V3-V4 16S rRNA sequence reads were clustered into
1.683 OTUs. For each sample, 14000 reads were considered for further analysis after
rarefaction (Appendix A, Fig. A.1). The estimated bacterial richness (Chao 1) ranged
between 608.2 + 46.1 at Moinho and 670.3 + 33.7 at Navigator (Table 1).

Table 1. Mean + standard error (SE), n=3 of Alpha diversity descriptors (Observed OTUs, Chao1,
Shannon, Simpson and Pielou’s Evenness) calculated for the bacterial communities from each
sampling site: Moinho (MOI), Navigator (NAV), Tréia (TROIA).

Observed Chao1 Shannon Simpson Pielou's Evenness
MOl 453.3 £ 30.5 608.2 + 46.1 8.6+ 0.1 0.9+0.1 0.93 + 0.0006
NAV 498.6 + 30.1 670.3 £ 33.7 8.7+ 0.1 0.9+0.1 0.93 £ 0.004
TROIA 455.3 £43.3 616.1 + 63 8.6+0.1 0,9+0.1 0.93 £ 0.001

While the diversity and evenness were similar between sites, no significant

differences were obtained (p=0.670) in accordance with Kruskal-Wallis test (Appendix
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B, Table B.2). In terms of B-diversity, significant differences in bacterial composition
(PERMANOVA, p=0.007) were obtained between sampling sites (Table 2).

Table 2. One-way PERMANOVA test, Beta-diversity of bacterial communities, between "Sites"
(3 level fixed) for all variables analysed, (p=0.007), n=3.

Degree .

of Sum squares Mean Pseudo- P(perm) Unique P(MC)
square F perms

freedom

2 1108.3 554.13 1.7106 0.007 280 0.0983
Bacterial
abundance 6 1943.7 323.95

8 3052

2.4.3 Bacterial composition, abundance across sites
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Figure 3. Bar plot displays the relative abundance of OTUs (%). Representing the top 10 most
abundant Phylum in each site Moinho; Navigator and Trdia, the other relative frequencies are
collapsed into the Others category.

Bacterial communities from all sites were composed by 53 phyla from which 18
phyla were the most representative, accounting for more than 90% of the taxa with more
than 1% of the communities’ total abundance (Fig. 3). The most relative abundant phyla
were: Pseudomonadota (38-42%), Desulfobacterota (20-23%), Chloroflexota (5-9%),
Bacteroidota (5-6%) and Acidobacteriota (2%). In all sampling sites the
Steroidobacterales, Desulfobacterales and Desulfobulbales were the most relative
abundant orders (Appendix A, Fig. A.2), which were represented by high relative
abundance of the families Woeseiaceae, Desulfobulbaceae and Desulfosarcinaceae
and genera Woeseia and Sva0081_sediment_group. The bacterial community of the

Moinho was distinguished from the others by the different relative abundance of common
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taxa and the genera Sva1033 (3.6-3.7%), B2M28 (1.9-2.8%) and Candidatus Thiobios
(1.6-2.5%). While the Navigator community is distinguished from the others by the
prevalence of the phylum Cyanobacteria which is exclusively represented by
Pleurocapsa_PCC-7319 genus (0-4%) (Xenococcaceae). Troia’s bacterial community
was distinguished from the others by the different relative abundance of common taxa
and the genera SEEP-SRB1 (1.7-2.6%), SBR1031 (1.8-3.7%) and Sva1033 (2.7-3.6%).
The SIMPER analysis showed that Woeseia, Sva0081_sediment_group and Sva1033
(Similarity 268 %) contributed the most for the similarity within the three sampling sites.
Moreover, the great contributors for the major dissimilarities between sites were the
genera SEEP-SRB1 and SBR1031 (Moinho vs Tréia, dissimilarity 29.94%),
Pleurocapsa_PCC-7319, Myxosarcina_Gll and Cyanobacterium_CLg1 from the order
Cyanobacteriales (Moinho vs Navigator and Navigator vs Troia, dissimilarity 34-36%)
(Appendix B, Table B.3).

2.4.4 Density and structural diversity of nematode assemblages
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Figure 4. Bar plot displays the relative density (%) of the top 10 most abundant of nematodes
genera in each sampling site Moinho, Navigator and Trdia, the other relative frequencies are
collapsed into the Others category.

Overall, the nematode density varied between 2706.3 and 13466.9 individuals per
10 cm? (Table 3). The nematode assemblages of Moinho site registered the mean
density (13466.9 + 1631.1 ind. 10 cm™), whilst the lowest mean density was obtained at
Navigator sampling site (2706.4 + 1092 ind. 10 cm™). PERMANOVA analysis for the
nematode density revealed significant differences between “Sites”, p= 0.012 (Appendix
B, Table B.4). The nematode assemblages of all sites were represented by the

predominance of the orders Chromadorida, Monhysterida and Enoplida accounting for
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more than 80% of the total relative density. All assemblages were composed by the
families Linhomoeidae, Desmodoridae and Comesomatidae. Nematode assemblages of
Moinho are composed by 20 genera belonging to 13 families from which the genera
Metachromadora (56%), Terschellingia (14%), Sabatieria (7%) and Axonolaimus (5%)
account for 84% of the total relative density. The nematode assemblages collected at
Navigator site were composed by 29 genera belonging to 14 families with genera
Terschellingia (52%), Metachromadora (15%), Sabatieria (9%) and Anoplostoma (5%)
accounting for 82% of the total relative density. The nematodes identified at Troia
sampling site were composed of 20 genera from 12 families with genera
Metachromadora (49%), Terschellingia (16%), Ptycholaimellus (7%) and Sabatieria (7%)
representing 80% of the assemblages collected (Fig. 4 and Appendix A, Fig. A.3).

Table 3. Mean density + standard error (SE), n=3, of the nematode genera (number of individuals
per 10 cm™2), at each sampling site (Moinho, Navigator and Tréia). Trophic group (TG) and ¢—p
value of each genera included. Only the most abundant genera are included in this table.

Genera TG v;ﬁl-e Moinho Navigator Tréia
Metachromadora 2B 2 7557.7 + 803 412.8 +127 1872.5 £ 249
Terschellingia 1A 3 1868.2 £ 777 1413.8 + 844 613.6 £ 111
Sabatieria 1B 2 1146.1 £ 653 256.2 £ 40 285.4 £+ 50
Axonolaimus 1B 2 733.8 £ 294 125+6 68.4 + 11
Sphaerolaimus 2B 3 730.9 £ 410 4576 421+4
Ptycholaimellus 2A 3 3714 £ 113 19+7 286.2 £ 212
Anoplostoma 1B 2 204.7 + 94 131.5+44 95.6 + 56
Daptonema 1B 2 169.7 + 68 23.8 + 11 16.3+12
Daptonema sp1 1B 2 149.1 £ 115 285+9 59+ 34
Spilophorella 2A 2 994 +77 0 796
Microlaimus 2A 2 64.1 £ 49 52 + 40 29.7 + 23
Comesoma 1B 2 49.7 + 38 32+2 0
Dichromadora 2A 2 49.7 £ 38 79+3 49.1 + 38
Oncholaimellus 2B 3 49.7 £ 38 278+ 21 0
Praeacanthonchus 2A 4 49.7 + 38 3.3+2 243 +10
Anticoma 1A 2 35.1+£27 0
Cyatholaimus 2A 2 35.1 27 271+ 11
Prochromadorella 2A 2 35.1+£27 0
Viscosia 2B 3 35.1+27 349+13 73.4 47

Total 13466.8 + 3745 2706.3 + 1304 3842.8 + 1036

SIMPER analysis showed that Metachromadora Terschellingia, Sabatieria and
Axonolaimus were the genera that most contributed for the similarity within each site,
while Metachromadora, Terschellingia and Axonolaimus were the genera that most

contributed for the dissimilarity between sites (Appendix B, Fig. B.3). Although the

42



CHAPTER 2

assemblages of Moinho and Navigator were clearly separated, the nematode community

patterns showed distinct spatial distribution comparing with bacterial communities.

2.4.5 Structural diversity, trophic composition and functional diversity

Table 4. Mean + standard error (SE), n=3 of diversity descriptors of nematode assemblages (S)
genera, (d) Margalef, (H) Shannon (logo based); (ITD-") reciprocal Index Trophic Diversity and
(MI) Maturity Index). from each sampling site: Moinho (MOI), Navigator (NAV), Tréia (TROIA).

Samples S d H'(log.) ITD? mi
Mo1 11.3+0.9 1.1+0.08 1.4+0.1 2+0.1 2.2+0.06
NAV 176+ 15 22+0.3 1.9+0.2 25+02  24%0.09

TROIA 13+1.2 1.4 £0.1 16+0.09 25+015 2.3+0.02

According to PERMANOVA analysis based on structural diversity descriptors (d,
H', ITD" and MI), significant differences were obtained between "Sites" (p = 0.038) for
Margalef's richness index (d) (Appendix B, Table B.4), whose highest diversity values
were obtained at Navigator (Table 4). In addition to the high abundance of
omnivores/predators (2B) at all sampling sites, particularly at Moinho (52% of total
density), at Navigator selective (1A) and non-selective (1B) deposit feeders accounted
for 63% of the Navigator assemblages. Tréia nematode assemblages were mainly
comprised of omnivores/predators (2B: 45%) and selective deposit feeders (1A: 18%)
(Table 3). PERMANOVA analysis of the nematode trophic composition data revealed
significant differences between “Sites” (p=0.0029) (Appendix B, Table B.4).

The ITD" values ranged from 1.7 to 3 and were very similar between assemblages
for all sites. The MI varied from 2.1 to 2.7 and the highest mean value was obtained in
Navigator assemblages. These results revealed the colonizer strategy (c-p value 2)
dominated at Moinho (57%) and Tréia (42%). Navigator sampling site was PERMANOVA
analysis of the functional diversity descriptors revealed no significance differences
between “Sites” (ITD', p =0.246; MI, p=0.064) (Appendix B, Table B.4), highlighting the
prevalence of similar trophic diversity and opportunistic strategies among nematodes

inhabiting all three sites. dominated (46%) by the genera classified as c—p value 3.
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2.4.6 Environmental variables influencing the spatial patterns of bacterial and

nematodes assemblages

RDA plot of bacterial communities
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Figure 5 (A). Constrained redundancy analysis displaying contributions of environmental factors
to bacterial composition (RDA1= 56% and RDA2 = 8%). The species that are displayed in the
graph have a goodness of fit higher than 0.4.

The RDA ordination on bacterial communities constrained by the environmental
variables was highly significant (F =5.44, p=0.001, adjusted R2Ad =0.53) (Fig. 5A). The
cumulative explained proportion of both axes was remarkably high reaching 64.44%. The
environmental variables that emerged as significant were % Gravel (p=0.045) and % OM
(p=0.005). According to triplot (Fig. 5A), there was a very clear separation of all sites,
particularly Navigator with clear separation from Moinho and Troia along the first axis
accounting for the highest proportion explained (56.27 %) of the total variability in
community data. High proportions of gravel were strongly associated with NAVR3.
Desulfocapsaceae and llumatobacteraceae families were associated to NAVR1 and
NAVR2. Moinho was characterized by high OM deposits with certain affinity of:
Desulfobulbaceae, B2M28, Chromatiaceae, and Sva1033 families. Tréia sampling sites
(TROIAR1-R3) were tightly grouped together with strong affinity of SBR1031,

Desulfosarcinaceae, Cyclobacteriaceae as well as BD2.11_terrestrial group (Fig. 5A).
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RDA plot of nematode communities
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Figure 5 (B). Constrained redundancy analysis displaying contributions of environmental factors
to nematode assemblages (RDA1= 25.5% and RDA2 = 28.5%). The species that are displayed
in the graph have a goodness of fit higher than 0.2.

The RDA ordination on nematode’s assemblages data constrained by the
environmental variables was significant (F=2.40 p=0.023, adjusted R2Adj=0.15),
however after forward selection of the variables, solely OM emerged as a significant
variable (p=0.025), leaving only first RDA axis explaining 25% of the variability in the
variance in nematode assemblages data (Fig. 5B). Contrary to bacterial communities,
there is no obvious site separation, and it can be also observed a certain dispersal of all
of the sites along both axes. Navigator sampling stations are separated from the
remaining locations along the first axis. The only significant environmental variable
emerged was OM that was highly associated to MOIR3 characterized the presence of
Metachromadora genus. Genera associated to NAVR2 included Odontophora and
Calyptronema. Axonolaimus was correlated with MOIR2 while Metalinhomoeus and
Spirina were associated to TROIAR3. The presence of Anoplostoma was related to
NAVR1. Moinho and Troia were not separated at the RDA plot, but the separation of
sites was rather exhibited at the level of sampling stations, within each site than by the
level of sites. The result of Procrustean test that analysed the correlation between both
ordinations was not significant (Correlation in a symmetric Procrustes rotation: 0.6743,
p=0.142) indicating significantly different patterns in the ordination for nematode and

bacterial communities.
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2.5 Discussion

The high spectrum of environmental conditions registered in estuarine sediment
are well known to capture a variety of adaptive responses in benthic communities
(Sroczynska et al., 2021). In this study, the spatial distributions of bacterial and nematode
assemblages were studied at three different sites of Sado Estuary to evaluate the
hypothesis that spatial distribution of both communities follow close patterns, responding
congruently to the sediment conditions. Concerning environmental variables, the results
showed a clear spatial distribution pattern undermining significant differences between
sites for both communities. Still, we could not observe these patterns between bacterial
communities and nematodes assemblages: bacterial communities of Navigator were
separated from the other communities, while nematode assemblages of Moinho were
set apart from the Navigator and Troia sites.

The influence of the environmental conditions on the spatial distribution patterns
of the bacterial communities is well known (Jessen et al., 2017). Desulfobacterota was
one of the most abundant phyla present at all sites, known to play important roles in most
of the biogeochemical processes in the anoxic layer of estuarine sediments (e.g.,
anaerobic processes in S and C cycles) (Baker et al., 2015; Jessen et al., 2017; Raggi
et al., 2020). The presence of Woeseiaceae and Halieaceae families were also detected
in all sampling sites, which is corroborated by their wide occurrence and contribution to
the biogeochemical processes in marine sediments (Spring et al., 2015; Marshall et al.,
2021). Symbiotic organisms from the family Rhodobacteraceae (De Mesel et al., 2006)
and sulfur-oxidizing bacteria Candidatus Thiobios were also detected in abundance in
all sampling sites. These organisms are recognized to be involved in symbiotic
mechanisms with nematodes, providing them beneficial physiologic adaptations (such
as protection against adverse conditions) (Ott et al., 2004; Bayer et al.,2009;
Zimmermann et al., 2016). In the case of Moinho site, the high prevalence of
Desulfobulbaceae family may evidence the anoxic conditions of the sediments, since the
metabolic processes of these sulphate reducers are mainly involved in anaerobic
degradation of OM (Raggi et al., 2020). Cyanobacteria phylum was responsible for
separating bacterial communities of Navigator from the other sites, with the exclusive
presence of the unicellular and pseudo-filamentous genus Pleurocapsa (Kolda et al.,
2020). These organisms are regarded as ecological important groups in estuarine and
coastal environments being primary producers and N/C fixators. Their increased growth
highlights the presence of opportunistic species with the release of cyanotoxins (Kolda
et al., 2020). The distribution patterns of bacterial communities at the Navigator site are

strictly related with the high proportions of %Gravel and SAL, which is in accordance with

46



CHAPTER 2

Kolda et al., (2020), that showed the preference of cyanobacteria for a sandy gravel type
of sediment.

At Sado’s Estuary, the density of nematode assemblages was high considering
other Portuguese estuaries (SW coast of Europe) such as Mira and Mondego (Alves et
al., 2013; Materatski et al.,, 2015). The Moinho sampling site registered the highest
nematode density, which may be related with high OM content available at the bottom of
the sediments (Moens et al., 2005; Adao et al., 2009). The predominance of sandy
sediments in Navigator and Troia sampling sites contributed to the low nematode density
but a diversity increase, possibly related with the broader range of microhabitats
available for nematodes in these sediments when compared to muddy ones (Steyaert et
al., 2003). In all sampling sites, the dominant genera were Metachromadora, Sabatieria,
Axonolaimus and Terschellingia, similar composition to mud-flat areas of Mondego
estuary (Alves et al., 2013) and also to the previous study in Sado estuary (Sroczynska
et al., 2021). The spatial distribution patterns base on ITD' and Ml indexes were also
similar to those verified in Mondego, Mira and Sado estuaries (Alves et al., 2009;
Materatski et al., 2015; Sroczyhska et al., 2021a). However, the trophic composition of
nematode assemblages showed different results from previous studies (i.e., usually
dominated by non-selective deposit feeders (1B) and epistrate feeders (2A) (Alves et al.,
2013; Branco et al., 2018). The omnivores/predators (2B) were abundant in all sampling
sites, which are mainly grazers of microphytobenthos and bacteria (D’Hondt et al., 2018;
Van der Heijden et al., 2019). These organisms are usually able to vary in their feeding
mode in response to the food availability being difficult to draw a general trend in
abundance of these feeding groups (De Mesel et al., 2006; Van der Heijden et al., 2019).
Nematode assemblages sampled in Navigator showed a high percentage of non- and
selective deposit feeders (1A and 1B) such as Terschellingia and Sabatieria, which are
usually favoured by the depositional nature and hypoxic conditions of the sediment.
These observations highlighted the possibility that the bacterial composition might be
related to the feeding preferences of nematodes and to their affinity for cyanobacterial
biofilms (Derycke et al., 2016; D’Hondt et al., 2018). Moreover, Vafeiadou et al., (2013)
and Sahraean et al.,, (2017) also demonstrated by stable isotope analysis that
Terschellingia can thrive under conditions that benefit the chemoautotrophic prokaryotic
activity by using methane-derived carbon as energy source. Despite the high abundance
and co-occurring of Terschellingia and Cyanobacteria at Navigator, it was not possible
to draw conclusion about the type of nematode-bacteria interactions at this stage. Apart
from the shared environmental preferences and other indirect relationships, further
hypothesis-based studies are needed to better understand the potential interactions

between co-occurring taxa.
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The RDA analysis demonstrated that variables that contribute most to spatial
distribution patterns for both nematode and bacterial communities, were OM and
%Gravel. Besides bacterial-based RDA had only two environmental variables
significantly correlated with the community ordination, its overall significance and
remarkably high AdjRsquare indicates that only these two variables were able to predict
the majority of the variability occurred in bacterial community data. These observations
were not reported by other studies, so far. Nematode assemblages are considered a
good ecological indicator to specific sampling locations (Branco et al., 2018). In this
study, the distribution patterns of this community may suggest that their responses are

driven by site specific factors, acting at the small spatial scale.

2.6 Concluding remarks

Using a multivariate approach on two datasets delivered from metagenomic
assessment (16S rRNA amplicon sequencing) of bacteria and morphological
assessment of nematodes allowed us to analyse the spatial distributional patterns under
different ecological sediment conditions. We conclude the spatial pattern of nematodes
is driven by small-scale factors within each site, explained by the sediment OM content.
However, the spatial pattern of bacteria is driven by factors acting on larger scale
between sites, explained by the %Gravel and sediment OM content. The methodology
applied was not sensitive enough to ascertain estuarine sediment bacteria-nematode
interactions. However, the spatial patterns presented by both communities in this study
set a fundamental ground for future research on functional interactions between bacteria

and nematodes.
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Figure A.1 Rarefaction curve of reads clustered in OTUs each sampling site Moinho (MOIR1-
R3), Navigator (NAVR1-R3) and Tréia (TROIAR1-R3).
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Figure A.2 Heatmap of the top 10 of most abundant orders represented in the bacterial
communities of each site Moinho (MOIR1-R3); Navigator (NAVR1-R3) and Troia (TROIAR1-R3)
and were sorted by Bray Curtis similarity.
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Figure A.3 Heatmap showing the density at Genus-level of nematode communities in each site
Moinho (MOIR1-R3); Navigator (NAVR1-R3) and Tréia (TROIAR1-R3) and were sorted by Bray

Curtis similarity.

Appendix B - Tables

Table B.1 MeantSE, n=3, of the environment parameters measured in sediments from each
sampling site - Moinho (MOI), Navigator (NAV) and Tréia (TROIA). Granulometric parameters
(%) are Gravel, Sand and Fine fraction (FF). The elemental analysis (W%) are organic matter

(OM), Total Nitrogen and Carbon (TN and TC). Sal: salinity.

MOl NAV TROIA

GRAVEL 227+0.61 3.7+0.56 0.06 + 0.03
SAND 16.8+£2.5 78.6 £ 2.1 79.0+7.2
FF 80.9+22 176+ 2.6 20.8 7 .2
oM 11.1+£0.3 3.7+0.6 6.8+0.3
TN 0.16+0.002 0.04+0.002 0.08+0.01
TC 1.46+0.02 0.6+0.04 0.8+0.1
SAL 20.8+0.17 34.7£0.13 35205
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Table B.2 Kruskal-Wallis test: bacterial communities alpha diversity significance between groups
(Moinho, Navigator, Tréia), p<0.05.

H p-value g-value
All goups 0.8 0.670
Group 1 Group 2
Moinho (n=3) | Navigator (n=3) 1.190 0.275 0.825
Troia (n=3) Moinho (n=3) 0.827 0.827
Navigator (n=3) | Troia (n=3) 0.047 0.827 0.827

Table B.3 SIMPER summarized table of the bacterial and nematode communities, with the
genera that most contributed for (dis)similarities (%), within and between sites (Moinho, Navigator

and Troia).
Moinho Navigator Tréia
Average similarity = 71,75%
Moinho Woeseia,
Sva0081_sediment_group,
Sva1033
T
r———— 5
% Average dissimilarity = 35,9 % Mg aliEny = B %
=) - ;
et Navigator PCleurocl;a P sta_P ce C7I_31 19’ Woeseia,
5 ch yano ZC er “,Jm,—j p Cg 6,712 Sva0081_sediment_group,
-g roococcidiopsis_ - Sva1033
m
D Average similarity = 70,68
= ("
Average dissimilarity = 29,94% Average dissimilarity = 32 % %
Troia SEEP-SRB1, SBR1031, Pleurocapsa_PCC-7319, Woeseia,
. Cyanobacterium_CLg1, .
Mariprofundus Myxosarcina GI1 Sva0081_sediment_group,
y - Sva1033
Average similarity = 61,41%
Moinho Metachromadora,
Terschellingia, Axonolaimus
©
° Average dissimilarity = 58,35 % | Average similarity = 55,24 %
f:; Naviaator Metachromadora,
o 9 Terschellingia, Axonolaimus, Terschellingia,
B Sphaerolaimus Metachromadora, Sabatieria
®
£ issimilarity = ) issimilarity =
é’ Average dissimilarity = 48,91% | Average dissimilarity = 45,77 Average similarity = 62,38
. Metrachromadora, % Metrachromadora,
Troia L . . % Metachromadora,
Terschellingia, Axonolaimus, Terschellingia, Terschellinaia. Sabatieria
Sphaerolaimus Ptycholaimellus, Anoplostoma ga,
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Table B.4 One- way PERMANOVA test of nematodes assemblages, with "Sites" (3 level fixed)
for all variables analysed. Bold values represent significant differences between sites (NAV, MOI,
TROIA), (p<0.05).

Degree

Sl o s, P ptpem) U e
reedom
Nematode total density
Site 47429 23715 2.8302 0.012 273 0.015
Residual total 5027.4 837.9
Total 9770.3
Number of genera
Site 1583 791.51 4.8494 0.055 172 0.053
Residual total 979.31 163.22
Total 2562.3
Shannon-Wiener index
Site 164.96 82.482  2.9409 0.115 273 0.113
Residual total 168.28  28.046
Total 333.24
Margalef index
Site 12359 617.93 6.0071 0.046 275 0.038
Residual total 617.21 102.87
Total 1853.1
Trophic composition
Site 2 2927.7 1463.8 7.1508  0.0029 280 0.0064
Residual total 1228.3 204.71
Total 8 4156
ITD -1
Site 261.08 130.54 1.7498 0.246 276 0.249
Residual total 447.6 74.601
Total 708.68
Mmi
Site 47.797 23.899  3.8445 0.064 271 0.085
Residual total 37.297 6.2162
Total 85.094
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CHAPTER 3

3.1 Abstract

Benthic bacterial communities are sensitive to habitat condition and present a fast
response to environmental stressors, which makes them powerful ecological indicators
of estuarine environments. The aim of this work is to study the spatial-temporal patterns
of benthic bacterial communities in response to contrasting environmental conditions and
assess their potential as ecological indicators of estuarine sediments. We characterized
the diversity of bacterial communities in three contrasting sites on Sado Estuary (SW
Coast, Portugal) and 4 sampling occasions, using 16S metagenomic approach. Based
on previous studies, we hypothesized that diversity patterns of bacterial communities will
be distinct between sites and across sampling occasions. Bacterial communities were
more influenced by each site conditions than by temporal variations in the sediments.
The main drivers of bacterial distribution were sediments’ composition, organic contents,
and hydrodynamic activity. This work provided an important baseline dataset from Sado

estuary to explore bacterial networks concerning benthic ecosystem functioning.

Keywords: 16S metagenomic; Diversity patterns; Ecological indicators; Sediment

status; Benthic; Ecosystem functioning.
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3.2 Introduction

Estuaries are complex ecological systems, where the transition from fresh water to
sea water occurs (Bonaglia et al., 2014; Schratzberger et al., 2020). The water mixture
results on high levels of nutrients in the water column and sediments, making estuaries
one of the most productive ecosystems in the world (Elliott and Quintino, 2007).
Estuaries present a great diversity of natural habitats, and many supports human
activities (Elliott and Quintino, 2007; Schratzberger and Ingels, 2018; Schratzberger et
al., 2020; Ridall and Ingels, 2021). However, the intensification of the anthropogenic
activities has resulted on an overload of nutrients, organic matter, and contaminants (e.g.
metals, pesticides, pharmaceuticals) from terrestrial sources on these habitats,
modulating nutrient cycling, stability of communities and food-web structures (Elliott and
Quintino, 2007; Grill et al., 2019).

Important processes, such as recycling of nutrients and the degradation of
pollutants, occur in soft-sediment intertidal and subtidal habitats. Benthic
microorganisms from these sediments are considered mediators of biogeochemical
processes that sustain the biosphere (Ridall and Ingels, 2021), being the first to be
affected by environmental disturbances (Schratzberger and Ingels, 2018). As result, the
rapid response to biotic/abiotic stressors makes benthic microbial communities powerful
bioindicators to evaluate the sediment quality status (Giere, 2009; Patricio et al., 2012;
Branco et al., 2018; Schratzberger and Somerfield, 2020; Sagova-Mareckova et al.,
2021). Despite of being recognized for their importance in environmental processes, they
are rarely used as bioindicators in routine assessments. The environmental monitoring
strategies rely on benthic indexes, which are mostly related with the analysis of benthic
macroinvertebrates communities (Borja et al., 2015). In case of disturbances in these
ecosystems, the need of representative samples and the time-consuming processes in
taxonomic identification may represent obstacles to obtain a rapid and reliable evaluation
(Rumohr, 2009; Goodwin et al., 2017; Pawlowski et al., 2018). However, recent
advances in environmental genomics have improved our knowledge on biodiversity,
providing a holistic view of the ecosystems and predicting shifts of biological communities
as a response to natural and anthropogenic disturbances (Jessen et al., 2017, Nigel,
2012). The rRNA gene amplicon-based metagenomic has been used to characterize
microbial communities (e.g. bacteria, archaea, and protists) and predict the ecological
conditions of sediments with high precision (Nawaz et al., 2018; Mahamound et al., 2018;
Stoeck et al., 2018) and this is also due to the high adaptability of these microorganisms
to natural and anthropogenic pressures (Jessen et al., 2017; Zhao et al., 2019; Vieira et

al., 2023). Moreover, the composition and metabolic activities of bacterial communities
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already proved to be directly influenced by the physical-chemical properties of the
sediment making them highly sensitive to environmental changes (Caruso et al., 2016;
Rocca et al., 2019; Buongiorno et al., 2019; Jokanovi et al., 2021; Vieira et al., 2023).
Bacteria are not only recognized as mediators of energy flow, but also for establishing
positive interactions with other benthic organisms such as nematodes, improving their
living conditions by reducing the toxicity of hypoxic environments (Giere, 2009; Bonaglia
et al., 2014; Ridall and Ingels, 2021). The functional skills of bacteria and their sensitivity
to heavy metals and hydrocarbon pollutants exposure have been widely recognized,
considering them bioindicators of these pollutants in estuarine sediments (Li et al., 2020;
Du et al., 2022). High concentrations of pollutants trigger a fast and structural response
in bacterial communities, replacing sensitive taxa with tolerant ones that thrive by
degrading many of the toxic compounds present in sediments (Pinto et al., 2015; Li et
al., 2020; Du et al., 2022) (e.g. Flavobacterium degrade polychlorinated biphenyl (PCB),
in Zeng et al. (2020)). Our previous study showed that benthic bacterial communities
could be useful for the assessment of ecological status of estuarine sediments on a
spatial perspective, by reflecting in their composition and diversity the environmental
conditions of each site in Sado estuary (Vieira et al., 2023). It remains unclear if these
communities are also reliable to describe the seasonality environmental changes.
Several studies have already shown that bacterial communities can reveal habitat
specificity in their composition, reflecting the site-specific conditions of the sediment
(Shah et al., 2022; Vieira et al., 2023). Studies that rely only on metabolite profiling can
obtain redundant results being difficult to detect differences between communities in
space and time (Shah et al., 2022). Thus, the main objective of this work is to analyze
the spatial-temporal patterns of benthic bacterial communities in response to contrasting
environmental conditions, and further assess their potential as ecological indicators to
monitoring the estuarine sediments condition. The Sado Estuary was used as case
study. Located on the southwest coast of Portugal, this estuary is known not only for its
ecological value (i.e., rich in nature reserves) but also for being highly disturbed by local
industries and shipping activities (Bettencourt et al., 2004; Caeiro et al., 2005). Under
these conditions, we hypothesized that: the diversity patterns of bacterial communities
will be significantly different between sites and across sampling occasions, revealing to

be a good proxy of the ecological condition of the sediment.
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3.1 Material and Methods

3.1.1 Study area and sampling design

The Sado estuary is considered the second largest estuarine system in Portugal,
covering an approximate area of 240 km2 (Fig. 1). For this study, three sampling sites
(Gambia, Navigator and Troéia) were selected based on the estimated variations in the
biogeochemical and trophic conditions of the sediments (Sroczyhska et al., 2021) and
considering the water hydrodynamics within the estuary (high/low water residence time),
salinity gradient, and the nature of nearby anthropogenic activities previously studied in
Sado estuary (Sroczynska et al., 2021; Shah et al., 2022; Vieira et al., 2023).
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Figure 1. Sado estuary located at southwest of Portugal (38° 31' 14" N, 8° 53' 32" W). The
selected sampling sites: Navigator (38.486502, -8.795191) (grey circle), highly industrialized
area; Gambia (38.537263, -8.742584) (orange circle) with high organic inputs from aquacultures;
Troéia (38.461421, -8.857838) located at mouth of estuary (adapted from Vieira et al., 2024).

To assess spatial-temporal diversity patterns, three sampling sites were selected
(Fig. 1): Navigator, located in the proximity of industrial area, dominated by fine sand,
clay and high organic contents; Gambia, located within the borders of the Sado Nature
Reserve, affected by the surrounding aquaculture activities with the predominance of

clay-fine sediments (Caeiro et al., 2005); and Tréia, located close to the estuary mouth,
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is directly exposed to the main estuary channel, with high water exchange rate and high
proportion of sand (Vieira et al., 2024). In each site, three sediment replicates were
randomly collected for bacterial diversity and other three were collected for sediment
biogeochemistry analysis. This sampling strategy was repeated in 4 distinct sampling
occasions: 1) Winter 2019 (between November and December 2019); 2) Summer 2020
(between June and July); 3) Winter 2020 (between December 2020 and February 2021);
4) Summer 2021, (between May and June 2021).

3.1.2 Sediment sample processing

The sediment samples for assessing physical and chemical composition were
transported on ice to the laboratory and stored at —20 °C until further analysis. The
determination of all sediment components followed the methodology as described in
Vieira et al. (2023) and Vieira et al., (2024). This analysis evaluated the contents of: total
organic matter (OM), calcium carbonate (CaCOs), grain size and elemental analysis total
carbon (CT) and total nitrogen (NT), expressed as weight percentage (wt.%). Chlorophyll
a (chla) and phaeopigments (phaeo) were determined as described by Lorenzen (1967).
Briefly, approximately 0.5 g of sediment samples were extracted with 3 mL of ice-cold
spectrophotometric grade 90 % (v/v) acetone. Furthermore, samples were placed in an
ultrasound bath and extracted for 24 h at —20 °C in the dark. Samples were centrifuged
at 4.000xg for 15 min at 4 °C after extraction, and the supernatant was used for the
analysis. Concentration values for phaeopigments were obtained after acidification of the
supernatant with 0.5 M Hydrochloric acid (HCI). The concentration of metals in the
sediments was also measured (expressed mg/kg). Fourteen elements were analyzed:
Li, Sr, Mn, Ni, Cr, Be, U, Ba, Co, Cu, Zn, As, Pb and Hg. The element Hg was quantified
by thermal pyrolysis atomic absorption analysis (LECO 254 Advanced Mercury Analyser,
AMA) as described by Costley et al. (2000). The other elements were analyzed using the
procedure of Catry et al. (2021). They were quantified by Inductively Coupled Plasma —
Mass Spectrometry (ICP-MS) (PerkinElmer NEXlon, 2000C) after a total decomposition
carried out in a closed Teflon vessel microwave assisted system (CEM MARS 5). The
quality control of this procedure was assured using procedural blanks, duplicate samples
(coefficient of variation <10%), and the analysis of the MESS-4 CRM, which were

prepared using the same analytical procedure and reagents.

3.1.3 Total DNA extraction of sediment and amplicon sequencing

The sediment samples for Total DNA extraction were collected from the top 3 cm
core (Stoeck et al., 2018) and snap-freezed in dry ice. At lab, all samples were stored at

—-80 °C until DNA extraction. The optimal size for a sediment sample depends on the
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size and biomass of the microbial communities, being the volume of 0.2-0.5 g
recommended for an accurate microbial diversity measurement (Xie and Mdller, 2019).
Total DNA extraction from 0.25 g of the sediment was conducted under sterile conditions,
using the MOBIO PowerSoil® kit (QIAGEN, Valencia, CA, USA) following the
manufacturer's instructions. For cell lysis, the samples were homogenized using a
Precellys 24 Tissue Homogenizer (Bertin Instruments, Marylan USA). The
homogenization was performed for a total of 6 min, completing with two cycles of 20 s
each at a speed of 5000 rpm. The quality and quantity of total DNA in the samples were
analyzed using the NanoDropTM2000 Spectrophotometer and the Qubit4® fluorometer
(Thermo Fisher Scientific). To confirm the presence of amplifiable DNA in the samples,
amplicon amplification was performed using primers that flank the V4 region of the 16S
rRNA gene (515F-806R) (Gregory Caporaso et al., 2012). A total of 36 samples were
selected and sent for sequencing on lllumina MiSeq 2x 250bp (lllumina, Inc. San Diego,
CA, USA) using V3-V4 region at EUROFINS Genomics (Cologne, Germany). The 16S
rRNA gene library pipeline is available in 16S Metagenomic Sequencing Library
Preparation Reference guide Part#15044223 Rev.B (16S metagenomic sequencing
library), with reference to primers used for V3-V4 region (FOR:
CCTACGGGNGGCWGCAG; REV: GACTACHVGGGTATCTAATCC).

3.1.4 Bioinformatics analyses and data availability

Raw lllumina data was demultiplexed and quality-filtered using the defaults
parameters of in Quantitative Insights into Microbial Ecology (QIIME2 version 2022.11)
(Bolyen et al., 2019), following the standard pipeline analysis. Pair-ends reads were
denoised using DADAZ plugin (Callahan et al., 2016), that discarded biased reads (e.g.,
chimeras, singletons) and determined the amplicon sequence variants (ASVs). The
ASVs were assigned taxonomy at 99% similarity using classify-sklearn plugin
(Pedregosa et al., 2011) against SILVA v138 reference database (Bokulich et al., 2021).
Representative sequences were assigned taxonomy using a trained Naive Bayes
classifier (SILVA 138) (Quast et al., 2013) for V3-V4 hyper variable region from 16S
rRNA. The ASVs classified as chloroplast, mitochondria, eukaryote, archaea, and
unassigned were also removed. Filtered ASVs table was rarefied at minimum depth 10
to a maximum depth of 17000 sequences per sample after confirmation with a rarefaction
plugin (Appendix A, Figure A.1). Raw data have been deposited into the NCBI SRA
repository under the Bioproject PRINA680980 and accessions from SRR22230853 to
SRR22230888.
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3.1.5 Data analysis

Statistical analyses of 16S rRNA metagenomics was performed on QIIME2,
version 2023.2) (Bolyen et al., 2019), R packages phyloseq (version 1.42.0) (McMurdie
and Holmes, 2013) and microVIZ (version 0.11.0) (Barnett et al., 2021). The principal
component analysis (PCA) PRIMER v6 software package (Clarke and Warwick, 2001)
with permutational analysis of variance (PERMANOVA) add-on package (Anderson et
al., 2008) were used to test significant differences of bacteria diversity and two way-
crossed similarity percentage analysis SIMPER (cut-off percentage 100%) was used to

calculate dissimilarities between sites.
3.1.5.1 Environmental variables

The environmental raw data used in this study is the same as Vieira et al. (2024),
the sampling strategy and campaigns were also the same. Principal Component Analysis
(PCA) was performed to detect spatial and temporal distributions of physicochemical
parameters. All variables were log10 transformed (except for pH) and normalized, then
were tested, and removed the variables that demonstrated the lowest contribution to the
PCA axes, and with high correlation with other variables (NT, Li, Sr, Mn, Ni, U, Zn, As,
Co, Cu, T, Sal, O2 and pH). PCA plot was done using the function “fviz pca_biplot" using
R package “FactoMineR” (version 2.9) (L& et al., 2008). To check for the significance of
the PCA, a PCA test (R package “PCAtest” (version 0.0.1) (Camargo, 2022) was applied
with the following parameters: Number of random permutations: 1000 and Number of
bootstrap replicates to build 95% confidence intervals of the observed statistics: 1000,

level for statistical tests: p < 0.05.
3.1.5.2 Composition of bacterial communities

Bacterial a- and B-diversity indexes were calculated with the “q2-diversity” plugin.
Several metrics were calculated for a-diversity: Observed ASVs, Chao1, se.Chao1,
Abundance-based coverage estimator (ACE), se.ACE, Shannon and Simpson. To avoid
misinterpreted values from Shannon and Simpson diversity indices, the values were
converted into effective numbers of species, Shannon (H1) effective numbers for
Shannon (H1 = exp(H') and InvSimpson (Jost, L. 2006; Leinster and Cobbold, 2012). To
detect significant differences within groups of a-diversity metrics was calculated the Faith
PD using “qgiime diversity-lib faith-pd” plugin (Faith, 1992; Armstrong et al., 2021). The

Faith's Phylogenetic Diversity (Faith PD) significance was determined with Kruskal-
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Wallis test, p < 0.05. While the B-diversity significance was obtained performing one-way
PERMANOVA, p < 0.05.

The PERMANOVA analysis were carried out with a two-factor design: factor
“Site”: “Navigator”; “Gambia” and “Troia” (3 levels, fixed) and factor “sampling_occasion”:
“Winter 19”, “Summer 20”; “Winter 20” and “Summer 21” (4 levels, random) (Clarke and
Warwick, 2001), p < 0.05. Before PERMANOVA dataset was transformed squared root
according to Clarke and Warwick (2001) and Anderson et al. (2008). To have a broader
overview of the distribution patterns from bacterial communities (across “sites” and
“sampling_occasions”), Principal Coordinates Analysis (PCoA) was performed using
resembled matrix of ASVs. The dataset was transformed in centered log ratio (CLR) and
resembled in a Bray-Curtis dissimilarity matrix, then was plotted using the R package
“MicrobiotaProcess “(version 1.10.3). The relative contribution of each taxon to the
dissimilarities between sites was calculated using the two way-crossed similarity

percentage analysis SIMPER (cut-off percentage 100%).
3.1.5.3 Environmental variables influencing bacterial communities

Spearman correlations were used to test the effect exerted by environmental
variables on the ASVs relative abundances of top 10 families. With this test the
environmental variables that presented the highest contribution for the composition of
the communities were considered to calculate the Redundancy analysis (RDA). RDA
analysis was performed with the R packages “vegan” (version 2.6—4) and “QsRutils”
(version 0.1.5). Redundancy analysis (RDA) was used to test linear combinations
between bacterial communities and environmental variables that best explain the
variation of the bacterial communities’ patterns. Before analyses, the response dataset
(ASVs relative abundance, filtered at family level) was transformed into a CLR matrix
and all constrained variables were log-transformed. The variance inflation factor (VIF)
was calculated for the explanatory environmental data to check for linear dependencies
and to ensure that only variables with small VIFs (<10) were included. To find the best
RDA model, was used vegan R package, function ordistep(.), then RDA plot performed
by using microVIZ, R packages (Barnett et al., 2021; R Core Team, 2022).

3.2 Results

3.2.1 Physical-chemical characterization of Sado estuary sediments

The physical-chemical analysis revealed distinct compositions of sediment in

each sampling site (Appendix A, Tables A.1 and A.2). Navigator sediments were
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predominantly muddy, characterized by high levels of clay (1.7-5%), OM (18.3-52.1%),
CT (0.38-1.66%) and NT (0.02-0.57%), while Gambia sediment composition was mostly
defined by the highest proportion of gravel (5-31.4%). In contrast, Tréia sediments
presented increased levels of sand (84.3-97.7%), CaCQO3 (3.1-7%) and chla and phaeo
ratio (chla_phaeo), suggesting a high quality of the OM. Navigator and Gambia
sediments had the highest levels of heavy metals, such as Sr (110.3 £ 18.6 mg/kg), Cr
(29.3 = 3.8 mg/kg), and Pb (29.3 + 3.3 mg/kg), while the Tréia sediments showed the
lowest levels of these metals (Sr (74.4 + 3.3 mg/kg) Cr (3.6 £ 0.1 mg/kg) and Pb (12.2 +
0.4 mg/kg)) (Supplementary Table S2). These results were in line with the Principal
Component Analysis (PCA) and differentiated all sites, especially Troia that is totally

separated from the others (Fig. 2).
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Figure 2. Principal component analysis (PCA) biplot based on scaled environmental and
biogeochemical variables measured for the three sampling sites in Sado estuary, colored by
estuary “confidence” convex type. Variable’s vectors are colored based on their contributions to
the principal components (gradient colors and transparency of vectors varying between 6 and 12
is result of cos2 index that classify the variable vectors by their quality and contribution (“contrib”),
with the color red representing highest contributions, yellow intermediate and blue representing
lowest contributions. The dots represent the cluster centroids for group variables.
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Both axes were significantly representative of the data distribution, according to
PCAtest, the first accounted for 41.4% (95%-CI:36.9-50.6) and second accounted for
24.7% (95%-Cl:43-56.9). Together explained 66.1% of the total variation observed (Fig.
2). These results showed that the variables sand, OM, CT, CaCO3, chla_phaeo, Cr and
Pb had significant influence in the first axis while the variables gravel, Be and Ba had in

the second axis.

3.2.2 Bacterial community composition and diversity

Overall, a total of 46 phyla were assigned using SILVA 138 (Quast et al., 2013).
The top 5 most abundant phyla were described considering the respective % of total
abundance of bacterial communities. The most abundant phyla were Pseudomonadota
(41.5%), Desulfobacterota (25.5%), Bacteroidota (15%), Actinobacterota (3.3%) and
Acidobacterota (3%). The dominant classes were Gammaproteobacteria (35%),
Bacteroidia  (14%), Desulfobacteria  (12.3%), Desulfobulbia  (7.2%) and
Alphaproteobacteria (6.4%). The most abundant orders were Desulfobacterales and
Steroidobacterales (>10%), Flavobacteriales (>6%), Cellvibrionales (4%), and

Gammaproteobacteria (3.6%) (Fig. 3).
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Figure 3. Relative abundance of the amplicon sequence variants (ASVs) of the most
representative orders (n=15) in each sampling site (Gambia, Navigator and Troia, n=12) across
all sampling occasions. The X-axis is the relative abundance from 0 to 1, which corresponds to 0
-100 %. The “Other” represent the less abundant orders.
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Bacterial communities of Navigator and Gambia were predominantly
characterized by the phyla Desulfobacterota (30.9-31.4%) and Pseudomonadota (37.2—
41.4%) with the orders Steroidobacterales (9.6—11.5%), Sva1033 (3.8%), Chromatiales
(2.7-4.3%), Desulfobacterales (13.5-15%) and Desulfobulbales (7.4—7.5%) (Fig. 3).
These orders are mainly represented by the families Woeseiaceae (9.6-11.5%),
Sva1033 (3.6-3.8%), Chromatiaceae (2.1-3.2%), Desulfobulbaceae (3.6—4.7%) and
Desulfosarcinaceae (13.2-14.8%) (Fig. 4), to which belongs, respectively, the genera
Woeseia (1.4-4.2%), Candidatus_Thiobios (1.3%), Sva71033 (1.2%) and
Sva0081_sediment_group (1.2%). In Tréia sediments, the most frequent phyla were
Pseudomonadota (44.5%) and Bacteroidota (23.5%) with the orders Kiloniellales (6.8%),
Steroidobacterales (11.1%) and Flavobacteriales (10.8%) which were described by the
families Kiloniellaceae (6.8%), Woeseiaceae (11.4%) and Flavobacteriaceae (9.7%)
(Fig. 4). The most abundant genera of these families were Tistlia (1.4%), Woeseia
(1.2%), Olleya (0.6%) and Aquibacter (0.6%), respectively.
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Figure 4. Heatmap plot of the relative abundance of the ASVs, based on Bray-Curtis dissimilarity,
of the most representative families (n= 15) of each site (Navigator, Gambia and Trdéia) across the
sampling occasions winter 2019 (WIN19), summer 2020 (SUMZ20), winter 2020 (WIN20) and
summer 21 (SUM21).

Alpha diversity was calculated considering a good coverage value (99.9%) to
ensure the local species diversity. All calculated metrics are summarized in Appendix A,

Table A.3. The species richness was estimated among sites, using the Chao1 index and
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ACE. The lowest richness was obtained in the samples of Navigator communities, while
the highest richness was reported in the samples of Gambia. Diversity metrics were
calculated using InvSimpson and exponential of exp(H') to be understood as effective
number of species, since the data is ASV counts and not species units. The most diverse
communities were obtained in Navigator and Trdia, while the less diverse was in Gambia
(Appendix A, Table A.3). These results separated Gambia communities from Navigator
and Troia communities, that become more closer by the high richness and diversity
patterns. Concerning to the temporal perspective the diversity of the communities was
higher in winter sampling occasions (winter 19 and winter 20) than at summer sampling
occasions (summer 20 and summer 21). However, the diversity of the communities was
more divergent between sites than across sampling occasions. Evenness index was very
similar between samples. The Faith PD significance, determined by Kruskal-Wallis test,
presented significant differences within groups (p = 0.018) (Table 1), showing an
increasing variability within the communities of each site. Concerning beta diversity,
significant differences were detected in bacterial communities only between sites (p =
0.0003) (Table 2).

Table 1. Alpha diversity significance between groups, for each site (Gambia, Navigator and Tréia)
using Kruskal-Wallis test. Bold values represent significant differences between sites. The
replicates n=12 assume the 3 replicates in each sampling occasion (n=4). Significant levels
considered: p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).H: Kruskal-Wallis statistic; p-value
significance level; g-value false discovery rate (FDR).

H p-value g-value
All groups 7.98 0.018*
Group 1 Group 2
Gambia (n=12) Navigator (n=12) 6.45 0.011** 0.033
Tréia (n=12) 1.92 0.165 0.166
Navigator (n=12) Tréia (n=12) 3.63 0.056 0.085
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Table 2. Two-way PERMANOVA test, Beta-diversity of bacterial communities, between "Sites"
(si) (3 level, fixed) and across “sampling occasions” (sa) (4 levels, random) for all variables
analyzed. Bold values represent significant differences between sites (Navigator, Gambia and
Tréia). Significant levels considered p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***). Res: residual;
df: Degrees of freedom; SS: Sum square; MS: Mean Square; Pseudo-F: Friedman test; P(perm)
p-value from permutation test; Unique perms: Unique permutations; P(MC): p-value (Monte
Carlo).

Pseudo- Unique
Source df SS MS P(perm) P(MC)
F perms
si 2 43809 21905 10.826 0.0003*** 9898 0.0001
sa 3 5838.8 1946.3 1.1448 0.2621 9891 0.2849
sixsa 6 12140 2023.4 1.1902 0.2064 9859 0.2217
Res 24 40802 1700.1
1.03E+0
Total 35 5

3.2.3 Spatial and temporal patterns of bacterial communities

PCoA ordination based on the relative abundance of the ASVs of all taxa was in
accordance with beta diversity significance, demonstrating a clear separation between
bacterial communities from Trdia and the bacterial communities of Gambia and
Navigator, along the PCoA1 axis (Fig. 5). The two first PCoA axes (PCoA1 and PCoA2)
account for almost 44% of the total variation. In Tréia communities, the main contributors
for this separation were the high abundance of the families Kiloniellaceae, Woeseiaceae,
and Flavobacteriaceae which includes genera Tistlia, Woeseia and Olleya, respectively.
However, bacterial communities of Navigator and Gambia presented a high level of
similarity due to the increased prevalence of the order Syntrophobacterales and the
families Chromatiaceae which includes genus Candidatus_Thiobios. Concerning the
temporal variations, bacterial communities did not show a clear pattern between
sampling occasions, neither the seasonality was evidenced in the PCA communities’

distribution.
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Figure 5. Principal component analysis (PCoA) plot based on Bray-Curtis dissimilarity, according
to ASVs relative abundance of all taxa obtained in each “site”. PCoA1 = 37.17 % and PCoA2
=6.69 %. The vectors are the most representative taxa of the variability observed in bacterial
communities. The vectors are represented by the ASVs sequences that correspond to a family
taxon: ASV1390 (Syntrophobacterales), ASV6270 (Chromatiaceae), ASV4279
(Flavobacteriaceae), ASV5726 (Kiloniellaceae) and ASV 7599(Woeseiaceae).

Supporting previous results, the SIMPER analysis revealed that the order
Syntrophobacterales and the families Woeseiaceae, Desulfosarcinaceae and
Chromatiaceae contributed the most for the similarity within Navigator and Gambia
bacterial communities (similarity 240%). While the families that contributed the most for
the similarity within Troia were Kiloniellaceae, Woeseiaceae, Flavobacteriaceae and
Geminicoccaceae (similarity 34.6%). In terms of dissimilarity between sites, the main
contributors were the genera Woeseia, Candidatus_Thiobios and Sulfurovum (Gambia
vs Navigator, dissimilarity 61.7%), Woeseia, Candidatus_Thiobios and Tistlia (Gambia
vs Tréia, dissimilarity 92.3%) and the genera Tistlia, Candidatus_Thiobios, Sva71033 and
Sulfurovum (Navigator vs Troia, dissimilarity 91.5%). Between sampling occasions, the
SIMPER analysis showed that genera Woeseia and Candidatus_Thiobios, due to their
relative abundance, contributed to the differences between all sampling occasions
(>60% dissimilarity). The variability of Navigator's bacterial communities among
sampling occasions (approx. 60% dissimilarity) is related with the prevalence of the
genera Sulfurovum and Desulfatiglans in winter 2019 and 2020 and SEEP-SRB1 and
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Sva1033in summer 2020 and 2021. The temporal variability of bacterial communities in
Gambia revealed that the prevalence of SEEP-SRB1 and Sva1033 separated the
summer communities from the others, while Draconibacterium and Bacteroidetes_BD2-
2 were representative winter communities. The variability of Troéia's communities in
winter was represented by the families Desulfobulbaceae (win 19), Flavobacteriaceae
(win 20), Rhodospirillaceae (win 19) (Fig. 4) and the genera Aquibacter and Aquimarina

(win 20) accounting for more than 60% of dissimilarity between sampling occasions.

3.2.4 Environmental variables influencing the patterns of bacterial

communities

To assess the influence of the environmental variables on the diversity patterns
of the bacterial communities, all variables were sorted and grouped by order of
magnitude, whereby metals were separated from the other variables. The variables that
were least correlated with each other were selected to be used in the Spearman

correlation test (Fig. 6a and b), then were crossed with relative abundance of ASV for

the 10 most abundant families.
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Figure 6. Heatmap presenting the Spearman correlation between top 10 most abundant families,
(transformed by centered log ratio-transformed (CLT) and all representative environmental
variables: a) sediment variables (organic matter (OM), gravel, clay, total carbon (CT), chlorophyl
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Spearman correlation test showed a clear separation between anaerobic and
aerobic bacteria, which is consistent with the high prevalence and abundance of these
groups in Navigator and Gambia (anaerobic taxa involved in sulfur and carbon cycle)
and Troia (aerobic taxa involved in carbon cycle and mineralization processes). The most
abundant families of Trdia bacterial communities (Flavobacteriaceae, Saprospiraceae
and Kiloniellaceae) were positively correlated with sediment variables chla_phaeo,
CaCO0s; and sand, being negatively correlated with gravel, OM and clay (Fig. 6a).
Regarding the metal variables correlations, they follow the same trend with Sr being
positively correlated while Pb, U, Be, Ba, and Hg were negatively correlated (Fig. 6b). In
opposite, the variables Hg, U, Pb, OM, clay and gravel were highly correlated with

anaerobic bacteria, such as the phylum Desulfobacterota with the order
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Syntrophobacterales and the families Desulfobulbaceae, Desulfosarcinaceae and
Sva1033 which describe the communities of Gambia and Navigator (Fig. 6a and b).

To evaluate the bacterial communities constrained by the environmental
variables it was performed the constrained redundancy analysis (RDA). To avoid bias,
all constrained variables were standardized and log10 transformed (when required).
However, to better understand the influence of metals in the most abundant groups of
bacterial communities, RDA for metals was performed separately from the other
variables, avoiding the noise of potential dependencies within constrained variables.
(Fig. 7a and b). The environmental variables were grouped by order of magnitude,
whereby metals were separated from the other variables (Fig. 7a and b). The RDA of the
constrained variables of the first matrix, explained 45.2% of the variation of the bacterial
communities (Fig. 7a) and the second matrix the RDA of the constrained variables
(metals), explained 37.5% (Fig. 7b). Permutation test for RDA under reduced model was
performed for both matrices (metals and other variables), being statistically significant (p
= 0.001) (Supplementary Table A4). All explanatory variables were tested to validate
their efficiency to explain the variation of the communities. Variance inflation factors (VIF)
were calculated for both matrices, to determine the collinearity among the environmental
variables of each matrix. The variables Clay, CT, NT, Mn, As, Cu, Li, Co, Zn, Pb, Ni and
Cr presented high collinearity values VIF>10 being removed from the analysis. Fitting
environmental vectors onto an ordination, in the first matrix the OM, CaCO3; and sand
significantly explained the amount of variation on their own (Fig. 7a) and in the second
matrix were the variables Sr and U (Fig. 7b). The constrained variables CaCOs3;, sand,
chla_phaeo ratio and the metal Sr clearly describe the Tréia communities separating
from the Navigator and Gambia communities. In contrast, bacterial communities from
Navigator and Gambia were positively correlated with the constrained variables OM,
gravel and the other metals Hg, Ba and U. Meanwhile, the temporal pattern was not

evident within communities in the RDA analysis (Fig. 7a and b).
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Figure 7. RDA Constrained redundancy analysis displaying contributions of environmental
variables for the distribution of bacterial communities filtered at family level: a) bacterial
communities constrained by sediment variables: OM, chla_phaeo, CaCOs and sand (RDA1 =
39.3 % and RDA2 = 5.9%); and b) bacterial communities constrained by metals contents (Hg, Sr,
U, Be and Ba) (RDA1 = 36.0 % and RDA2 = 1.5%). The vectors are the constrained variables,
the main contributors for distribution of the data.

3.3 Discussion

Benthic bacteria are known to act as ecosystem engineers mediating several
biogeochemical processes and restoring the ecosystems health (Schratzberger and
Ingels, 2018). Several studies have confirmed that bacterial metabolic pathways
correlate with the environmental conditions of sediments, highlighting the ability to shape
the communities and adapt their functionalities (Caruso et al., 2016; Wasmund et al.,
2017; Du et al.,, 2022; Guo et al.,, 2023). These communities are sensitive to
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environmental changes and have already proved to influence the diversity and
distribution patterns of other benthic communities such as nematodes (Bonaglia et al.,
2014; Schratzberger and Ingels, 2018; Vieira et al., 2023). This study assessed the
spatial-temporal diversity patterns of bacterial communities in estuarine conditions, along
three contrasting sampling sites (Navigator, Gambia and Tréia) and temporal occasions
(winter 2019 and 2020; Summer, 2020 and 2021). The results of this study partially
supported our initial hypothesis. The diversity patterns of bacterial communities differed
significantly in response to spatial variations of sediment, although temporal variations
were not significantly evident in the bacterial communities.

Based on the environmental variables, a clear pattern between sites was
observed, which contributed to the diversity patterns of each bacterial community. Our
findings indicate that the responses of the communities are more influenced by the
specific conditions of each site than by temporal variations in sediment. Bacteria can
adapt and alter their functionalities in response to different environmental conditions
(Wasmund et al., 2017; Du et al., 2022; Guo et al., 2023), coupled with stochastic events
that usually occur in estuarine environments (Boéer et al., 2009; Aguilar and Sommaruga,
2020). In estuaries, the influence of environmental variables on the structure and
distribution of benthic communities is well known (Jessen et al., 2017; Vieira et al., 2023).
The sediments can intercept a large amount of OM promoting a strong biogeochemical
activity (Liu et al., 2015). In this study, the variables nutrients contents (e.g., OM, TN,
TC), granulometry and other factors such as proxies of primary production (e.g.
chla_phaeo and CaCO3) and some metals (e.g. Sr, Be, Ba, Hg and U) represented a
significant contribution for the communities’ composition. The variable OM played a
crucial role by shaping the diversity patterns and separating the Navigator and Gambia
communities from the communities of Trdia. The sediments of Navigator and Gambia,
registered high levels of OM, gravel, clay, and metals such as Pb, As, Hg and Cr. The
high redox cline characterizes these hypoxic environments which favors the high
prevalence of Sulfur bacteria (Du Laing, 2011; Guo et al., 2023). This was in line with
our observations, being the Desulfobacterota phylum one of most dominant taxa and
positively correlated with the OM and gravel variables. This taxon is considered one of
the most important taxonomic groups in terms of abundance and activity in muddy
sediments, known to metabolize pollutants and other chemical substances under anoxic
conditions (Robador et al., 2016; Jessen et al., 2017; Wasmund et al., 2017). On the
other hand, sediments of Tréia were sandier, with high proportions of sand and CaCOs,
which was in line with the occurrence of aerobic bacteria that potentially remineralize the
OM (e.g., families Flavobacteriaceae, Saprospiraceae and Kiloniellaceae) (Jessen et al.,

2017; Imhoff and Wiese, 2014). Members of the Flavobacteriaceae family showed
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positive correlation with chla_phaeo, CaCO; and sand, which were the main contributors
of Troia sediment composition. Bacteria from this taxon are strictly aerobic, facilitators of
primary decomposition and degradation of several pollutants (Waskiewicz, 2014; Pinto
et al., 2015; Wasmund et al., 2017; Zhang et al., 2023). The chla_phaeo ratio in Troia
sediments demonstrated high quality of OM, revealing bacterial efficiency in the
mineralization processes (Ingels et al., 2009; Jessen et al., 2017).

The presence of heavy metals in Sado estuary sediments was previously reported
(Caeiro et al., 2005; Vieira et al., 2022). The high concentrations of metals such as Cr,
Pb and Hg in Navigator site are mostly due to specific environment conditions such as
low hydrodynamics and the clay composition of the sediments. The first sediment layers
are characterized by fine-grained fraction of organic contents that play an important role
in metal affinity and allocation, intercepting a wide variety of heavy metals from the
surrounding anthropogenic activities (Giere, 2009; Du Laing 2011; Du et al., 2022).
According to the characteristics of the Navigator and Gambia sediments, it should be
highlighted that the order Syntrophobacterales was positively correlated with most of all
analyzed metals Hg, U, Pb and Ba. These results demonstrate the influence of certain
metals in the composition of bacterial communities, facilitating the prevalence of bacterial
taxa that thrive in metal-polluted areas (Pinto et al., 2015; Li et al., 2020).

In a broader perspective, bacterial communities were highly diverse, presenting
high values of alpha diversity. Differences in the origin and quality of OM, which is
common in estuarine sediments, also favor the selection of different niches, increasing
the diversity within bacterial communities (Guo et al., 2023; Sun et al., 2021). According
to Zhang et al. (2023) and Fortunato et al. (2012), a reduced variation in a-diversity
metrics was observed in all communities over the sampling occasions, this may be a
result of long-term of environmental adaptation from bacteria due to the functionality
redundancy. The variability of bacterial communities appears to be overwhelmed by
other variables that strongly shape the communities in a spatial and temporal scale (e.g.
river discharges, organic upload, salinity gradient) (Fortunato et al., 2012). Against our
assumptions, the sediments of Gambia revealed the highest bacterial richness,
especially during the winter 2020 and summer 2021. The results are consistent with the
high concentration of pigments (chla and phaeo) indicating a high quality of OM in
sediments (Ingels et al., 2009). These changes in the nutrient fluxes and metabolic
activities, could be explained by the hydrodynamic activity which determine the
occurrence of primary productors and the occupation of microorganisms to broader
niches (Jessen et al.,, 2017; Guo et al., 2023). Trdéia bacterial communities, were

consistently highly diverse in all sampling occasions, probably due to the sediment
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properties and the redox fluctuations caused by increased hydrodynamics compared
with other sites (Gambia and Navigator located within the estuary) (Guo et al., 2023).
The results from RDA analysis highlighted the clear spatial diversity patterns of
bacterial communities, especially Tréia communities from the other sampling sites
(Navigator and Gambia). The biogeochemical composition of the sediment was the drive
factor influencing the bacterial community's diversity. Oxygen depletion is also a
structuring factor in the composition and diversity patterns of the metabolic groups of
these communities, highlighting the importance of its contribution to the assessment of
the sediments ecological condition (Jessen et al., 2017; Sagova-Mareckova et al., 2021).
Metals also demonstrated to be good drivers of bacterial communities' distribution
patterns. Most of all were strongly associated to the communities of Navigator and
Gambia, which are the most organically disturbed areas, with a high residence time.
Bacterial diversity and communities' patterns were not driven by temporal variations but

from stochastic events that usually occur in estuarine environments.

3.4 Concluding remarks

Benthic microorganisms are considered mediators of biogeochemical processes
that sustain the biosphere (Ridall and Ingels, 2021). The fast response to biotic/abiotic
stressors makes them good ecological indicators to assess the sediment quality status
(Schratzberger and Ingels, 2018; Grill et al., 2019; Ridall and Ingels, 2021; Sagova-
Mareckova et al., 2021). Our study allowed to describe different levels of environment
conditions analyzing the diversity and composition of bacterial communities, proving to
be a promising indicator of sediment environmental status of the Sado estuary. The
physical composition of the sediment, the hydrodynamic activity and organic contents
were the main drivers of bacterial distribution patterns, clearly distinguishing the bacterial
communities in Tréia from those in Gambia and Navigator sediments.

The bacterial communities in Tréia were mainly composed by aerobic groups,
which is known for being more efficient in mineralization processes. This was in line with
the high-quality organic matter obtained in Tréia sediments (high chlorophyll
alpheopigment). Navigator and Gambia bacterial communities were mainly composed
by anaerobic groups, with specialized functions influenced by environmental factors like
temperature and pollutants (e.g. methane or other non-methane hydrocarbons). The no
significant variability in the temporal scale was already confirmed in other studies and
could be explained by the bacterial functional redundancy, entangled with by stochastic

events that usually occur in estuarine environments (Boer et al., 2009).
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This study provided an important temporal bacterial baseline dataset from Sado
estuary to explore the importance of bacterial networks to ecosystem functioning and

benthic food web dynamics as well as their potential environmental drivers.
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Table A.1 MeanzSE, n=3 of the raw data of the environmental and biogeochemical parameters measured in each site (Navigator, Gambia and Tréia), across
the 4 sampling occasions (winter 2019 and 2020, summer 2020 and 2021). Granulometric parameters (expressed in %) are clay, sand and gravel. The elemental
composition (expressed in weight %) are organic matter (OM), Total Nitrogen and Carbon (NT and CT), pigments measured (expressed in mg/g) are chlorophyl
a (chla) and phaeopigment (Phaeo) the quality of organic matter “freshness” was calculated the ratio of both pigments, chlorophyl a/ phaeopigment (chla_phaeo).
The instant variables measured in situ were Temperature (°C), Salinity, Oxygen (mg/L) and pH. (adapted from Vieira et al., 2024).

Sampling occasions Winter 2019 Summer 2020 Winter 2020 Summer 2021
Sites Navigator Gambia Troia Navigator Gambia Tréia Navigator Gambia Troia Navigator Gambia Tréia
> Clay 30.1+£3.1 13.5+0.2 1.8+0.2 209+1 174 +£51 1.7+£0.1 352+6.6 15.8+1.7 15+0.5 258+23 16.3+2.2 29+04
g Sand 66.2+2.6 715+55 938+1.9 731+£17 67.5+4.1 97.3+0.1 61.8+6.1 68.7+1 952+ 1.1 722+26 66.6 £ 0.6 916+28
=]
(‘;‘ Gravel 3.8+0.7 149+56 44+18 59+15 151+64 1+0.1 307 1551 331 2+0.3 16.9+2.1 54+28
Organic Matter 39+0.6 0.6 £ 0.04 1903 23+0.3 1.7+£03 0.4 £0.02 2403 0.8 £0.05 0.4 £0.02 2101 1.2+0.1 0.5+0.04
c Total Carbon 09+0.3 0.7+04 0.6 +0.06 1.1+£0.1 04+01 0.7+0.1 1.1+£0.1 05+0.03 | 0.5+0.04 0.9+0.1 0.4 +0.05 0.6 +0.03
% Total Nitrogen 0.06 £0.2 0.05+0.02 | 0.02 +0.008 | 0.07 £0.006 | 0.03+0.01 |{0.01 £0.003| 0.3+0.09 0.05+0.005(0.08 £ 0.002| 0.07 +0.007 |[0.04 +£0.006 | 0.01 +0.003
g CaCO3 24+05 1+0.06 43+0.3 26+05 16+0.3 46+0.9 2.1+0.05 1.2+0.04 3.5+0.3 1.7+0.1 1.3+0.05 3.7+0.3
g Chlorophyl a 15.6 +3.9 10.3+0.9 26.7+21 9.8+0.1 555+24 11.1+14 31.1+6.6 10.8+1.9 6.7 +0.5 48+0.8 7.7+0.7 49+0.6
&E, Phaeopigments 14.7+£3.7 78+0.5 145+ 1 106+12 (11561327 52+09 40194 51+15 45+0.8 16+0.2 36+04 1.3+£0.2
Chla_phaeo 1.1 +£0.02 1.3+0.1 1.8+0.06 09+0.1 0.7+0.3 22+01 0.8 £0.02 25+0.6 1.7+£03 29+0.1 2.1+0.05 4+04
m Temperature 15.3+0.1 11.1+£0.2 15.3+0.1 28.5%0.5 244+02 | 239+01 13.5+0.2 16.8+0.2 16.8+0.2 238%0.9 23.6+0.1 20.7+0.2
é Salinity 31.9+09 30.6 0.7 31.8+09 36.5+0.3 17.7+01 16.4 + 0.04 15.9 £ 0.05 147+0.05 | 14705 15+£0.5 14 +15 15.3+0.3
=
-.g Oxygen 92+01 145+25 9.2+01 8.3+1.3 95+04 121+0.3 9604 179+04 13.9+0.3 53+0.6 8.8+04 8.6+0.2
]
E pH 7.9+0.01 7.9+0.05 7.9+0.01 8.1+0.1 7.8+0.02 7.9+0.04 8.3+0.3 86+0.3 8.9+ 0.04 7.8+0.1 8.1+0.1 8.3+0.02
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Table A.2 Mean + SE (n=3), metal concentrations measured in sediment samples from each site (Navigator, Gambia and Troia) across 4 sampling occasions
(Winter 2019 and 2020, Summer 2020 and 2021). The analyzed metals were Li, Sr, Mn, Ni, Cr, Be, U, Ba, Co, Cu, Zn, As, Pb and Hg (expressed in mg/kg),
(adapted from Vieira et al., 2024).

Sampling
occasions Winter 2019 Summer 2020 Winter 2020 Summer2021
Sites Navigator | Gambia Troia Navigator Gambia Troia Navigator Gambia Troéia Navigator Gambia Troéia
Li 28.7+2.8 | 20.4+0.7 11.5+0.3 30.8+2.7 25.6+0.9 12.1£0.3 28+1.3 20.9+3.5 11.5+0.05 29+0.7 16.9+2.3 13.5+£0.2
Sr [110.3+18.6| 45.6+0.9 74.4+3.3 61.3+0.9 50.4+0.6 69.8+1.2 96.1+£20.6 48.8+4.1 97.9+20.4 61.2+3.6 62.5+1.3 73.5+1.7
Mn | 100.616.9 | 61.7+4.3 456129 111.449.2 83.915.8 49.6+2.7 115.1£3.7 71.1£12.9 39.9+0.2 103.9+3.6 62.2+10 52.7+3.3
Ni 15.14£2.1 7.810.9 3.8+0.08 18.7£1.3 93.4+61.8 8.3+0.9 15.7+0.8 9.6+2.2 4.3+0.06 15.810.7 10.4+1.6 9.5+1.1
Cr 29.3+3.8 15£3.3 3.60.1 29.9+3.2 157.9+105 4.8+0.3 26.5+1.9 16.57 3.5+0.03 29.7+0.2 11.7£3.5 6.1+0.4
Be 1£0.1 0.6+0.04 0.6+0.2 1.240.07 0.8+0.03 0.7+0.1 0.9+0.06 0.6+0.2 1.410.06 1.210.08 0.8+0.09 1.4£0.4
w u 3.3+0.6 1.2+£0.07 0.40.02 2.2+0.2 1.4+0.1 0.4%0.01 1.9+0.1 1.4+0.2 0.4+0.01 1.8+0.1 0.8+0.09 0.5+0.03
é Ba 2467 236.715 234.7+7 255.7+2 252.2+6.3 226.7+12.5 | 230.4+8.8 | 223.5+24.6 | 245.317.8 | 251.1+4.7 | 244.7+6.8 | 238.8+13
Co 4.6+0.7 2.7+0.4 0.6+0.02 4.9+0.4 4.9+0.9 0.8+0.05 4.3+0.3 3+1.1 0.60.03 4.60.1 2+0.6 0.9+0.05
Cu 28.616.7 8+1.9 1.640.2 32.9+0.5 20.5+4.3 2.4+0.4 19.6+1.4 11.2154 1.84£0.3 37.845.3 10.2+3.1 3.7£0.3
Zn | 82.3+21.9 | 26.5¢7.5 3.1£0.8 95.615 41.7+3.8 7.9+1.9 63.9+8.5 25.41£9.6 4.6+0.3 109.3x19.5 | 20.616.4 9.5+0.8
As 13.842.9 | 4.7+0.9 1.7+0.1 12.9+0.6 7.9+0.8 1.6£0.2 12.2+1.9 7.3+1.3 2.3%0.2 11.321.3 4.5+1.3 0.9+0.2
Pb 25.4+3.9 14.7+1 12.210.4 27.3+0.9 17.9+0.6 12.4+0.6 22.1+1.8 141124 12.9+0.4 29.3+3.3 14.9+0.9 13.11£0.6
Hg 0.3+0.07 | 0.3x0.2 | 0.03+0.0007 0.3+0.05 0.1+0.003 0.02+0.004 0.3+0.05 0.06+0.01 | 0.03+0.006 | 0.3+0.06 0.04+0.01 | 0.05+0.002
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Table A.3 Mean + SE, (n=3) of alpha diversity descriptors (Observed ASVs, Chao1,se.Chao1 (standard error of Chao1), Abundance-based coverage estimator
(ACE), se.ACE (standard error of ACE), Shannon (H), Effective numbers for Shannon (H1=exp(H')), Simpson (D) and Inverse Simpson index (InvSimpson))
calculated for each sampling site (Navigator, Gambia and Trdia) across 4 sampling occasions (Winter 2019 and 2020, Summer 2020 and 2021).

Sites Navigator =~ Gambia Tréia Navigator ~ Gambia Tréia Navigator Gambia Troéia Navigator =~ Gambia Tréia
Observed 448.3+28.9 648.3+91.5 604.3+24.5 626+111 674+93.8 573.7+24.5 | 538.3+24 783+24 65442 628+15 834+108.7 560+33.4
Chaol 450.3+29.9 654+94.2 608.8+25.2 | 635.6+116.5 682.6£99 577.2+25.2 | 543.8+24.7 789.3%£25 659.4+44.2 | 633.7+15.5 855.9+115.8 563.7+33.6
se.chaol 7.1+1.2 4.1+0.8 3.7+1.2 3.2¢1.1 1.8+0.8 3.7+0.8 8.1+1.4 3.8+1 3.1+0.6 4+1.5 4,6+1.8 3.1+15
ACE 450.1+29.7 653.3194  606.6+24.7 | 632.7+114.6 681.9498.2 574.9+24.7 | 541.4+24.3 787.5+24.4 656.7+42.8 | 631.5+15.5 850.5+114.9 562.5%+33.5
se.ACE 13.8+0.1 10.6+0.4 11.7+0.7 11.6+1.2 8.810.6 10.7+0.5 13.6%£1.3 11.840.2 10+0.4 12+1.2 11.5+1.4 10.1+0.4
Shannon 5.5+0.05 5.8+0.1 6+0.02 5.7+0.1 5.9+0.08 6+0.02 5.7+0.04 6+0.08 6+0.05 5.9+0.03 6+0.06 5.9+0.07
Shannon(H1) 389.3+26.7 304.1+12.7 406.5%+22.3 | 349.4+35.1 251.3+16 398.848.3 | 410.4+27.2 348.3+10.4 364.1+24.8 | 365.6+37.3  321.3+42  394.9+11.5
Simpson 1.6+0.0005 2.5+00000.5 1.4+0.0006 | 1.6+0.0004 7.9+0.0004 1.4+00000.5 | 5+0.0003 000000.34+0.0008 1.6+0.0002 | 1.6+0.0002 6.5+0.0004 5.9+0.0003
InvSimpson 195.6+16.5 183.3+10.1 264.1+14.9| 186.8+8.2 145.9+13.8 273.3+2.6 180.4+11 198.9+7.3 245.3+21 [199.4+16.6 169.3+15.1 285.249.5
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Table A.4: Permutation test for RDA under reduced model. Number of permutations: 999. Model:
rda(formula = bio_family ~ Sr + Be + U + Ba + Hg, data = env_metal). Biologic data is the
abundance ASVs filtered in family level. Level significance p<0.05 for the selected variables. Df:
Degrees of freedom, F: F-test, Pr(>F): p-value (***) <0.0001.

Df Variance F Pr(>F)
Model 5 168.36 2.2561 0.001***
Residual 30 447.73
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CHAPTER 4

4.1 Abstract

Threatened benthic ecosystems need urgent tools for effective bioassessment and
relevant management. EU Marine Strategy Framework Directive (MSFD) obligates
member states to achieve GES (Good Environmental Status) for 11 descriptors of
environmental state (MSFD; 2008/56/EC). From all of the descriptors, D4 that focuses
on Food Webs is the most functional-oriented indicator, but also the most challenging to
implement due to our limited knowledge on benthic interactions. Particularly, it is still
unclear how spatially and temporally regulated abiotic variables determine the entire
benthic food webs, and which benthic food web attributes best respond to these spatially
and temporally derived environmental variations. To fill this gap, we measured the
natural isotopic ratios (8'*C and 8'°N) of macrobenthic organisms and their food sources
and build twelve food web topologies across three distinct sites (Navigator, Gambia,
Tréia) in summer and winter during two consecutive years. To assess these food web
topologies, we applied isotopic metrics, further integrated with univariate and multivariate
analysis to find food web-based indicators that best respond to these spatial and
temporal variability.

We found clear spatial patterns associated to an increase in primary production
and quantity and quality of organic matter (OM). Sites with higher organic load and less
quality OM (Navigator and Gambia) had simpler food webs, likely associated to high
abundance of opportunistic meiobenthic species. Site located inside protected area
(Tréia) with high quality OM had the most complex food web characterized by high
diversity of specialist consumers that used more efficiently available resources. Similarity
metrics were valuable complementary tool that helped to further disentangle the causes
of spatial variability, in this case distinguishing between two food webs (Navigator and
Gambia) that had similar structures but different resource utilization.

The temporal patterns were not so evident than the spatial patterns, although
significant differences were reported between sampling occasions for the same metrics
(maximum trophic position and the percentage of carnivores and omnivores, p<0.05).
The most complex Tréia’s food web demonstrated greater responsiveness in capturing
temporal differences in resource use, suggesting that more complex food webs are better
equipped to reflect temporal variability. The integration of isotopic metrics complemented
with multivariate and univariate analyses proved to be an important tool for the analysis

of different aspects of the benthic food web complexity in a spatial-temporal context
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providing a promising approach to assess the functional integrity of the estuarine

ecosystems, especially in the context of the descriptor 4 within MSFD.

Keywords: Benthic food web, functional diversity, isotopic metrics, spatial and temporal

scale, descriptor 4, MSFD.
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4.2 Introduction

EU Marine Strategy Framework Directive (MSFD) obligates member states to
achieve GES (Good Environmental Status) for 11 descriptors of environmental state
(MSFD; 2008/56/EC). From all of the descriptors, descriptor 4 (D4) that focuses on Food
Webs is the most functional-oriented indicator of the ecosystem status, but also the most
challenging to implement due to our limited capacity to quantify functional interactions in
marine environment, especially at the base of the food web (Rombouts et al., 2013).
Consequently, present indicators under D4 are highly imbalanced, limited to well-studied
pelagic habitats or economically important guilds (fish, birds) rarely accounting for the
benthic habitats and ecosystem-based processes, hence are not efficient to detect
environmental disturbance (Rogers et al., 2010). According to Environmental Report
2020, achievement of GES in marine waters has very little progressed, while 60 % of EU
surface waters are still not meeting Water Directive standards, underscoring the urgent
need for the development of new tools that would facilitate our understanding of the
complex interactions among organisms and their environment to support their wider
implementation in the bioassessment strategies.

Estuarine and coastal benthic ecosystems represent one of the major sources of
essential services for human well-being (Bonaglia et al., 2014; Schratzberger and
Somerfield, 2020). The functional integrity of these ecosystems is maintained by multiple
intra and interspecific interactions between organisms that mediate the energy transfer
to higher trophic levels (Schratzberger & Somerfield, 2020; Ridall & Ingels., 2021). The
proxy to evaluate the efficacy of which this energy is transferred to higher trophic
compartments can be assessed by analyzing the food web structure. Food webs reflect
structural organization of biota and their interactions, whereas food webs delivered
metrics allow to visualize this complex information in a manageable way (Jackson et al.,
2012; Gray et al., 2014; Bergamino et al. 2015; Szczepanek et al., 2021). Therefore, they
are attractive to managers allowing to account for both direct and indirect effects of
environmental disturbance in a single network (Tam et al., 2017).

In estuaries spatially and temporally regulated set of environmental variables
determines distribution of biotic communities and their functional traits (Sroczyhska et
al., 2021; Tsikopoulou et al., 2021). However, to date only few studies determined how
spatially and temporally regulated abiotic variables determine the entire benthic food
webs (Liu et al., 2020, Szczepanek et al., 2021; Ziolkowska & Sokolowski, 2022), and
more importantly it is still unknown what are the benthic food web attributes that best
respond to these spatially and temporally derived environmental variations. So far, we

know that seasonally and spatially regulated inputs of organic matter (OM), primary
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productivity, as well as physical and environmental variables have a profound impact on
the food web structure (Nelson et al., 2015). In most cases, nutrient availability increases
primary productivity and the abundance and diversity of primary and secondary
consumers, which further reflects in higher complexity of the food web structure
(Donazar- Aramendia et al., 2019, Ziolkowska & Sokolowski 2022). However, when
nutrient input exceeds the oxygen availability, the diversity of primary producers is
reduced, promoting a higher abundance of opportunistic species at the lower trophic
levels (Guen et al., 2019; Xu et al., 2022). The consequence of this shift is a reduction
of the prey diversity, ultimately resulting in the diminishment of trophic connections and
shrinking of the trophic niche (Thompson et al., 2012; Burdon et al., 2021; Xu et al.,
2022).

It becomes evident that more hypothesis-driven studies are needed to understand
how benthic food webs respond to environmental drivers over spatial and temporal
scales, and which food web attributes best reflect these changes. To fill this gap, we
measured the natural isotopic ratios (3'3C and 8'°N) of macrobenthic organisms and their
food sources and constructed twelve food web topologies across three distinct sites and
over 4 different sampling occasions. To assess these food web topologies, we applied
isotopic metrics (Layman et al., 2007, Jackson et al., 2012, Cucherousette et al., 2015)
that were demonstrated to be successful in quantifying multiple anthropogenic impacts
on food webs (Donazar-Aramendia et al.,2019; Sroczynska et al., 2021) as well as
inferring important information on trophic diversity, food web stability or trophic resilience
(Layman et al., 2012; Jackson et al., 2012). These metrics were further integrated with
univariate and multivariate analysis to find benthic food web-based indicators that best
respond to these spatial and temporal variability. Finally, this study aims to contribute to
a new paradigm of analyzing ecological data based on empirically derived integrated
functional (food web) attributes for better assessment of the benthic ecosystem status
(Baiser et al., 2019).

4.2.1 Study conceptualization and hypothesis

The Sado estuary, situated in SW Portugal, offers an ideal study location due to its
unique blend of anthropogenically disturbed regions and areas of high ecological
significance. Previous studies on this estuary demonstrated strong spatial and temporal
differences in the distribution of meio- (Sroczynska et al., 2021a, Vieira et al., 2023) and
macrobenthic (Caeiro et al., 2005; Brito et al., 2023) species composition as well as
functional traits (Sroczynska et al., 2021a). The main variables responsible for the
spatial-temporal differences in community distribution patterns were related to sediment

grain size and OM inputs, whereas differences in oxygen concentration were
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demonstrated to be decisive for the functional traits composition patterns. Sites with clay
predominance and an increased organic input demonstrated to have less diverse
communities with the predominance of small opportunistic taxa.

Spatial and temporal changes in food web structure are usually associated with
seasonal variations of primary production and fluvial discharge of terrestrial OM
(Szczepanek et al.,, 2021) that together determine the trophic conditions of the
sediments. Therefore, the sampling sites selected for this study (Navigator, Gambia and
Tréia) present divergent conditions described by differences in biogeochemical
properties of the sediment, mainly related to sediment grain size and quality and quantity
of OM. The temporal scale of the study included winter and summer months along two
consecutive years.

Given that the structuring of benthic food webs in spatial and temporal contexts
depends on organic matter inputs and environmental conditions, we anticipate that
communities inhabiting sites with substantial organic matter input (e.g., Gambia and
Navigator), but limited oxygen availability, are likely to exhibit a less diverse range of
available food sources. This, as observed in our earlier studies, has led to a decrease in
benthic community diversity and has promoted a greater abundance of opportunistic
species at the lower trophic levels. Drawing from above, our first hypothesis (H1, Table
1) presumes that sites with larger OM input (Gambia and Navigator) will present a
narrower trophic niche size and reduced trophic diversity, reflected in lower isotopic and
diversity metrics (Table 1). At the same time, we hypothesize that communities at these
sites will have a lower species richness, but with more scattered isotopic values, which
will be reflected in an increase in the isotopic divergence and uniqueness metrics.

We further hypothesize that we find greater similarity, reflected in the overlap
metrics (H2, Table 1), between sites with similar trophic conditions (Gambia and
Navigator). Regarding temporal scale, in colder seasons, the reduced primary
productivity and the increased terrestrial and freshwater OM inputs produces less diverse
benthic communities with few top predators, which, overall, should reduce trophic
interactions. Therefore, we hypothesize that winter food webs will present reduced
isotopic diversity including maximum trophic position (H3, Table 1) in comparison to
summer seasons. Instead, summer seasons that present an increase in primary
productivity and peak in species reproduction will have a higher resource diversity and
will host a more diverse community of benthic species, which will translate into an
increase of maximum trophic position, diversity and redundancy. We also hypothesize
(H4, Table 1) that we will observe more similar food webs during the same season (e.qg.,
win19/win20 or sum20/sum21) than when comparing food webs across different

seasons.
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Table 1 Summary of the selected metrics in relation to the hypothesis tested in this study (H1-
H4). Along with each metric name and hypothesis, the spatial and temporal scale, how the metric
is measured, and the ecological meaning of the metrics are presented.

Scale Metric

How the metric is measured

Ecological meaning of the metrics

H1: Communities at sites with higher organic matter input (Gambia and Navigator), but little oxygen availability

will have less diverse availability of food source what will impact benthic community diversity, promoting higher

abundance of opportunistic species at the lower trophic level decreasing trophic diversity metrics (CR, NR, TA

and Max TP, Iric, leve and % of omnivores and carnivores) but will increase Idiv and /Uni.

Spatial CR

NR

TA

Iric

Max TP

IEve

IUni

Idiv

Carbon range-difference between the most
3C depleted and enriched species (Jackson
et al. 2012)

Nitrogen range - difference between the
most "N depleted and enriched species
(Jackson et al. 2012)

Total Area encompassed by the consumers
3C and N

consumers isotopic values that includes all

food web using mean

species in the isotopic space (Layman et al.
2007)

Isotopic richness - corresponds to TA
(Volume of the minimum convex hull that
includes all species), but considers scaled
(615N-0613C) isotopic values (Cucherousset
& Villéger, 2015)

Maximum trophic position of the species
at a given site using the site mean "N of
basal resources as a baseline (Winemiller et
al. 2007)

Isotopic evenness - Regularity in the
distribution of taxa in the isotopic scaled
space (Cucherousset & Villéger, 2015)

Isotopic uniqueness - Average closeness
of organisms in the isotopic scaled space
(Cucherousset & Villéger, 2015)

Isotopic divergence - accounts for the
distribution of consumers, within the convex
hull area, Idiv is close to 1 when most of the

organisms have extreme isotopic values and

Diversity of the basal resources

Extent of vertical food web structure

Diversity of the resource use by the

consumers (trophic diversity)

Diversity of the resource use by the

consumers (trophic diversity)

Realized food chain length

Equitability in the resource use

inverse of the trophic redundancy,

proxy for the ecosystem resilience

Balance in the distribution between

different trophic groups in the
community (primary producers and top

predators), i.e., high Idiv can be sign of
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IDis

omniv_car

is close to 0 when most of the organisms are
close to the centre of gravity of the convex
hull (Cucherousset & Villéger, 2015).

Isotopic dispersion - weighted-deviation to
the average position of points in the stable
isotope space divided by the maximal
distance to the
(Cucherousset & Villéger, 2015).

centre of gravity

Omnivore and Carnivore percentage - %
of omnivores and carnivores relative to all of

the trophic guilds

CHAPTER 4

the invasive

predators.

presence of large

Is a scaled multidimensional variance
accounting for both the convex hull

area and the isotopic divergence.

Proxy for ecosystem stability

H2: Greater overlap reflected in Ines and Isim will be found between similar sites (Gambia and Navigator).

Spatial Isotopic
(isotopic nestedness
overlap) (Ines)
Isotopic
similarity
(Isim)

Ratio between shared area of two food webs
(communities) and the smallest convex hull

area (Cucherousset & Villéger, 2015)

Ratio between the volume shared and the
volume of the union between two convex hull
two communities

areas between

(Cucherousset & Villéger, 2015)

Complementarity or redundancy in

resource use by two communities

Similarity in filling the isotopic space by
the

communities

consumers between two

H3: Colder seasons (winter) have a reduced primary productivity, but increased terrestrial and freshwater OM

input which will produce less diverse benthic communities, being responsible for reduced isotopic diversity

metrics especially reflected in Max TP. Summer seasons with an increase in primary productivity and peak in

species reproduction will have a higher resource diversity and will host more benthic species, which will translate

into an increase of Max TP and higher % of carnivores and omnivores as well as their trophic diversity metrics
(CR, NR, TA, Iric, IEve) and reduced IUni.

Temporal

Metrics as above

H4: Greater similarity in food webs during the same season (e.g., win19/win20 or sum20/sum21) than when

comparing food webs across different seasons.

Temporal
(isotopic

overlap)

Metrics as above
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4.3 Material and Methods

4.3.1 Study area

Sado estuary is the second largest estuarine system in Portugal, with an area of
approximately 240 km?, and is one of the most important wetlands in Europe (Bettencourt
et al., 2004) (Fig. 1). The intertidal areas comprise approximately 78 km?, of which 30%
are salt marshes and intertidal flats (Caeiro et al., 2005), with semi-diurnal mesotidal
regime and tidal amplitude varying between 0.6 m and 1.6 m during spring and neap
tides, respectively. Salinity is influenced by the Sado river flow (annual mean of 40 m3s-
) changing with seasonal and inter-annual conditions and temperature can range from
10 to 26°C (Bettencourt et al., 2004). The Sado Estuary (SW coast, Portugal) comprises
large adjacent urban and heavy industrial areas with many polluting activities, although
parts of the Estuary are environmentally protected, reflecting the importance of

ecological conservation and biomonitoring (Vieira et al., 2022).
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Figure 1. Sado estuary located at southwest of Portugal (38° 31" 14" N, 8- 53' 32" W). The
selected sampling sites: Navigator (38.486502, -8.795191), highly industrialized area; Gambia
(38.537263, -8.742584) with high organic inputs from aquacultures; Troia (38.461421, -8.857838)
located at mouth of estuary.
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4.3.2 Sampling design

The sampling sites were selected based on the expected differences in
biogeochemical and trophic conditions of the sediments according to water
hydrodynamics within an estuary (high/low water residence time), salinity gradient and
the type of neighboring anthropogenic activities (Caeiro et al., 2005; Sroczynska et al.,
2021). Based on these criteria three sampling sites were proposed: (1) Navigator is
located in the proximity of an industrial area, dominated by fine sand, clay and high
organic contents (Vieira et al., 2023); (2) Gambia is located within the borders of the
Sado Nature Reserve, affected by the surrounding aquaculture activities with the
predominance of clay-fine sediments (Brito et al., 2023); (3) Troia is located close to the
estuary mouth, directly exposed to hydrodynamic forces, that bring well oxygenated
water, and with predominance of sandy sediments (Sroczynska et al., 2021a). All three
sites were sampled during four campaigns: winter 2019 (win19), summer 2020 (sum20),
winter 2020 (win20) and summer 2021 (sum21).

4.3.3 Sediment biogeochemistry and environmental parameters

Sediment samples were collected by core (141cm?) to the depth of 10 cm and were
stored at - 20°C until further analysis. Total organic matter (OM_per) (%), grain size (%),
elemental Carbon (C_total_per) and elemental Nitrogen (N_total_per) was determined
as described in Vieira et al., (2023) according to Costa et al., (2011) and Teixeira et al.,
(2020). Chlorophyll a (Chla_mg_g) and phaeopigments (Phaeo_mg_g) were determined
as described by Lorenzen (1967). Approximately 0.5 g of sediment samples were
extracted with 3 mL of ice-cold spectrophotometric grade of 90 % (v/v) acetone. Samples
for extraction were placed in an ultrasound bath for 24 hours at -20 °C in the dark. After
that period, samples were centrifuged for 15 minutes, at 4.000 rpm and at 4°C, and the
supernatant was used for the analysis. Concentration values for Phaeo_mg g was
obtained after acidification of the supernatant with 0.5 M Hydrochloric acid (HCI).

The concentration of 14 elements (Li, Sr, Mn, Ni, Cr, Be, U, Ba, Co, Cu, Zn, As, Pb
and Hg) were quantified from the sediment samples collected at each site (mg/kg).
Mercury was quantified by thermal pyrolysis atomic absorption analysis (LECO 254
Advanced Mercury Analyser, AMA), described by Costley et al., (2000). Whereas the
elements Li, Sr, Mn, Ni, Cr, Be, U, Ba, Co, Cu, Zn, Pb and metalloid As were analyzed
applying the procedure described in Catry et al., (2021). The metals were quantified by
Inductively Coupled Plasma — Mass Spectrometry (ICP-MS) (Perkin Elmer NEXIlon
2000C) after the total acid decomposition of organic debris, carried out in a closed Teflon

vessel microwave assisted system (CEM MARS 5). The quality control of this procedure

108



CHAPTER 4

was assured using procedural blanks, duplicate samples (coefficient of variation < 10%),
and the analysis of the MESS-4 CRM, which were prepared using the same analytical
procedure and reagents.

At each sampling site, sediment interstitial water parameters were measured such
as salinity (Sal), Oxygen (O2) (mg/L), pH and Temperature (T) (°C) using a VWR
pHenomenal ® MU 600 H.

4.3.4 Sample collection for stable isotope analysis

At each sampling site, basal food sources and macrobenthic organisms were
sampled during a period of low tide. The sampling was performed in win19 (November),
sum20 (June); win20 (December) and sum21 (May).

Basal food sources such as macroalgae, seagrass and marine plants were
randomly hand-picked including entire sampling area. Samples for microphytobenthos
(MPB) were collected at three randomly chosen locations (within each site). It was
collected approximately 2000 mL of sediment from the first sediment layer (~1-2 cm), to
ensure enough concentration of microphytobenthic cells for isotopic analysis. Samples
for Particulate Organic Matter (POM) were collected from small pools, when the pools
were not available the water was sampled directly from the adjacent channel.

Macrofauna was collected: 1) quantitatively with a core (141cm?) to 30 cm depth
and sieved over a 1 mm mesh at three random locations within each site, and 2)
qualitatively by hand picking the organisms from the sampling area. For quantitative
sampling, to collect representative number of individuals, two replicates were used at
each location, with a total of 6 cores per site. Macrobenthic taxa that were hand-picked
were chosen to account for a wide spectrum of functional groups and trophic positions.
Both types of samples (quantitative and qualitative) were further transported to the lab in

the cold containers for further analysis.

4.3.5 Sample processing in the lab

Samples of hand-picked fresh macroalgae, seagrass and plants were gently
washed, separated, identified and dried in the oven for 48 hours at 60°C. The epipelic
fraction of MPB was collected via migration through the lens tissue method (Eaton &
Moss, 1966). For the POM analysis, 1.5 L of seawater was filtered over pre-combusted
Whatman GF/F filters and oven dried for 48h at 60 °C.

The sediment samples, collected for the quantitative approach, were washed with
sea water and sieved. Each organism that was picked, rinsed with sea water and
identified to the lowest possible taxonomic level according to specialized monographs

and literature (e.g., Fauvel, 1927; Hayward & Ryland, 2017). The online database World
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Register of Marine Species (htip://www.marine-species.org) was used to further check

the validity of species names. After identification, all macrofauna organisms were
incubated for 4-5 h in filtered habitat water to allow gut clearance, further were frozen in
liquid nitrogen and placed in the oven to dry for 48 h at 60 °C. For larger individuals, the
muscle tissue was used for isotopic analysis, while for the smaller individuals, the entire
body was used. Before weighing samples into pre-combusted tin cups (8 x 5 mm.
Elemental Micro- analysis Ltd.), all samples (food sources, MPB and macrobenthos)
were grounded to a homogeneous powder, while the filters containing POM were gently

scraped directly into the cups.

4.3.6 Stable isotope analysis

Around 1-2 mg of the pre-weighed samples were combusted into COzand Nz in
an elemental analyzer (EA, Flash 2000HT, Thermo Fisher Scientific), which provided
carbon and nitrogen contents (%C and %N). Isotopic ratios of carbon and nitrogen (&'3C
and &'°N) were obtained on an isotope ratio mass spectrometer (IRMS, Delta V
Advantage, Thermo Fisher Scientific) coupled to the EA via Conflo IV interface. The raw
data was normalized by three-point calibrations for C isotopes, using international
reference materials IAEA-CH6 (sucrose, d'C: -10.45%0), IAEA-600 (caffeine, d'3C: -
27.77%0), as wellas EEZ-20 (d13C =-12.3%0), and a three-point calibration for N isotopes
using IAEA-N-1 (ammonium sulfate, d"°N: +0.43%o), IAEA-600 (caffeine, d"™N: +1%o),
and IAEA-N-2 (ammonium sulfate, d'*N: +20.3%0) composition. Calibrated in-house
standards L-alanine (d"3C: -18.39 * 0.16%o; d'°N: +0.91 +0 .18%0) was used as check
standard. Two-point calibration was used for C isotopes, involving either Rice flour IRF01
(d"3C: -27.44%0) or casein (d'3C: -20.81%o) with glucose (d'3C: -10.96%o), and Rice flour
IRFO1 (d"™N: 4.32%o) or casein (d'°N: 5.6%0) with IAEA-600 (caffeine, d'°N: +1%o). The
standard uncertainty calculator provided in Szpak et al., (2017) was used to calculate
precision ((u (Rw = 0.24%[AAFM2] for 5'3C and 0.27%. for 8'°N) and accuracy ((u(bias)
= 0.22%o for 8'C and 0.33%o for 8'°N)) combining all data. Total analytical uncertainty
(uc) was estimated to be 0.32%. for 5'3C and 0.43%. for 5'°N (see Table A.1. C and N

isotopic signatures of consumers).
4.3.7 Data analysis
4.3.7.1 Isotopic metrics

All isotopic metrics are presented in Table 1. The community-wide metrics: &'°N
range (NR), 8'°C range (CR) were calculated as the difference between the maximum

and minimum value of 8N and &"C respectively. Total area encompassed by the
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consumers (TA) was calculated for each site using mean consumer species &'°N and
0"3C values. Max.TP for an individual from each site was calculated according to
Winemiller et al., (2007) where:

TPSI =4 + (‘SLFIN:: - alnNﬁ::sxl’me}frﬂn

gamma represents the trophic level of the baseline (1 for basal resources), 8'°Nsc is the
nitrogen isotope signature of the consumer being evaluated and &'°N baseline is the
mean nitrogen isotope signature of basal resources (POM, MPB, algae and aquatic
plants). For An, which is the trophic level enrichment of 8'°N value, the value 2.3%. was
used (Zanden & Rasmussen, 2001). The isotopic metrics (Iric, leve, IUni, Idiv) and
overlap metrics (Ines and Isim) were calculated according to Cucherousset & Villéger,
(2015). Prior to metric calculations, mean raw isotopic values for each &'°N and &'*C
were corrected by a community centroid approach to have the same range (0—1) in order
to correct for the natural variability in the isotopic values among sites with different
isotopic baselines (Villéger et al., 2008). This was achieved by estimating the spatial
values for isotope data by taking the mean distance of macrobenthic taxa from the
community mean at each site, following Schmidt et al., (2011). Isotopic richness (Iric),
isotopic divergence (/div), isotopic evenness (/Eve), isotopic dispersion (/dis) and
isotopic uniqueness (/Uni) were measured as described in Table 1. For further
description of these metrics, see Cucherousset & Villéger (2015). Overlap metrics (/sim
and I/nes) were derived from functional ecology that are based on the volume of the
intersection between two convex hulls (Villéger et al., 2011, 2013). Isotopic similarity
(Isim) is the ratio between the volume of the intersection and the volume of the union of
the two groups of organisms in the stable isotope space (Villéger et al., 2011). Ines is
the complementary metric to Isim, which is the ratio between the volume of the
intersection and the minimal volume filled by a group. The index of omniv_car was
calculated for each site separately as the % of all of the consumers classified as
carnivores and omnivores (according to Fauvel, (1927); Hayward & Ryland, (2017))

relative to all of the trophic groups present.
4.3.7.2 Multivariate and univariate analysis

Principal component analysis (PCA) was applied to a dataset with all variables from
Table A.2, appendix A and isotopic diversity metrics (CR, NR, TA, Iric, Max.TP, Idiv, IDis,
IUni, IEve, car _perc and omniv_car_perc) (Table 2). Some environmental and
biogeochemical variables (except for pH) were log10 transformed (all metals,

Chla_mg_g, Phaeo_mg_g, Chla_Phaeo, Temp, Sal, O); variables that were expressed
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as % (% of clay, % of sand, % of gravel, % of OM, % of total carbon, % of total nitrogen,
% of CaCO3), were transformed using arcsine square root transformation. PCA was first
done including all the transformed variables; afterwards, the variables that had the lowest
contribution to the PCA axes, as well as those that had high (>0.9) correlation with other
variables were removed. The variables removed were: (N_total per, Phaeo_mg_ g,
Chla_phaeo_ratio, Li, Sr, Mn, Ni, U, Zn, As, Co, Cu, T, Sal, O2 and pH). To check for
the significance of the PCA, a PCA test (R package “PCAtest’, Camargo, (2022)) was
applied with the following parameters: number of random permutations: 1000; number
of bootstrap replicates to build 95%-confidence intervals of the observed statistics: 1000;
alpha level for statistical tests: 0.5. PCA plot was done using the function “fviz pca_biplot"
using R package “FactoMineR” (L& et al., 2008). After applying a PCAtest, only variables
that were correlated more than 0.5 to PCs were considered. The variables considered
were: CR, NR, TA, Max.TP, Iric, omniv_car. PCAtest was applied in the same way and
with the same input parameters as done for the biogeochemical and environmental
variables.

All the isotopic and trophic diversity metrics were tested between sites and
sampling occasions using two-way analysis of variance (ANOVA, fixed factors were “site”
with three levels and “sampling occasion” with four levels). Prior to analyses all the
metrics were normalized and checked for the normality and homogeneity of the variance
using Shapiro-Wilk normality test and Levene's Test for Homogeneity of Variance (center
= median, p<0.05). The Tukey's test was performed to the metrics that obtained
significant differences, considering 5 % significance. Analysis was performed in R studio

using the “Vegan” package, function “aov” (Chambers et al., 1992).

4.4 Results

4.4.1 Biogeochemical and environmental characteristics of the study sites

The sediment biogeochemistry and the environmental variables measured in situ are
summarized in Table A.2. The sediment biogeochemical analysis revealed differences
between all three sites. Sediment at Navigator was predominantly muddy, characterized
by the highest mean values of Clay_per (20.9 £ 1 to 35.2 + 6.6 %), enriched in OM_per
(2.1+£0.1t03.9+0.6 %) and C_total_per (0.9 £ 0.03to 1.1 £ 0.1 %). Navigator had also
the highest content of metals. Sediment in Gambia was mostly characterized by the
highest proportion of Gravel_per (14.9 £ 5.6 to 16.9 + 2.1%) and intermediate values of
OM_per % (0.6 + 0.04 to 1.7 = 0.3). In contrast, predominance of Sand_per and
CaCO3_per (91.6 +2.8t097.3+£0.1and 3.5 +0.3 to 4.6 £ 0.9 %, respectively) as well
as reduced contents of Clay_per and OM_per (1.5+0.5t02.9+ 0.4 and 0.4 + 0.02 to
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1.9 £ 0.3%, respectively) were found in Troia sediments. Navigator and Gambia had high
content of Chla, whereas Troia sediments had the highest values of Chla_phaeo
representing the proxy for the freshness and quality of the phytodetrital organic matter.
Oxygen (O2) that was measured at each site showed the lowest values in Navigator and
Gambia varying between 5.3 + 0.6 to 9.6 £+ 0.4 and 8,8 + 0.4 to 17.9 + 0.4 mg/L,
respectively, while Troia registered the highest values varying between 8.6 £ 0.2 and
13.9£ 0.3 mg/L.
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Figure 2. Principal component analysis (PCA) biplot based on scaled environmental and
biogeochemical variables measured at three study sites in Sado estuary, coloured by estuary
“confidence” convex type. Variable’s vectors are presented based on their contributions to the
principal components (gradient colours and transparency of vectors) with red representing high
contributions, yellow intermediate and blue representing very low contributions. The dots
represent the cluster centroids for group variables.

PCA analysis clearly differentiated all three sites demonstrating clear differences in
biogeochemical sediment condition between sites. Both axes were significant according
to PCAtest (1000 bootstrap replicates, 1000 random permutations). The first PC
accounted for 49.0% (95%-Cl:43.9-55.7) of the total variation. The second PC axis
accounted for 25.5% (95%-C1:20.7-32.8) of the total variation and all together both PC
axes explained 74.5% of the variation observed (Fig. 2). All of the 8 variables had
significant loadings on either first (Clay_per, Sand_per, OM_per, CaCO3 per, Li,
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Chla_mg_g) or second (Gravel per, C_total _per) PC axes. The contribution of these
variables for each site was: Clay_per (-0.94 with PC1) and OM_per (-0.66 with PC1) in
Navigator, Gravel_per (-0.80 with PC2) and Chla_mg_g (-0.54 with PC2) in Gambia and
Sand_per (0.94 with PC1) and CaCO3 (0.68 with PC1) in Tréia (numbers in parentheses

represent correlations of empirical PC’s with variables).

4.4.2 Spatial variation of the benthic food web structure
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Figure 3. Plots with all sites pooled per sampling occasions (winter 2019 and 2020 and summer
2020 and 2021). In the x-axis and y-axis are the isotopic signatures of carbon (8'C) and nitrogen
(8"°N), respectively. The convex hull volume represented by the yellow, green, and purple areas,
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correspond to Navigator, Gambia and Trdéia, respectively. The Feeding guilds (FG) are
represented by geometric shapes.

The convex hull biplots clearly reveal distinct isotopic niches between Navigator,
Gambia, and Trdia. Navigator and Gambia presented smaller trophic niches and chain
lengths compared to Tréia (Fig. 3 and Fig. A.1, appendix A). This pattern was supported
by the metrics CR, NR, TA, Max TP and Iric that reached the highest values for Troia in
three sampling occasions (win19, win 20 and sum 20) (Table 2). Besides Navigator and
Gambia had fewer consumers (mostly suspension feeders and omnivores) (Fig. 3, winter
19 and summer 20), they occupied distinct edges of the isotopic space, which was
reflected in an increased isotopic divergence (/div) and isotopic dispersion (/Dis). High

proportion of omnivores also contributed to high observed omniv_car ratio (Table 2).

Table 2. Food web isotopic and diversity metrics calculated for each community sampled in three
sampling sites (Navigator, Gambia and Troia) of Sado Estuary across 4 sampling occasions
(win19, sum20, win20 and sum21). Isotopic and diversity metrics: Carbon Range (CR); Nitrogen
Range (NR); Total Area (TA); Maximum Trophic Position (Max TP); Isotopic Richness (lric);
Isotopic divergence (ldiv), Isotopic dispersion (IDis), lIsotopic evenness (IEve), Isotopic
uniqueness (/Uni), Carnivorus percentage (car_perc) and omnivores and carnivorous ratio
(omniv_car).

Isotopic and diversity metrics

Sampling
i Site Max car_p | omniv_car
occasion CR | NR | TA rric | Idiv | IDis | IEve | IUni — -
P erc
Navigator | 7.10 | 4,00 [ 17.84 | 1.08 0.29 0.73 | 0.57 | 0.63 | 0.24 0 65.00
win19 Gambia 590 | 250 [ 10.68| 1.98 0.17 0.80 | 0.47 | 0.69 | 0.32 0 75.00

Troia 6.90 | 6.80 | 2045 | 2.82 0.33 0.69 | 042 | 0.71 | 0.28 | 33.00 50.00

Navigator | 7.10 | 4.80 [ 18.90 | 3.13 0.22 0.73 | 0.52 | 0.61 | 0.24 | 18.00 71.00

sum20 Gambia 740 | 550 | 3138 | 299 0.37 0.73 | 0.58 | 0.75 | 0.21 | 24.00 67.00

Troia 10.30 | 5.70 | 35.94 | 3.17 0.42 0.71 | 0.46 | 0.68 | 0.18 9.00 39.00

Navigator | 6.80 | 3,00 | 14.15| 2.30 0.10 0.80 | 0.47 | 0.69 | 0.29 | 19.00 38.00

win20 Gambia 550 | 420 [36.46 | 2.56 0.26 0.74 | 0.63 | 0.63 | 0.30 | 18.00 32.00

Troia 1420 | 6.30 [ 66.21 | 3.39 0.47 0.68 | 043 | 0.62 | 0.23 9.00 27.00

sum21 Navigator | 11.50 | 5.50 [ 35.15| 3.30 0.30 0.71 | 0.62 | 0.75 | 0.62 | 38.00 57.00
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Gambia 8.80 | 460 | 28.78 | 3.04 0.24 0.81 | 0.63 | 0.73 | 0.45 333 47.60

Trdia 9.60 | 3.50 | 24.80 | 4.08 0.21 0.76 | 0.49 | 0.65 | 0.24 8.30 33.30

In contrast, Tréia had a larger number of consumers occupying a broader isotopic
space, mainly deposit feeders and omnivores (Fig.3 and Fig. A.1, appendix A), that
contributed to higher Max. TP and Iric values (except at sum21) (Table 2). Large number
of consumers occupying similar trophic levels in Trdia increased redundancy in Tréia’s
food web structure (decreased values of /Uni, Table 2). Additionally, biplots highlighted
that Tréia food web was characterized by the presence of secondary consumers and the
high number of top predators (Fig. 3, Fig. A.1, appendix A), represented by the highest
values of Max.TP in comparison to remaining sites (Table 2). Nevertheless, the only
significant differences in Max. TP were detected between Navigator and Tréia (p=0.037),
but not Tréia and Gambia as shown in appendix A, Table A.3. The abundance of top
predators in Troia exceeded that observed in Navigator and Gambia in win19, revealing
high complexity of Tréia's food web structures as indicated by high observed isotopic
evenness and isotopic richness (Table 2).

PCA based on food web metrics demonstrated a clear separation, along the first PC
axis, of Tréia food web from those of Gambia and Navigator (Fig. 4). According to
PCAtest only the first PC axis was significant accounting for 60.3% (95%-C1:40.9-79.6)
of the total variation. Besides the second PC axis did not appear to be significant it
accounted for another 18.9 % of the variation. The main variables that significantly
contributed to this separation were CR, NR, TA, Iric and Idiv that had significant loadings
on the first PC axis. Troia’s food web was distinct from the remaining two sites by having
higher correlation values for NR (0.83), Iric (0.88), TA (0.89), CR (0.82) and Max.TP
(0.59). Whereas Idiv (-0.81) and omniv_car (-0.51) were associated to Navigator and
Gambia’s food webs as indicated by the respective correlations with the first PC axes (in
brackets). It is worth to note that only NR, TA and Iric had significant correlations with

the first PC axis, according to PCAtest.
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Figure 4. Principal component analysis (PCA) biplot based on scaled metrics (CR, NR, TA, Iric,
Idiv and Omniv_car) used to characterize the food web structure analyzed at three study sites
(Navigator, Gambia and Troia in Sado estuary, coloured by estuary “confidence” convex type.
Variable’s vectors are presented based on their contributions to the principal components
(gradient colors and transparency of vectors) with gray representing high contributions, yellow
intermediate and blue representing very low contributions. The dots represent the cluster
centroids for group variables.

Regarding isotopic overlap, Navigator exhibited the most distinct food web structure,
compared to Gambia and Tréia, registering the lowest similarity (/sim) values (varying
between 0.007 and 0.329) when compared with other two sites (Fig.5). However,
Gambia and Troia presented the highest Isim (varying between 0.18 and 0.551),
between each other, consistently for all of the sampling occasions (Fig. 5). The highest
similarity between Gambia and Troia was observed in win20, as reflected in both /Ines
and /sim metrics indicating that a large part of the Gambia’s food web overlaps with that
of Tréia (Fig.5 iii).
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Figure 5. Isotopic overlap metrics in a two-dimensional isotopic space (d13C and d15N), between
two sites across the 4 sampling occasions (win19, sum20, win20 and sum21). i) Navigator vs
Gambia (blue and red, respectively); ii) Navigator vs Tréia (blue and red, respectively); iii)
Gambia vs Troia (blue and red, respectively). Isotopic overlap metrics were measured using the
isotopic richness of the two sites (i.e., convex hull volume represented by the red and blue areas,
respectively) and the volume of isotopic space they shared. Isotopic similarity is the ratio between
the volume shared (purple area). Isotopic nestedness is the ratio between the volume shared and
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the volume of the smallest convex hull (in blue). Isotopic overlap on each stable isotope axis is
showed by the overlap of the colored segments representing range of scaled values for each site.

4.4.3 Temporal variation of the benthic food web structure

Throughout the seasons, the convex hulls of Tréia and Gambia were consistently more
similar than that of Navigator (Fig.6). Navigator vs Gambia presented the smallest

overlap between each other in all of the sampling occasions with the lowest observed

values of Isim and Ines. These divergences become even more evident in win19 and

sum21, suggesting a distinct resource use composition in each of these food webs

(Fig.6). Tréia’s trophic niche was the least variable along the seasons, consistently

registering the highest values of Max TP, isotopic redundancy and trophic diversity.
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Figure 6. Isotopic overlap metrics in a two-dimensional isotopic space (13C and 15N), between
seasons: win19 vs sum20 / win20/ sum21; win20 vs sum20/ sum21 and sum20 vs sum21 in each
site. a) Navigator; b) Gambia and ¢) Trdia. Isotopic overlap metrics were measured using the
isotopic richness of the two sites (i.e., convex hull volume represented by the red and blue areas,
respectively) and the volume of isotopic space they shared (i.e., volume of their intersection,
delimited by the purple line). Isotopic similarity is the ratio between the volume shared (purple
area) and the volume of the union of the two convex hulls. Isotopic nestedness is the ratio between
the volume shared and the volume of the smallest convex hull (in blue). Isotopic overlap on each
stable isotope axis is shown by the overlap of the colored segments representing a range of
values for each site.

In winter of 2019, Gambia and Navigator food webs exhibited similar trophic guild
compositions, predominantly consisting of omnivorous and suspension feeders. In
subsequent seasons, its diversity increased with the presence of more predators and
other type of consumers, such as deposit feeders, herbivores and carnivores (Fig.3).
Despite these variations, the presence of omnivores and suspension feeders in the food
web was consistently maintained throughout the seasons. The flattening structure of the
food web is a result of high isotopic dispersion combined with low values of Max. TP, Iric
and high values of /div throughout the seasons.

Concerning the convex hulls overlap, Navigator and Gambia’s food webs revealed
a similar pattern by presenting the highest similarity between win19 vs win20 and win20
vs sum20, while the lowest similarity was registered in win19 vs sum21 (Fig.6a and
Fig.6b). Along the analyzed sampling occasions, an increase in the isotopic space and
complexity at both sites was observed, with the appearance of other consumers
belonging to distinct trophic groups (e.g., herbivores and deposit feeders). This increase
was also reflected in the increase in Omnivore and Carnivore ratio (omniv_car) p=
0.00492, whose Tukey's test reported significant differences (p<0.05) between the win19
vs win20 and win20 vs sum20 levels (Table A.3).

Tréia’s food webs throughout the sampling occasions were the least variable,
registering consistently the highest values of Max TP, high isotopic redundancy and
trophic diversity. This was also evident in very high nestedness values for Tréia food
webs between sampling occasions (89.5-96.3 %, Fig. 6¢). Nevertheless, a seasonal
pattern was observed in Tréia food web, indicating differences in food web structure

between summer and winter seasons (Fig. 6¢).
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Figure 7. Principal component analysis (PCA) biplot based on scaled metrics (CR, NR, TA, lIric,
Idiv. Max TP and Omniv_car) used to characterize the food web structures analyzed across 4
seasons (win19, sum20, win20 and sum21) in Sado estuary, coloured by estuary “confidence”
convex type. Variable’s vectors are presented based on their contributions to the principal
components (gradient colours and transparency of vectors) with grey representing high
contributions, yellow intermediate and blue representing very low contributions. The dots
represent the cluster centroids for group variables.

PCA based on isotopic and diversity metrics demonstrated a partial seasonal
separation of win19 and sum20 in the first axis (Fig.7). Metrics that contributed to this
separation were NR and Iric, associated with sum20, and omniv_car that was positively
associated with win19. There was a clear annual pattern along the second axes that
separated win19 and sum20 from win20 and sum21. The metrics responsible for this
differentiation were TA, Max TP, CR and /Idiv that were associated with win20 and
sum21, while NR, Iric and omniv_car were associated with win19 and sum20. This
separation could be associated with the general increase of the isotopic niches and
isotopic diversity metrics in Navigator and Gambia (by hosting more predatory
consumers) in win20 and sum21. Nevertheless, according to PCAtest, the second PC
axis was not significant indicating that temporal effect, especially the one associated to
interannual variation is less strong than spatial pattern that was observed between Troia

and remaining two sites.
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4.5 Discussion

4.5.1 Spatial variation of the benthic food web structure

Isotopic and diversity metrics, coupled with multivariate analysis, were useful in
discriminating spatial patterns in benthic food webs. In accordance with our first
hypothesis (Table 1), we found smaller trophic niches and chain lengths at Navigator
and Gambia, as indicated by the respective metrics, compared to Troia. Navigator and
Gambia are both located in the inner estuary, where limited oxygen exchange and site-
specific anthropogenic activities (e.g., aquaculture activities, paper factory respectively)
are directly responsible for the observed organic enrichment. The simpler food webs in
Navigator and Gambia are corroborated be the very low diversity of predatory and
omnivory macrofauna consumers found at these two sites compared to Tréia. As
demonstrated elsewhere (Dorgham, 2014; Hale et al., 2016) organic enrichment affects
food web structure directly through siltation (increase in turbidity), habitat modification
and oxygen reduction, leading to the disappearance of sensitive species. Similarly, a
direct consequence of the organic load in Navigator and Gambia might have negatively
affected the communities of more sensitive taxonomic groups, such as echinoderms,
sponges and other vulnerable species. This has resulted in lower taxonomic and trophic
diversity found at these two sites compared to the remarkably high benthic diversity in
Tréia.

Indirectly an excessive organic enrichment may promote hypoxic conditions,
triggering shifts in primary production and benefitting opportunistic species at the base
of the trophic level (Zheng et al., 2020). For example, lower quality OM (estimated by
Chla:pheo ratio values) at Navigator and Gambia was previously demonstrated to be
highly influential for meiofauna distributional patterns in Sado estuary (Vieira et al.,
2023). This contributed to a high biomass of small opportunistic species and fewer
predators at sites with high OM loads (Sroczynska et al., 2021). Since many macrofauna
species directly feeds on meiofauna, a less diverse meiofauna community previously
found at Navigator and Gambia can be directly responsible for the lower observed
diversity of intermediate consumers, such as deposit feeding polychaetes (Vafeiadou et
al., 2013). This resulted in less benthic omnivores and predators in Navigator and
Gambia compared to Troia. Similar findings were reported for the Baltic Sea, where the
authors demonstrated that the available biomass of primary consumers (meiofauna and
small macrobenthic consumers) determines the abundance of large omnivores and
carnivores (Szczepanek et al., 2021).

In contrast Tréia benefits from the tidal dynamics and higher oxygen exchange

between the inner estuary and the marine environment, characterized by predominantly
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sandy sediments with low organic matter, reflecting an environment with high-quality
food sources, as evidenced by Chla:pheo ratio values. Troia’s food web reported high
number of pathways and interactions, composed of secondary consumers, and a high
number of top predators. This higher taxonomic and trophic diversity of benthic
consumers in Troia has led to a broader used of resources by primary consumers, as
evidenced by a wider species distribution along the carbon axis.

Despite Navigator and Gambia sharing more similar sediment biogeochemical
conditions, we did not observe a higher overlap between them, contrary to our second
hypothesis (H2, Fig. 1). In fact, Navigator and Gambia exhibited very low isotopic niche
overlap, with the lowest similarity values (/sim and Ines). Instead, Gambia’s food web
showed greater similarity to Troia’s food web. The low similarity and nestedness
between Gambia and Navigator were attributed to a better efficiency in the use of
resources by the consumers in Gambia (estimated by the high values of chlorophyl a,
pheopigments and ratio of both, Table S.1; and the high values of Idisp and Iric, Table
2). This can be attributed to the emergence of new macrobenthic consumers in Gambia,
particularly more carnivores and deposit-feeders (since summer 2020), which have used
more efficiently the available food resources and, thereby, increased the isotopic space
occupied by the consumers.

However, we observed that consumers within the same trophic guilds in Gambia
occupied higher positions on the trophic level compared to the same consumer species
in Navigator (Fig.3 and Fig. A.1). This could be explained by the abrupt increase in Chla
(5 orders of magnitude), phaeopigments (10 orders of magnitude) and carbon range
values from summer 2020 in Gambia (Table S.1), which stimulated primary production
and likely triggered shifts in resources, leading to increased energy transfer to higher
trophic levels (Zheng et al., 2020). Similar findings were reported for the Polish coastal
area, where the authors found that in sites with increased organic input from riverine
discharge, the omnivores occupied higher trophic levels, likely due to an increased
availability of meiobenthic prey (Szczepanek et at., 2021).

In summary, the quantity and quality of OM proved to be an important variable in
shaping spatial patterns in benthic food web structure. Moreover, similarity metrics were
a valuable complementary tool that helped to further disentangle the causes of spatial
variability, in this case distinguishing between two food webs (Navigator and Gambia)

that had similar structures but different resource utilization.

4.5.2 Temporal variation of the benthic food web structure

Summer increase in temperature and photoperiod stimulates primary productivity,

increasing secondary and tertiary production, increasing the complexity of the food webs
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(Humphries et al., 2017). Contrary to our hypothesis (H3, Table 1), no seasonal pattern
was observed in food webs concerning primary productivity. The highest Chla and
phaeopigments were detected in win20 and sum20, indicating that primary productivity
is not directly influenced by the seasonal effects. Instead, various factors potentially
contribute to the abundance and diversity of food sources in Sado estuary. As previously
demonstrated, increases in organic inputs to the system are not always congruent with
the seasonal variations, they can also occur on a microscale (Moens & Beninger, 2018;
Young etal., 2019), or may be linked to the spatially heterogeneous nature of the estuary
itself (Elliott & Quintino, 2007).

Previously studies demonstrated that spatial differences in sediment conditions,
often associated with anthropogenically mediated variations in local OM exert primary
control on community distribution in this estuary (Vieira et al., 2023). These spatial
differences are more influential for community structure than temporally derived
variations in basal resources. Similarly, any seasonal patterns in food web structure are
likely masked by more pronounced spatial differences, which are characteristic of each
site within the estuary.

We also hypothesized (H4, Table 1) to find more similar food webs at the same
season (win19/win20 vs sum20/sum21) than among different seasons. Contrary to our
hypothesis, we observed a gradual increase in trophic diversity, particularly with the
emergence of herbivores and other carnivores, along with a concomitant increase in food
web complexity (as indicated by isotopic metrics) in Navigator and Gambia throughout
the seasons. Significant differences were found for maximum trophic position and the
percentage of carnivores and omnivores between winter 19 and other seasons,
regardless of the site. Seasonal variations were more evident in Troia's food web, as
evidenced by the lowest observed similarities between seasons (win19 vs sum 20 and
win20 vs sum21), reflecting temporal differences in the availability and diversity of food
sources. We propose that the more complex food webs in Tréia exhibit better responses
to seasonal shifts. These food webs are composed of more specialist consumers, that
more efficiently use the available resources, hence, any temporally derived variability in
food sources leads to a corresponding shift in isotopic position of these consumers
(Ziotkowska & Sokotowski, 2022). In contrast, the food webs in Navigator and Gambia,
are composed of consumers with more generalistic behavior and high plasticity, enabling
them to quickly adapt to local variations in OM availability (Szczepanek et al., 2021),
which is reflected in more flexible positioning of these consumers in the isotopic space.
As a result, temporal shifts associated with resource utilization are more difficult to

capture in such webs.
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4.6 Concluding remarks

The integration of isotopic metrics complemented with multivariate and univariate
analyses proved to be an important tool for the analysis of different aspects of the benthic
food web complexity in a spatial-temporal context. Isotopic diversity metrics were useful
to examine the structure of the food web, while similarity metrics provided insight into the
differences in resource utilization. Tréia’s food web demonstrated greater
responsiveness in capturing temporal differences in resource use, suggesting that more
complex food webs are better equipped to reflect temporal variability.

Multivariate analyses were useful in identifying spatial and temporal patterns
demonstrating the strong influence of OM on spatial benthic food web discrimination.
Meanwhile, univariate analyses revealed significant differences between maximum
trophic position and the percentage of carnivores and omnivores between sites,
indicating the potential for these metrics to serve as indicators of the ecosystem change
in the future.

In summary, we concluded that the combination of different isotopic and diversity
metrics coupled with univariate and multivariate analyses is a very promising approach
to assess the functional integrity of the estuarine ecosystems, especially in the context
of the descriptor 4 within MSFD. The suggested analysis of benthic food web attributes
can be easily applied to any ecosystem or particular type of disturbance, potentially
improving the accuracy of assessing GES under D4. Knowing that current indicators
under D4 of MSFD are mostly focused on economically important guilds (fish, birds),
often overlooking benthic habitats and ecosystem-based processes, this study offers

valuable insights for developing new strategies to assess benthic ecosystems.
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Appendix A — Figures and tables
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Figure A.1. Biplots of carbon (5'3C) and nitrogen (5'°N) isotopic signatures (representing mean and standard deviation) for each taxon with colors depicting
different FG (Feeding Guild) assighment (according to Fauvel 1927; Hayward & Ryland, 1995), at three study sites for (A) win19, (B) sum20, (C) win20 and
(D) sum21. Convex hull areas are drawn only for consumers (shaded area) and represent total area in the biplot occupied by all the consumers.
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Table A.1. Mean x SE of C and N isotopes measured from the consumers, Feeding Guild (FG), consumer level. From each site Navigator (NAV), Tréia (TROI)
and Gambia (GAM) and across all seasons (winter 19, summer 20, winter 20 and summer 21).

Sample ID Species FG Consumer d15N d13C
NAVw19 Hediste sp. omnivore secondary 8.62+0.11 -13.81 +0,28
NAVw19 Carcinus maenas carnivore secondary 7.20£0.69 -13.70+0.82
NAVw19 Cyatura carinata carnivore secondary 9.761£0.22 -13.33+0.60
NAVw19 Cerastoderma edule suspension feeder  primary 7.60+0.20 -18.53+0.20
NAVw19 Crassostrea gigas suspension feeder  primary 8.46+0.15 -17.76+£0.13
GAMw19 Hediste sp. omnivore secondary 10.74+£0.24 -14.00+£0.40
GAMw19 Cerastoderma edule suspension feeder  primary 10.43+0.09 -19.50+0.16
GAMw19 Ruditapes philippinarum  suspension feeder  primary 9.53+0.18 -19.43+0.28
TROIw19 Gliceridae carnivore secondary 10.91+0.55 -14.30+0.36
TROIw19 Marphysa sanguinia carnivore secondary 10.43+0.25 -15.36+0.16
TROIw19 Ocenebra erinaceus carnivore secondary 9.36+0.33 -18.36+0.13
TROIw19 Maldanidae deposit feeder secondary 11.95+0.27 -13.37+0.25
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13.43+0.40 -15.55+0.53

12.97 -19.99

9.32 -15.91

10.93+0.40 -14.98+0.53

9.23+0.16  -20.90+0.13
9.83#0.13 -19.76+0.22
9.53+0.07 -14.06+£0.43
9.81+0.07 -16.94+0.18
9.28+0.42 -13.85+0.71

12.49+0.01 -15.63+£0.002

8.39 -11.53
7.80+0.05 -18.30+0.05
12.74 -13.14

12.21£0.35 -14.39+0.08

11.15 -14.77
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TROIS20 Maldanidae deposit feeder secondary 11.37£+0.4 -14.3910.7
TROIS20 Ampeliscidae deposit feeder secondary 9.97+0.75 -15.80+0.35
TROIS20 Capitellidae deposit feeder secondary 11.58 -14.59
TROIS20 Terrebellidae deposit feeder secondary 11.38 -14.51
TROIS20 Holothuroidea deposit feeder secondary 9.83 -14.35
TROIS20 Chaetopleura angulata herbivore secondary 10.09 -17.75
TROIS20 Paguroidea omnivore secondary 10.63+0.25 -14.63+0.26
TROIS20 Tritia reticulata omnivore secondary 12.58+0.26 -14.47+0.22
TROIS20 Mysidacea omnivore secondary 12.07+0.09 -13.03%0.27
TROIS20 Ophiuroidea omnivore secondary 10.21 -9.51
TROIS20 Cerastoderma sp. suspension feeder  primary 8.184+0.28 -19.30%0.16
TROIS20 Solen marginatus suspension feeder  primary 7.73£0.06 -19.03+0.02
TROIS20 Veretillum cynomorium  suspension feeder  secondary 10.27+£0.11 -17.79+2.51
GAMw20 Cyatura carinata carnivore secondary 12.64+0.22 -10.55+0.43
GAMw20 Carcinus maenas carnivore secondary 10.57 -18.11
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10.65+0.26 -1.052+0.29
9.61+0.05 -6.33+0.27
12.04+0.35 -12.81+0.11
9.07+0.03 -20.15+0.06
9.64+0.04 -20.33+0.09

10.79+0.03 -19.20%0.07
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herbivore

omnivore

omnivore

omnivore

omnivore

suspension feeder

suspension feeder

suspension feeder

suspension feeder

suspension feeder

suspension feeder

secondary

secondary

primary

secondary

primary

secondary

secondary

secondary

secondary

secondary

primary

primary

primary

primary

primary

11.68

11.19+0.22

9.79+0.19

10.80

9.48+0.004

11.90

13.64

10.88+0.09

10.26+0.02

9.47+0.15

10.02

8.29

9.54

8.15

8.29
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-14.69

-13.44+0.11

-9.29+2.45

-13.22

-12.22+0.03

-13.12

-12.82

-4.59+2.08

-12.96+0.22

-21.74x0.23

-17.67

-17.54

-17.81

-17.31

-16.82

142



TROIw20

TROIw20

TROIw20

GAMS21

GAMS21

GAMS21

GAMS21

GAMS21

GAMS21

GAMS21

NAVS21

NAVS21

NAVS21

NAVS21

NAVS21

Pinnidae

Cardiidae

Nucula

Carcinus maenas

Cyatura carinata

Brachyura

Hediste sp.

Cerastoderma edule

Venerupis philippinarum

Crassostrea gigas

Cyatura carinata

Carcinus maenas

Hydrobia

Hediste sp.

Crassostrea gigas

suspension feeder

suspension feeder

suspension feeder

carnivore

carnivore

carnivore

omnivore

suspension feeder

suspension feeder

suspension feeder

carnivore

carnivore

herbivore

omnivore

suspension feeder

primary

primary

primary

secondary

secondary

secondary

secondary

primary

primary

primary

secondary

secondary

primary

secondary

primary

8.44

7.61

8.46+0.01

13.59+1.64

13.53+0.20

13.63

12.23+0.17

10.04+0.23

10.55+0.36

11.79+0.46

11.03+0.22

11.71+0.37

7.11£0.09

9.52+0.09

9.36+0.16

-17.78

-17.67

-17.26+0.32

-11.42+0.57

-9.54+0.25

-11.06

-11.06+0.19

-19.53+0.64

-22.40+0.52

-18.96+0.37

-8.64+0.44

-10.59+0.02

-10.26x0.69

-12.49+0.39

-18.04+0.40
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TROIS21

TROIS21

TROIS21

TROIS21

TROIS21

TROIS21

TROIS21

TROIS21

TROIS21

TROIS21

TROIS21

TROIS21

TROIS21

TROIS21

Cyatura carinata

Brachyura

Maldanidae

Holothuroidea

Chaetopleura angulata

amphipode

Tritia reticulata

Paguroidea

Solen marginatus

Cerastoderma edule

Venus verrucosa

Parvicardium sp.

Spisula sp.

Laevicardium sp.

carnivore

carnivore

deposit-feeder

deposit-feeder

herbivore

omnivore

omnivore

omnivore

suspension feeder

suspension feeder

suspension feeder

suspension feeder

suspension feeder

suspension feeder

secondary

secondary

secondary

primary

secondary

secondary

secondary

secondary

primary

primary

primary

secondary

primary

primary
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13.37 -11.72

12.74 -13.30

11.64+0.08 -12.91+0.80

9.47 -16.94
11.73 -13.81
8.62+0.22 -18.82+0.20
12.80 -14.14

10.87+0.46 -13.63+0.09

7.16 -19.08
8.35 -18.09
9.21 -18.47
8.09+0.01 -19.26+0.22
8.87+0.10 -19.83+0.54
7.04+0.09 -18.96+0.02
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Table A.2. MeantSE, n=3 of the environment and biogeochemical parameters measured in each site (Navigator, Gambia and Trdia), across the 4 seasons
(win19, sum20, win20 and sum21). Granulometric parameters (%) are Clay_per, Sand_per, Gravel_per. The elemental analysis (W%) are organic matter
(OM_per), Total Nitrogen and Carbon (N_total_per and C_total_per), pigments measured (mg.g-1) are Chlorophyl a (Chla_mg.g-1) and Phaeopigment
(Phaeo_mg.g-1) the freshness calculated by the ratio between Chla and Phaeo pigments (Chla_phaeo). Metals concentration (mg/kg) Li, Sr, Mn, Ni, Cr, Be,
U, Ba, Co, Cu, Zn, As, Pb and Hg. Instant variables, measured in each site Temperature (Temp) °C, Salinity (Sal), Oxygen (O2) mg/L and pH.

Seasons win19 sum20 win20 sum21

Sites Navigator Gambia Tréia Navigator | Gambia Tréia Navigator | Gambia Tréia Navigator | Gambia Tréia
Clay_per 301+31 |135%02| 18%02 | 209%1 |174%51| 17201 | 352%66 |158+17| 1505 | 258+23 |163£22| 29+04
Granulometry Sand_per 66226 |715£55| 93.8+1.9 | 73117 |67.5+4.1|97.3+01| 61.8+61 | 68.7+1 |952+1.1| 72.2+26 |66.6+06| 91628
Gravel_per 3807 |149:56| 4418 | 5915 |151+64| 1+01 | 3+07 | 1551 | 331 | 2+03 |169+21| 5428
OM_per 39+06 |06+004| 1903 | 23403 | 1.7+03 |04£002| 24+03 |08+005|04+002| 21+01 | 1201 | 05+004
C._total_per 09+0.3 0.7£04 | 06£0.06 | 1.1£01 | 04£01 | 07+01 | 11201 |05:003|05+004| 09+01 |04+005| 06003

N_total_per 0.06+02  [0.05+0.02]0.02 +0.008 %‘%é 0.03 +0.01 %’%:);f 0.3+0.09 %%%; %.%%zi 0.07 +0.007 %’%‘(‘); 0.01+0.003

CE:L"::I:?;n CaCO3_per 24:05 1£006 | 43+03 | 26405 | 1.6+03 | 4609 | 21+005 [1.2£004| 3503 | 1.7£01 |13£005| 37:03
Chla_mg_g 156+39 [103:09| 267+21 | 98+01 |555+2.4|111£14| 311£66 [108+19| 6705 | 4808 | 77:07 | 49+06
Phaeco_ mg g | 14737 |78:05| 145+1 |106+12 11352'_17i 52+09 | 401+94 | 51+15 | 45408 | 1602 | 36+04 | 13%02

Chla_phaeo | 1.1%002 | 13%041 | 18006 | 09401 | 07403 | 22+01 | 08£0.02 | 2506 | 1.7£03 | 29+01 |21+£005| 404
Li 28,7£2,8 | 204:0,7 | 11,5¢0,3 | 2813 | 20,0£3,5 | 11,5¢0,05| 30,8:2,7 | 256£0,9 | 12,120,3 | 29%0,7 | 16,9%2,3 | 13,5%0,2
Metals (mg/kg) Sr 110,3:18,6 | 45,6:0,9 | 74,4133 | 96,1206 | 48,8:4,1 | 97,9:204 | 61,3:09 | 50,4:0,6 | 69,8+12 | 61236 | 625:¢1,3 | 735¢1,7
Mn 100,669 | 61,7:4,3 | 456:2,9 | 1151237 |71,1412.9| 39,9:02 | 111,492 | 83,958 | 49,627 | 103936 | 622+10 | 52,7433
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Ni 15,1£2,1 7,8+0,9 3,8+0,08 15,7£0,8 9,642,2 | 4,3+0,06 18,7¢1,3 | 93,4+61,8 | 8,3+0,9 15,8+0,7 10,4+1,6 9,5+1,1
Cr 29,3+3,8 15+3,3 3,6£0,1 26,5+1,9 16,57 3,5+0,03 29,9+3,2 |157,9+105| 4,8+0,3 29,7+0,2 11,7£3,5 6,1+0,4
Be 10,1 0,6+0,04 0,6+0,2 0,9+0,06 0,6+0,2 1,4+0,06 1,2+0,07 0,8+0,03 0,7+0,1 1,2+0,08 0,8+0,09 1,4+0,4
U 3,31+0,6 1,240,07 | 0,440,02 1,940,1 1,4+0,2 | 0,4+0,01 2,240,2 1,4+0,1 0,4+0,01 1,80,1 0,8+0,09 0,5+0,03
Ba 246+7 236,745 234,747 230,448,8 (223,5+24,6| 245,3+7,8 255,742 252,246,3 |226,7+12,5| 251,1+4,7 | 244,7+6,8 238,8+13
Co 4,60,7 2,7£0,4 0,6+0,02 4,340,3 3+1,1 0,6+0,03 4,940,4 4,9+0,9 | 0,840,05 4,6+0,1 2+0,6 0,9+0,05
Cu 28,616,7 8+1,9 1,60,2 19,6£14 | 11,2454 | 1,840,3 32,9+0,5 20,5#4,3 | 2,4+0,4 37,845,3 10,2+3,1 3,740,3
Zn 82,3+21,9 26,5+7,5 3,1+0,8 63,9+8,5 | 25/4+9,6 | 4,6%0,3 95,615 41,7+¢3,8 | 7,9¢1,9 | 109,3+19,5 | 20,646,4 9,5+0,8
As 13,8+2,9 4,7+0,9 1,701 12,2+1,9 7,313 2,310,2 12,9+0,6 7,9+0,8 1,640,2 11,3+1,3 4,5+1,3 0,940,2
Pb 25,4+3,9 14,71 12,2+0,4 22,1+1,8 | 14,1£2,4 | 12,9+0,4 27,3+0,9 17,9+0,6 | 12,4+0,6 | 29,3+3,3 14,9+0,9 13,1£0,6
Hg 0,3+0,07 0,3+0,2 |0,03+0,0007| 0,3+0,05 | 0,06+0,01 (0,03+0,006| 0,3+0,05 | 0,1+0,003 |0,02+0,004| 0,3+0,06 | 0,04+0,01 0,05+0,002
Temp 15.3+0.1 11.1+0.2| 153+0.1 | 285+05(244+02|239+0.1| 135+0.2 |168+0.2(16.8+0.2| 23.8+0.9 |(23.6+0.1 20.7+0.2
Sal 31.9+0.9 306+0.7| 31.8+0.9 | 36.5+0.3 |17.7+0.1|16.4+0.04| 159+ 0.05 |14.7 +0.05( 14.7+0.5 15+0.5 14 +£15 15.3+0.3
Instant variables
02 9.2+0.1 145+25| 9.2+0.1 83+13 | 95+04 |121+03| 96104 179+04|139+03| 53x0.6 8.8+04 8.6+0.2
pH 7.9+0.01 79+0.05| 79+0.01 | 81+£0.1 [7.8+0.02|7.9+0.04| 8303 86+0.3 |89+0.04| 7.8%0.1 8.1+0.1 8.3+0.02
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Table A.3. Results for a two-way factorial ANOVA of isotopic and diversity metrics, calculated for each community sampled at three sites (Navigator, Gambia
and Troia) of Sado Estuary, along 4 seasons (win19, sum20, win20 and sum21). ANOVA test and Tukey’s post-hoc multiple comparisons were performed
considering the significance levels of p<0.05 (*) and p<0.001 (**).

Metrics

CR

NR

TA

Max.TP

Sou-rc.e of Df
variation
sites 2

seasons 3

residual 6

sites 2

seasons 3

residual 6

sites 2

seasons 3

residual 6

sites 2

Sum Sq

22.98

17.34

31.98

4.625

1.620

12.935

485.4

775.4

1140.0

1.857

Mean Sq

11.492

5.779

5.330

2.312

0.540

2.156

242.7

258.5

190.0

0.9284

F value

2.156

1.084

1.073

0.250

1.277

1.360

6.110

Tukey’s post-

Pr(>F) hoc

0.197

0.425

0.400

0.858

0.345

0.341

9'0357 Troia > Navigator*
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Iric

Idiv

IDis

IEve

seasons

residual

sites

seasons

residual

sites

seasons

residual

sites

seasons

residual

sites

seasons

residual

3.750

0.912

0.03762

0.01236

0.07180

0.007525

0.001897

0.011819

0.03484

0.01298

0.01861

0.003309

0.006348

0.018100

1.2500

0.1520

0.018811

0.004121

0.011967

0.003763

0.000632

0.001970

0.017420

0.004327

0.003101

0.001655

0.002116

0.003017

8.226

1.572

0.344

1.910

0.321

5.617

1.395

0.549

0.701

0.0151

0.283

0.795

0.228

0.810

0.0422

0.3324

0.604

0.585

win19> sum 20*

win19> sum21*

Troia > Gambia*
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IUnic
sites
seasons
residual
car_perc
sites
seasons
residual

omniv_car

sites

seasons

residual

0.03031

0.08387

0.05238

41.9

386.4

1368.5

999.2

1761.2

271.0

0.01515

0.02796

0.00873

20.94

128.79

228.09

499.6

587.1

452

1.736

3.202

0.092

0.565

11.06

13.00

0.254

0.105

0.914

0.658

0.00971

*%

0.00492

*%

Troia > Gambia*
Troia>Navigato®

win20 > sum20*
win 19 > win20**
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CHAPTER 5 - SPATIAL AND TEMPORAL DISTRIBUTION PATTERNS OF THE
ESTUARINE NEMATODE ASSEMBLAGES AND THEIR RELATIONSHIP WITH
BENTHIC BACTERIA COMMUNITIES
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CHAPTER 5

5.1 Abstract

Benthic nematodes and bacteria are highly sensitive to habitat conditions being
valuable ecological indicators. Previous studies have shown that nematode
assemblages are more sensitive to site-specific conditions than benthic bacterial
communities, highlighting the spatial diversity of the distribution patterns for both
communities. Still, the effect of the temporal changes on the communities’ composition
distribution patterns in the sediment habitat conditions remains unknown, which raised
the following scientific question: How do temporal changes in sediment habitat conditions
influence the composition and distribution patterns of both communities? This study
compares the spatial and temporal distribution patterns of nematode and bacteria
communities, based on communities’ diversity and abundance at three different sites in
Sado estuary, through four sampling occasions. We hypothesize that: (1) the nematode
assemblages present different distribution patterns between sites and across sampling
occasions; and (2) both communities are affected differently to site-specific conditions.
Two-factor PERMANOVA test ("site" and "sampling occasion") revealed significant
variability (p<0.05) on nematode assemblages composition caused by specific sediment
conditions. The responses of both communities were partially similar, strongly influenced
by the spatial variability conditions, although nematode assemblages were more
sensitive to the temporal variability of each site than bacterial communities. Temporal
distribution patterns observed in nematode assemblages suggests they are more
susceptible to short-term environmental changes, making them potential ecological
indicators of fast shifts. The complementary responses of nematode and bacterial

communities could be exploited on the framework of environmental monitoring.

Keywords: Spatial and temporal patterns, nematode assemblages, bacterial

community, benthic responses.
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5.2 Introduction

Estuarine sediments sustain life for a myriad of organisms, where the
environmental heterogeneity occurs at several scales influencing their diversity and
distribution patterns (Moens & Benniger, 2018). In these environments, the magnitude
and direction of the ecological responses are difficult to predict since a multitude of
factors interact simultaneously shaping the benthic communities (Steyaert et al., 2003;
Schratzberger & Ingels, 2018).

Benthic communities are highly sensitive to habitat conditions (Ruaro et al., 2016;
Branco et al., 2018, Ridall & Ingels, 2021) highlighting their ability as valuable ecological
indicators (Giere, 2009; Ridall & Ingels, 2021). As example, several meiofauna
organisms, such as nematodes, have been used to evaluate the integrity of the aquatic
ecosystems (Semprucci & Balsamo, 2014; Zeppilli et al., 2015; Branco et al., 2018;
Haegerbaeumer et al. 2019). Nematodes are considered the most abundant group,
widely distributed, and respond rapidly to environmental changes (Giere 2009). In
parallel, with the advances in environmental genomics, benthic microorganisms are also
becoming valuable bioindicators in routine monitoring (Sagova-Mareckova et al., 2021),
highlighting the importance of their functional and metabolic pathways in the regulation
of the trophic state of the sediment and their sensitivity to metal pollution (Pawlowski et
al., 2018; Vieira et al., 2023; Vieira et al., 2025). Both nematodes and bacteria have been
proven to play important roles in efficiency ecosystem processes that occur in sediments
(Nascimento et al., 2012; Bonaglia et al., 2014)., with direct implications for ecosystem
health (Schratzberger & Ingels, 2018). Nevertheless, the exact contribution of these
organisms remains unclear due to their multiple and complex interactions in response to
different environment conditions (Schratzberger & Ingels, 2018). The effect of spatial
changes of the sediment habitat conditions on the composition and diversity of bacteria
and nematode communities, has been studied in Sado estuary on the SW coast of
Portugal (Vieira et al., 2023). Vieira and colleagues (2023) showed the spatial distribution
of both communities were mainly driven by the sediment organic matter (OM) in different
magnitudes. Nematode assemblages revealed to be more sensitive to site-specific
conditions than benthic bacterial communities.

Another study focused solely on the effect of spatial and temporal changes in
sediment conditions on the composition of benthic bacterial communities and showed
that the communities respond strictly to the spatial variability of the sediment (Vieira et
al., 2025). The lack of significant temporal changes in the communities’ distribution

patterns was consistent with the strong influence of stochastic events, coupled with the
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functional redundancy that characterizes microbial communities on muddy sediments
(Moens & Benniger, 2018).

Given the lack of temporal variability in the bacterial communities and the high
sensitivity of the nematodes to site-specific conditions, it remains uncertain whether
these effects maintain over time in the distribution patterns of nematode assemblages,
raising the following scientific question: How do temporal changes in sediment habitat
conditions influence the composition and distribution patterns of both communities? The
present study aims mainly the comparison of the spatial-temporal distribution patterns of
both nematode and bacteria communities based on their diversity and abundance in
three different sites of Sado estuary during four sampling occasions. We hypothesize
that: (H1) the nematode and bacterial communities present different distribution patterns
between sites and across sampling occasions; and (H2) both communities are affected

differently to site-specific conditions.

5.3 Material and Methods

5.3.1 Study area and sampling design

The Sado estuary, which covers a vast area of 240 km2, is the second largest
estuarine system in Portugal, is regarded as one of Europe's most important wetlands
(Bettencourt et al., 2004) (Fig. 1). Around 30% of this area is composed of salt marshes
and intertidal flats with an important ecological value by accommodating “Estuario do
Sado Nature Reserve” (Caeiro et al., 2005). Sado estuary is a semi-diurnal mesotidal
system and during spring and neap tides have a tidal amplitude varying between 0.6 m
and 1.6 m. This estuary is influenced by Sado river flow (annual mean of 40m3s-1)
(Bettencourt et al., 2004) and by different weather conditions (seasonal and inter-annual
events), Temperature can vary between 10 and 26°C and salinity ranges between 0.75
at upstream to 35.34 at downstream (Sroczynska et al., 2021). On the basis of the
heterogeneity and typology of this estuarine ecosystem, the sampling sites were selected
based on different biogeochemical and trophic conditions of the sediments, the
hydrodynamic activity of the estuary (high/low water residence time), salinity gradient
(mesohaline area), all influenced of nearby anthropogenic activities (Caeiro et al., 2005;
Kennedy et al., 2005; Sroczyhska et al., 2021). Take into account these criteria the
selected sampling sites were: 1) Navigator, surrounded by industrial activities, where
sediment is mainly muddy with silty-fine sediments with high organic contents (Caeiro et
al., 2005); 2) Gambia located inside the “ Estuario do Sado Natural Reserve” surrounded
by oysters farming and other aquaculture activities with the grain size were dominated

by high proportion of clay-fine sediments (Vieira et al., 2022); and 3) Tréia located at the
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mouth is characterized by high water exchange rate and sediments with high proportion
of sand (Sroczynska et al., 2021b), (Fig.1).

8°52W  8°48'W  8°44'W  8°40'W  8°36'W  8°32W
N g
38°40'N | A 38°40'N
38°36'N | {38°36'N
38°32'N {2 e o [38°32'N
Gambia
Navigator O
Troia O =
38°28'N O 3 38°28'N
Sado
estuary
38°24'N ; ‘ 138°24'N
Atlantic
ocean
38°20'N |38°20'N
0 5 10
s Kilometers'

8°52W  8°48'W  8°44'W  B8°40W  8°36'W  8°32W

Figure 1. Sado estuary located at southwest of Portugal (38° 31" 14" N, 8° 53' 32" W). The
selected sampling sites: Navigator (38.486502, -8.795191) (grey circle), highly industrialized
area; Gambia (38.537263, -8.742584) (orange circle) with high organic inputs from aquacultures;
Tréia (38.461421, -8.857838) located at mouth of estuary (adapted from Vieira et al., 2024a).

To assess the density and diversity of the spatial and temporal distribution
patterns of the nematode assemblages, the sampling strategy applied was: at each
sampling “site” three sampling stations were selected, and at each station three sediment
replicates were randomly collected, during four “sampling occasions” (n=27), namely,
winter 2019 (November and December), summer 2020 (June and July), winter 2020
(December 2020 and February 2021) and summer 2021, (May and June 2021). For the
sediment biogeochemistry analysis, the sediment was collected at each station (n=9).
Simultaneously, the instantaneous parameters of the water were measured (salinity,

temperature, pH and dissolved oxygen) using a VWR pHenomenal ® MU 600 H.
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5.3.2 Sampling and sample treatment

5.3.2.1 Sediment physical-chemical processing

The environmental data was retrieved from two studies (Vieira et al., 2024 and
2025). The variables considered were: Total Organic Matter (OM), sediment grain size,
Calcium Carbonate (CaCO3), elemental analysis of the Total Carbon (CT) and Total
Nitrogen (NT). The sediment chlorophyll a (chla) and phaeopigments (phaeo) were used
to calculate the chla and phaeo ratio (chla_phaeo), which represents an indicator of the
freshness and quality of phytodetrital organic (Ingels et al., 2009). Thirteen elements (Li,
Sr, Mn, Ni, Cr, Be, U, Ba, Co, Cu, Zn, As and Pb) were quantified following Neves et al.,
(2025).

5.3.2.2 Nematode assemblages

Nematode samples were collected by forcing a hand core (3.8 cm inner diameter)
to a depth of 3 cm into sediment, and each sample was fixed using 4% buffered formalin
(itwreagents, Spain). The samples were initially rinsed using a sieve with a mesh size of
1000 um and then a sieve with a mesh size of 38 um. The remaining fraction was washed
and centrifuged three times, using colloidal silica polymer LUDOX HS-40 at (specific
gravity 1.18 g cm®), which allowed separate nematodes from sediment (Heip et al.,
1985). To calculate the relative density of each sample, nematodes were counted under
a stereomicroscope (stereomicroscope Leica M205 (100x magnification). Then a set of
120 nematodes were randomly picked from each replicate and fixed in slides according
to Vincx (1996). Taxonomic identification was made until genera (Olympus BX50 light
microscope and cell software D Olympus, Japan), which is considered an accurate
resolution to assess the density and diversity patterns of nematode communities
(Warwick et al. 1990; Moreno et al. 2008). To support the identification, a Pictorial Keys
was used (Warwick et al., 1998; Platt and Warwick, 1988), and online identification keys/

literature available in the Nemys eds (2024).

5.3.3 Data analysis
5.3.3.1 Environmental variables

Spatial-temporal and distribution patterns of the environmental variables were
obtained from previous work (Vieira et al., 2024 and 2025). Principal Component
Analysis (PCA) was performed to explore the multidimensional pattens of the
environmental data. The variables were chlorophyll a (chla), phaeopigments (phaeo),

chla and phaeo ratio (chla_phaeo), temperature (Temp), salinity (Sal), oxygen dissolved
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(O2) and all metals, in exception of the pH, were log10 transformed. The other variables,
such as clay, sand, gravel, OM, CT, NT, and CaCOs, were expressed as % and
transformed using arcsine square root transformation. PCA analysis was performed
using the function “fviz pca_biplot" from R package “FactoMineR” (L€ et al., 2008). The
variables that presented low variability contribution to the PCA axes and high correlation
within each other, were removed from the analysis. The significance of the PCA was
tested with PCA test R package “PCAtest” (Camargo et al., 2022) applying the following
conditions: the number of random permutations was 1000; the number of bootstrap
replicates to build 95% confidence intervals of the observed statistics was 1000; and

0.05 as alpha level for statistical significance.
5.3.3.2 Nematode communities: density and diversity

Principal Coordinates Analysis (PCoA) was performed to explore the spatial and
temporal distribution patterns of the nematode assemblages using R packages phyloseq
(version 1.42.0) (McMurdie and Holmes, 2013) and microVIZ (0.11.0) (Barnett et al.,
2021). To analyze the relative contribution of each taxon for the (dis)similarities between
“site” and across “sampling occasion”, the SIMPER two-way crossover similarity
percentage analysis (90% cut-off percentage) was calculated based on Bray Curtis
method.

Nematode communities’ diversity and richness were calculated using PRIMER v6
software package (Clarke &Warwick, 2001). The following metrics were determined:
Margalef's richness Index (d) (Margalef, 1958), Pielou's eveness (J’), Shannon Wiener
diversity (HO) (Shannon & Weaver, 1963) and Simpson (1-A). The index of trophic
diversity (ITD) (Heip et al., 1985) was calculated based on the trophic composition of the
communities and expressed by the reciprocal index (ITD-1). To assess the trophic
composition of the communities, nematode genus was assigned to a feeding type
classification based on mouth morphology as developed by Wieser (1956), namely
selective (1A) and non-selective (1B) deposit feeders, epigrowth feeders (2A) and
omnivores/predators (2B). The Maturity index (MI) is based on the life strategy that
classifies each nematode genus to a colonizer/persister scale (c-p scale), varying from
2 (colonizers) to 5 (persisters) (Bongers et al.,1991; Bongers et al.,1999). Permutational
analysis of variance (PERMANOVA) based on a two-factor design was carried out to
assess spatial and temporal patterns in nematode assemblages using the PRIMER v6
software package (Clarke &Warwick, 2001) and the PERMANOVA add-on package
(Anderson et al., 2008). The two-factor design was comprised by the factor "site"

("Navigator"; "Gambia" and "Troia", 3 levels, fixed) and the "sampling occasion" factor
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("winter 2019", "summer 2020"; "winter 2020" and "summer 2021", 4 levels, random).
This multivariate approach was performed for all data density, diversity and functional
descriptors to detect significant differences (p < 0.05) in the composition of the
assemblages between “site” and across “sampling occasion”. Data dispersions were
checked with PERMDISP and nematode density data were square-root transformed.
Redundancy analysis (RDA) was performed, using R packages “vegan” (version 2.6-4)
and “QsRutils” (version 0.1.5), in order to detect the main environmental factors
responsible for the distribution patterns of the biological data. This statistical analysis
allowed to modulate the effect of explanatory matrices (environmental variables) on a
response matrix (hematode communities) and select the variables that better explained
the variations and their patterns. Before analyses, the response dataset (relative density
of each genus) was Hellinger-transformed, and all constrained variables were
standardized. Then it was checked for correlations between variables using the
Spearman correlation test and selected the variables less correlated to each other (such
as Cu, Zn, As and Pb) and further fit in the initial RDA model. To simplify and improve
the model, variables were selected using the “ordiR2step()” function, then RDA plot was
performed with microVIZ (0.11.0) R packages (Barnett et al., 2021; R Core Team. 2022).

5.4 Results

5.4.1 Environmental variables

The raw data of the measured environmental variables are summarized in Table
1 (supplementary data) and the spatial-temporal distribution patterns analysis was
performed Vieira et al., (2025). Sediment characteristics are clearly different at sampling
sites. At Navigator, sediment was predominantly muddy, with clay content and higher
contents of OM and heavy metals. While in Gambia, sediments showed highest
proportion of gravel and OM contents. At Troia site sediment characteristics exhibited
clear differences, with the sediment predominantly composed of sand and CaCO3 and
the lowest proportions of clay and OM. The sediment pigment concentrations of chla and
phaeo were highest in the Gambia sediments during the summer of 2020, although Troia
sediments consistently show the higher chla_phaeo ratio across all sampling occasions,
indicating higher primary production and organic matter quality. The lowest
concentrations of O, water dissolved were also obtained in Navigator and Gambia sites,
the highest concentrations were obtained in Trdia sampling site. PCA analysis revealed
clear differences in sediment composition between sites (Figure 2, adapted from Vieira
et al., 2025).
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The PCA first two axes explained 65.8% of the total variation observed (Fig. 2).
According to PCAtest, the first accounted for 41.4% (95%-CI:36.9-50.6) and second
accounted for 24.7% (95%-Cl:43-56.9). The variables clay, sand, OM, CaCOQOs3, and
chla_phaeo presented highest contribution for the variation in the first axis, while the
gravel and CT contributed to the high variability of the second axis. Navigator sampling
site sediments were mostly characterized by clay, OM and Pb, though gravel was
associated with Gambia sampling site sediments. Tréia sampling site sediments the high
contribution for variability were explained by sand and CaCOs.

Figure 2. Principal component analysis (PCA) biplot based on scaled environmental and
biogeochemical variables measured in sediment samples from 3 sampling sites in Sado estuary
during 4 distinct sampling occasions, colored by estuary “confidence” convex type. Variable’s

vectors are presented based on their contributions to the principal components (gradient colors
and transparency of vectors varying between 6 and 12 is result of cos2 index that classify the
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variable vectors by their quality and contribution (“contrib”), with grey representing high
contributions, yellow intermediate and blue representing very low contributions. The dots
represent the cluster centroids for group variables, adapted from Vieira et al., (2025).

5.4.2 Nematode assemblages: density, structural and functional diversity

The mean relative densities of each taxon in the 3 sampling sites and across the 4
occasions are summarized in Table 2, supplementary data. The overall density of
nematode communities varied between 345 and 8960 individuals per 10 cm™. The
highest mean values were obtained at Gambia in the sampling occasion winter 2019

(4951 + 1233, ind. 10 cm), although the lowest mean values were registered at Troia
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sampling site in summer 2020 (735 + 70, ind. 10 cm?). The results of two-factor
PERMANOVA test for the nematode density showed significant interaction effects
between the factors “site” and “sampling occasion” (p-value < 0.05) (Table 1). Moreover,
Pairwise comparisons presented significant differences (p-value < 0.05) between most
pairs of levels. This can be explained by factor “site” effect on nematode assemblages

densities suggesting temporal variability at each sampling site.
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Table 1: Two-way PERMANOVA test, between "Sites" (3 level fixed) and across “sampling occasion” (4 level, random) for all analyzed variables, (nematode
Density, Diversity and Richness metrics (N) number of individuals, (S)number of Taxa, (d) Margalef, (J') Pielou's eveness, (H’) Shannon, Simpson and ecological
strategies metrics: Trophic composition, (ITD-1) Trophic diversity index and (MI) Maturity index. Bold values highlight significant effects and interactions (p <
0.05). Monte Carlo test P(MC) set for 9000 permutations, (p < 0.05(*), p<0.001(**) and p<0.001(***)).

Density df SS MS Pseudo-F  P(perm) Uniq perms P(MC)
site 2 1.12E+05 56198 18.976 0.0002 9897 0.0001
sampling occasion 3 13955 4651.7  4.1785 0.0001 9921 0.0001
site x sampling occasion 6 17769 2961.5  2.6602 0.0003 9886 0.0003
Residuals 96 1.07E+05 1113.2
Total 107 2.51E+05

N (number of individuals)

site 2 14101 7050.5 | 6.0149 0.0321 9942 0.0233
sampling occasion 3 897.89 299.3 2.2624 0.0757 9943 0.0749
site x sampling occasion 6 7033.1 1172.2  8.8607 0.0001 9945 0.0001
Residuals 96 12700 132.29

Total 107 34732

S (Number of taxa)

site 2 1899.6 949.82 | 2.9703 0.0894 9928 0.1001
sampling occasion 3 905.45 301.82 | 1.9551 0.1076 9950 0.1121
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d (Margalef)

J' (Pielou's eveness)

H' (Shannon)

site x sampling occasion
Residuals

Total

site

sampling occasion

site x sampling occasion
Residuals

Total

site

sampling occasion

site x sampling occasion

Residuals

Total

96

107

96

107

96

107

1918.6

14820

19544

4894.2

771.91

1108.3

14248

21022

2.05E-03

1.79E-03

3.06E-03

4.10E-02

4.79E-02

319.77

154.38

2447 1

257.3

184.72

148.41

1.03E-
03

5.96E-
04

5.10E-
04

4.27E-
04

2.0714

13.247

1.7337

1.2446

2.0129

1.3941

1.194

0.0474

0.0036

0.1533

0.2735

0.2073

0.2374

0.3082

9943

9934

9946

9924

9948

9954

9929

0.0508

0.0023

0.1498

0.2761

0.2144

0.2458

0.3077
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1-A (Simpson)

Trophic composition

site

sampling occasion

Site x sampling occasion

Residuals

Total

site

sampling occasion

site x sampling occasion

Residuals

Total

site

sampling occasion

96

107

96

107

8.45E-02

5.45E-02

8.69E-02

0.81011

1.0361

5.45E-03

4.59E-03

4.91E-03

7.88E-02

9.38E-02

31700

2087.2

2.73E-
03

1.53E-
03

8.19E-
04

8.21E-
04

15850

695.72

29177

2.1544

1.7169

3.3286

1.8637

0.99736

16.788

2.8725

0.1325

0.096

0.1208

0.1032

0.1072

0.4481

0.004

0.008

9937

9951

9947

9950

9947

9939

9927

9926

0.1327

0.0965

0.1265

0.1038

0.143

0.4236

0.0001

0.0091

163



CHAPTER 5

ITD-1

site x sampling occasion
Residuals

Total

site

sampling occasion

site x sampling occasion

Residuals

Total

site

sampling occasion

site x sampling occasion

Residuals

96

107

96

107

96

5664.8

23252

62703

0.21625

0.16959

0.1841

2.6048

3.1747

3.18E-03

3.76E-02

1.10E-02

0.11892

944 .14

242.2

0.1081

5.65E-
02

3.07E-
02

2.71E-
02

1.59E-
03

1.25E-
02

1.83E-
03

1.24E-
03

3.8981 0.0001

3.5238 0.1063

2.08E+00 0.109

1.13E+00 0.349

0.86961 0.429

10.118 0.0001

1.4747 0.1959

9930

9943

9949

9942

9692

9943

9939

0.0001

0.0989

0.1078

0.3511

0.4621

0.0001

0.1994
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Total 107 0.17066
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Overall, 114 nematodes genera belonging to 30 families were identified across
all sampling occasions. Most genera belonged to the orders Chromadorida (22 — 64%),
Monhysterida (6 - 37%) and Enoplida (6 - 24%), the dominant families were
Desmodoridae (12 — 60 %), Linhomoeidae (1 - 35%) and Anoplostomatidae (3 - 14%),
respectively. The top 10 most abundant genera together comprised nearly 80% of the
total relative density of the assemblages and they are represented in the Figure 3 and in

Table 2, supplementary data.

site | sum20 site | sum21
Tréia ' ‘ Tréia ' ] genera
T I Metachromadora
Navigator - Navigator ‘ ' Sapatieria
Gambia Gambia Terschellingia
11 _ Anoplostoma
o 2 50 7 100 0 2 50 75 100 Viscosia
site | winl9 site | win20 ] Sphaerolaimus
TT1 I [ Ptycholaimellus
Tréia Tréia Axonolaimus
. | Pseudolella
Navigator Navigator |
| | _ Daptonema
Gambia ‘ ‘ Gambia ‘ | \H | Other
0 25 50 ?'5 100 ?.5 100
density (%)

Figure 3. Bar plot displays the relative density (%) of the top 10 most abundant of nematodes
genera in each sampling site Gambia, Navigator and Trdéia, across all sampling occasions (win19,
sum20, win20 and sum21). The other relative frequencies are collapsed into the “Others”
category.

Across all sampling occasions, Navigator communities were composed by
approximately 39 genera belonging to 17 families, with Metachromadora (38%),
Terschellingia (17%), Sabatieria (8%), and Anoplostoma (8%) being the most abundant
taxa. In Gambia communities, there were approximately 33 genera belonging to 13
families, with Metachromadora (39%), Sabatieria (19%), Anoplostoma (6%), and
Terschellingia (5%) being the most representative taxa. The nematode communities
sampled in Tréia were composed by approximately, 77 genera belonging to 25 families,
in which the most abundant were Sabatieria (20%), Monoposthia (16%), Desmodora
(12%) and Trefusia (11%), (Figure 3).
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Table 2: MeantSE n=9, of the diversity descriptors in 3 sites (Navigator, Gambia and Tréia),
during 4 sampling occasions (winter 19, summer 20, winter 20 and summer 21): Diversity and
Richness metrics (N) number of individuals, (S)number of Taxa, (d) Margalef, (J') Pielou's
eveness, (H’) Shannon, Simpson and ecological strategies metrics: Trophic composition, (ITD-1)

Trophic diversity index and (MI) Maturity index.

. Sampling (Snumbe N (number J'. . H 1-{\

Site occasion r of f)f N (Margalef) (Pielou's (Shann (Simpson | ITD-1 Mi

taxa) individuals) eveness) on) )

Navigator = winter 2019 14+1.8 176+27.8 2.6+0.4 0.9+0.04 2.3+0.2 0.9+0.06 2.5+0.3 2.3+0.05
summer 2020 15.5¢1.6 195184 2.7+0.3 0.9+0.01 2.5+0.1 0.9+0.02 2.4%0.2 2.2+0.04
winter 2020 15.3+1.5 | 172+17.3 2.840.3 0.9+0.01 2.5+0.1 0.9+0.02 2.9+0.3 2.4+0.06
Summer 2021 16.4+1.2  233%13.6 2.8+0.2 0.9+¢0.005 | 2.6+0.06 @0.9+0.005 @ 2.8+0.1 2.4+0.06

Gambia winter 2019 15.4+1.2 | 207+24.2 2.740.2 0.9+0.01 2.5£0.09 0.9+0.01 2.5+0.3 2.3+0.06
summer 2020 13.1£1.3 | 142135 2.4+0.3 0.9+0.01 2.3+0.1 0.8+0.02 2.3+0.2 2.2+0.05
winter 2020 14.6+1 199+11.6 2.6+0.2 0.9+0.01 2.5+0.1 0.9+0.01 2.4+0.2 2.2+0.04
Summer 2021 16.5%1 185+13.6 2.9+0.2 0.9+0.007 @ 2.6+0.07 0.9+0.007  2.8%0.2 2.4+0.06

Tréia winter 2019 15.7¢2.8  90+11.5 3.2+0.5 0.9+0.009 @ 2.5%0.2 0.9+0.02 2+0.2 2.7+0.1
summer 2020 22.8+2.3 165+13.6 4.3+0.4 0.9+0.01 2.9+0.1 0.9+0.01 2.5+0.2 2.7+0.1
winter 2020 17.1£1.9 | 101+9.2 3.5+0.4 0.9+0.01 2.6+0.1 0.9+0.02 2.1+0.2 2.6+0.1
Summer 2021 1942 97.6+£10.4 4+0.4 0.940.01 2.7+0.1 0.9+0.01 2.4%0.2 2.60.1

Diversity and richness of nematode assemblages, based on the S, d, J', H' and
1-A indices, were highest at the Troia site in summer 2020, while the lower diversity and
richness were obtained in the Navigator and Gambia assemblages in winter 2019 and
summer 2020, respectively (Table 2). The Margalef’s richness index (d), along with the
number of individuals (N) and the number of taxa (S), revealed significant differences
between the factors (“site” and “sampling occasion”, p< 0.05) (Table1). In contrast, the
structural diversity of nematode assemblages based on Shannon-Wiener (H') and
Simpson (1-A) indices, showed no significant differences across all factors and their
interactions (p < 0.05) (Table 1).

The significant differences of Margalef's Richness Index (d) were detected
between “site” (p=0.003) (Table 1). Pairwise comparisons revealed that the richness of
Tréia assemblages differed significantly from that of Gambia and Navigator
assemblages, being significantly higher between Navigator and Tréia assemblages (P

Navigator vs Troia = 0.004) and lower between Gambia and Troia assemblages of (P
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Gambia vs Troia = 0.05). Significant interaction effects between the factors “site” and
“sampling occasion” were detected for the number of individuals (N) and number of Taxa
(S) ((p= 0.0001 and 0.04, respectively, Table 1). Pairwise comparisons of the number of
individuals (N) revealed significant variation across all interaction pairs, being
significantly higher in summer 2021 for the Navigator assemblages and in summer 2020
for the Gambia and Trbia assemblages. While the pairwise comparisons for the number
of taxa (S) showed the highest variability in Gambia and Troia assemblages in summer
2020.

The trophic composition of Troia's nematode assemblages was clearly distinct
from those of Navigator and Gambia (Table 2, supplementary data). Navigator and
Gambia assemblages were mainly composed by Predators/ omnivores (2B), while the
predominance of non-selective deposit feeders (1B) was mostly detected in Gambia
assemblages. On all occasions, selective deposit feeders (1A) were mostly present in
Navigator assemblages, whereas epistratic feeders (2A) were predominant in Troia
assemblages. Supporting high variability in trophic composition, significant interaction
effects were detected between “site” and “sampling occasion” (p=0.0001, Table 1).
Pairwise comparisons presented significant variability (p-value < 0.05) in most pairs of
levels of the factor “sampling occasion” within each “site”, being significantly higher in
summer 2021 for the Navigator assemblages and in summer 2020 for the Gambia and
Tréia assemblages. This was consistent with richness metrics S and N suggesting that
the temporal variability affects the assemblages of each sampling site differently.

The functional diversity of nematode assemblages based on trophic diversity
index (ITD™") and Maturity Index (MI) ranged from 2.4+0.2 to 3.4+0.3 and from 2.2+0.04
to 2.7+0.1, respectively (Table 2). The trophic diversity index (ITD-") was highest in winter
2020 and summer 2021 for the Navigator assemblages, while it was lowest in summer
2020 and winter 2020 for the Gambia assemblages. However, no significant differences
were detected across all factors and their interactions (p>0.05, Table 1). These findings
suggest that nematode communities might select specific feeding sources (e.g. bacteria
and detritus) without significantly change overall trophic structure of the assemblages.
The Maturity Index in summer 2020 was lowest in Navigator assemblages and highest
in Troia assemblages. Significant differences of Ml between sampling occasions were
detected (p=0.0001, Table 1). The individual pairwise comparisons of the factor
“sampling occasion” highlighted the significant variability in summer 2021, revealing a

distinct ecological condition for nematode assemblages to thrive in density and diversity.

5.4.2 Spatial and temporal distribution patterns of nematode assemblages
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The PCoA analysis based on the nematode relative densities revealed high
variability in the first two PCoA axes (PCoA1 and PCoA2) accounting 51.2% of the total
variation. The density spatial distribution pattern is evident, nematode assemblages of
Tréia were clearly separated from the assemblages of Navigator and Gambia, along the
first axis (PCoA1 45.2%) (Figure 4a). At sampling site Troia the genus Monoposphia
explain the dissimilarity obtained, though the genus Metachromadora contributed high
degree of similarity of Navigator and Gambia assemblages, explained in the second axis
(PCoA2, 6.03%). In contrast, density temporal distribution patterns of nematode

assemblages registered low variability, without an evident interannual trend.
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Figure 4. Principal component analysis (PCoA) plot based on Bray-Curtis dissimilarity, according
to nematode relative density of all genera obtained for: a) “site” (Gambia, Navigator and Troia)
and b) “sampling occasions” (win19, sum20, win 20 and sum 21). The two first axes represent
51.2 % of the total variation (PCoA1 = 45.24 % and PCoA2 =6.03 %). The vectors are the most
representative genera of the variability observed in nematode communities.

The SIMPER analysis provided detailed information about the contribution of each
genus for spatial and temporal patterns of the nematode assemblages (Table 4a and 4b,
Supplementary data). The major contributor to similarity within all sites was the genus
Sabatieria. Monoposthia and Desmodora genera were the highest contributors at Tréia
site assemblages and Metachromadora and Terschellingia genera at Navigator and
Gambia sampling sites (similarity > 60%). In opposition, the major contribution for the
dissimilarities between Navigator and Gambia sites (dissimilarity 39%) were the genera
Metachromadora, Terschellingia and Sabatieria. The highest levels of dissimilarity were
detected between Troia and Navigator assemblages (dissimilarity 73%) and Troéia and

Gambia assemblages (dissimilarity 70%), which Metachromadora, Terschellingia,
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Anoplostoma and Sabatieria genera explain the pattern obtained (Table 4a,
Supplementary data).

The temporal distribution patterns are explained by highest values of similarity
between assemblages of the winter 2020 and summer 2021(Table 4, Supplementary
data), resulting from the contribution of the genera Metachromadora, Sabatieria and
Anoplostoma. Although, the highest levels of dissimilarities were obtained among
sampling occasions winter 2019 and summer 2020 (dissimilarity 45%), which Sabatieria,

Metachromadora and Terschellingia determine this pattern.
5.4.3 Environmental variables vs nematode communities

In the RDA, nematode assemblage patterns were significantly constrained by the
selected environmental variables (F=7.11, p=0.001, adjusted R2Ad =0.344). After
forward selection the most significant variables considered in the adjusted model were
sand, CaCOs, Li, OM, NT and chla_phaeo (p<0.01). The total variation explained by the
predictors in the fitted model was approximately 39.5%. According to RDA plot the first
constrained axis explains the largest amount of variation among the constrained axes
(RDA1=29.5%) (Figure 5).

0.5
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Figure 5. RDA Constrained redundancy analysis displaying contributions of environmental
variables for the distribution of nematode communities filtered at genera level: Sand, CaCOg3, Li,
OM, NT, chla_phaeo, Hg and Sr (RDA1 = 29.5% and RDA2 = 3%). The vectors are the
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constrained variables and the taxa that are the main contributors for distribution of the
communities.

The sand and chla_phaeo variables were highly correlated with Troia site
assemblages. Although, the NT, Hg, Li and OM variables showed high correlation with
Navigator and Gambia assemblages. Monoposthia genus pattern was explain mainly by
CaCOs and sand, Terschellingia and Metachromadora genera patterns were highly
correlated Li, NT, Hg, and OM. All variables measured could not explain the temporal

distribution patterns of the nematode assemblage.

5.5 Discussion

Benthic nematodes are valuable ecological indicators to assess the integrity of the
aquatic ecosystems (Semprucci & Balsamo, 2014; Zeppilli et al., 2015; Branco et al.,
2018; Haegerbaeumer et al., 2019). They are highly sensitive to different habitat
conditions (Giere, 2009; Ruaro et al., 2016; Branco et al., 2018, Ridall & Ingels, 2021)
and the magnitude of their responses (micro and mesoscale) is highly related to the
micro-habitat diversity, driven by small food patches, physico-chemical conditions and
biotic interactions (Gallucci et al., 2008; Giere, 2009; Moens and Benninger et al., 2018).

According with the spatial distribution patterns of bacterial and nematode
communities in Sado Estuary (Vieira et al., 2023), nematodes revealed to be highly
sensitive to sediment site-specific conditions being more susceptible to temporal
variations. However, the lack of temporal variation in bacterial community composition
obtained in Vieira et al., (2025), showed that the spatial differences are more important
for the community structure than temporally derived variations. This highlighted the
importance of studying the effect of temporal variability on the composition and diversity
of nematode assemblages and assess the responses of both communities (nematode

vs. bacteria).

5.5.1 Does nematode assemblages and benthic bacterial communities

provide similar ecological responses to the sediment condition?

The current study investigated the spatial and temporal distribution patterns of
nematode assemblages in the same sites and sampling occasions as Vieira et al. (2025).
Our findings revealed that the distribution patterns of both communities were strongly
correlated with the spatial variation of the sediment habitat condition. However, only the
nematode assemblages exhibited distinct responses driven by the interactions of the two

factors “site” and “sampling occasion”.
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5.5.1.1 Spatial distribution pattens of nematodes assemblages and benthic bacterial

communities

The influence of sediment habitat condition on the spatial distribution patterns of
benthic communities in estuaries is well known (Jessen et al., 2017; Branco et al., 2018;
Vieira et al., 2023 and 2025). Environmental variables such as OM proved to be a
structuring factor by shaping the diversity and abundance of bacterial and nematode
communities (Vieira et al., 2023 and 2025). However, is also known that organic inputs
are not always congruent with seasonal occurrences, stochastic events are common and
they are known to spatially regulate organic matter inputs and alter the nutrient
availability (Zheng et al., 2020; Xu et al., 2022; Vieira et al., 2024).

Several environmental variables contributed to similar spatial distribution patterns
between nematode assemblages and bacterial communities (e.g. OM, CT, gravel, sand
chla_phaeo and CaCOs3), clearly distinguishing the communities of Navigator and
Gambia sites from those of Trdia site. The sampling sites Navigator and Gambia are
located within the estuary, they are influenced by low hydrodynamic activity and high
anthropogenic activities that directly favors the organic enrichment. The sediments were
mainly composed by high proportions of OM, gravel, clay, and high concentrations of Pb,
As, Hg, Li and Cr, together with low levels of oxygen which favors the sulfur reduction
pathways in sediments with the high prevalence Desulfobacterota phylum (Guo et al.,
2023; Vieira et al., 2025). Additionally, the lowest quality of OM (estimated by chla_phaeo
ratio values) reported at Navigator and Gambia sediments in the winter 2019 was
consistent with the previous sediment habitat conditions (Vieira et al., 2023) resulting in
less diverse benthic communities and simplification of the benthic food webs (Vieira et
al., 2024). In contrast, Tréia sampling site situated in the mouth of the estuary, benefits
from tidal activity, increased oxygen flow and aerobic metabolic pathways associated to
OM degradation (Vieira et al., 2025). The sediments are predominantly sandy, with low
OM content with high quality (estimated by chla_phaeo ratio values). These conditions
stimulate the prevalence of aerobic bacteria, such as Flavobacteriaceae, which
potentially contribute to the OM remineralization (Jessen et al., 2017; Vieira et al., 2025).
These results were consistent with the previous studies (Vieira et al., 2024), by showing
that the quality of organic matter is highly correlated with the efficient use of available

resources increasing the food webs complexity.
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5.5.1.2 Spatial and temporal diversity patterns of nematode assemblages

The temporal variability in the composition distribution pattern of nematode
assemblages was strongly driven by the site-specific conditions of sediment. Overall,
nematode assemblages exhibit high richness following the same trend as density, with
significant interaction between factors (“site” x “sampling occasion”, p<0.05). In summer
2021, nematode assemblages of Navigator site registered the higher number of
individuals (N) and significantly high variability in the trophic composition. This variability
was potentially driven by the occurrence of organic enrichment and trophic shifts that
improve the use of available sources, without significantly modify the assemblages’
structure (Moens and Benninger, 2018; Vieira et al., 2024). In line with our results, were
Vieira et al. (2024) findings, that investigated the spatial and temporal variability of
benthic food webs on same sites and sampling occasions, analyzing the isotopic
signatures of carbon (613C) and nitrogen (815N) of macrofauna communities. Temporal
patterns in the benthic food web were not as clear as spatial patterns, although high
variability in the trophic interactions was observed among the sampling occasions. This
was consistent with the temporal variability detected in the diversity patterns of nematode
assemblages and with the predominant metabolic pathways of bacterial communities as
proxies for sediment ecological condition (Vieira et al., 2025). Significant temporal
variability was detected for Maturity Index (M) of nematode assemblages being highest
in summer 2021. While in the same occasion, increasing complexity and diversity was
observed in the food webs of Navigator and Gambia sites (Vieira et al., 2024). This
suggests a potential improvement in the quality of habitat, which was reflected in the
diversity patterns of nematode assemblages and in the trophic shifts observed in the
macrobenthic food web structure. The direct link between nematode assemblage
composition and benthic food web complexity can be supported by fact of many
macrofauna species directly feed on meiofauna (Vafeiadou et al., 2013). Besides, the
diversity of meiofauna communities already proved to influence the abundance and
diversity of intermediate consumers (e.g. omnivores and carnivores) (Szczepanek et al.,
2021).

Temporal changes in the diversity pattens of nematode assemblages
demonstrated to be dependent to specific condition of each site, making them excellent
ecological indicators of local short-term environmental shifts. Whereas, the spatial
variability of bacterial communities revealed to be good proxies of the sediment
conditions due to the prevalence of specific metabolic pathways and the high sensitivity
to metal pollution (Du et al., 2022; Li et al., 2020; Pinto et al., 2015). Their ability to
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effectively detect anthropogenic disturbances, with a quick and cost-effective application,
makes them a valuable tool monitoring marine ecosystems as part to assess the benthic

habitat condition under the “Blue Economy” activities.

5.6 Concluding remarks

Nematode assemblages proved to be very sensitive to spatial and temporal
variations, different responses were detected in the interaction of the factors “site” and
“sampling occasion”. Temporal variability in the diversity patterns of nematode
assemblages was consistent with diversity and complexity patterns of benthic food webs.
Additionally, spatial variations were well described by the bacterial communities
exhibiting different metabolic pathways that clearly explain the sediment habitat condition
of each site. These findings also highlight the role of nematodes and bacteria in carbon
fluxes within benthic food webs, by showing that diversity patterns of nematode
assemblages and metabolic pathways of bacterial communities were aligned with
complexity patterns of the benthic food webs.

In summary, we concluded that investigating the spatial and temporal effects of
sediment habitat condition on composition distribution patterns of the nematode
assemblages and bacterial communities offers valuable insights at different scales.
Nematode communities respond to small shifts of the sediment habitat conditions while
bacteria communities respond in a larger scale being sensitive to metal and organic
pollution. The combination of both indicators can enhance environmental evaluation
frameworks promoting sustainable marine resource management and conservation. This
is also in line with the blue economy's emphasis on enhancing ecosystem resilience

against climate change.
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Table S1: MeanzSE. n=3 of the environment and biogeochemical parameters measured in each site (Navigator. Gambia and Tréia). across the 4 seasons
(win19. sum20. win20 and sum21). Granulometric parameters (%) are Clay_per. Sand_per. Gravel_per. The elemental analysis (W%) are organic matter
(OM_per). Total Nitrogen and Carbon (N_total_per and C_total_per). pigments measured (mg.g') are Chlorophyl a (Chla_mg.g™") and Phaeopigment
(Phaeo_mg.g™") the freshness calculated by the ratio between Chla and Phaeo pigments (Chla_phaeo). Metals concentration (mg/kg) Li. Sr. Mn. Ni. Cr. Be. U.
Ba. Co. Cu. Zn. As. Pb and Hg. Instant variables. measured in each site Temperature (Temp) °C. Salinity (Sal). Oxygen (0O2) mg/L and pH.

Seasons win19 sum20 win20 sum21
Sites Navigator Gambia Tréia Navigator =~ Gambia Tréia Navigator =~ Gambia Tréia Navigator =~ Gambia Tréia
Clay_per 30.1+£3.1 (135%0.2 1.8+0.2 2091 17451 1.7+£0.1 352+66 | 15817 15+£05 258+23 | 16.3+22 29+04
Granulometry Sand_per 66.2+26 |71.5+55| 93.8+1.9 73.1+£17 | 67.5+41 97.3+0.1 61.8+6.1 68.7 £ 1 952+1.1 722+26 (66606 | 916+28
Gravel_per 3.8+0.7 |[149+56 44+18 59+15 15.1+6.4 1+£041 307 155+ 1 33+%1 2+03 16.9+2.1 54+28
OM_per 39+06 |0.6+0.04 19+£03 23+0.3 1.7+£03 0.4 +0.02 24+03 | 08+£0.05 | 0.4+0.02 21+041 1.2+£0.1 0.5+0.04
C_total_per 09+0.3 07+04 0.6 £ 0.06 1.1+01 04+0.1 0.7+0.1 1.1+£0.1 0.5+0.03 0.5+0.04 09+0.1 04+005| 0.6+0.03
N_total_per 0.06 £ 0.2 06(.)5; 0.02 £ 0.008 [0.07 +£0.006| 0.03+0.01 |0.01+0.003 | 0.3+0.09 |{0.05+0.005(0.08+0.002 |0.07 +0.007 %%‘B; 0.01 £ 0.003
Elemental

composition CaCO3_per 24+05 1+0.06 43+03 26+0.5 16+£03 46+0.9 21+£0.05 | 1.2+£0.04 3.5+0.3 1.7+£0.1 1.3+£0.05 3703
Chla_mg_g 156+3.9 (103+£09| 26.7+21 9.8+0.1 555+24 111+14 | 31.1+66 | 10.8+1.9 6.7+0.5 48+0.8 7.7+0.7 49+0.6

Phaeo_mg_g 147+3.7 |78+05 1451 106+1.2 [1151+£32.7| 5209 40194 | 5115 45+0.8 16+0.2 3604 1.3+0.2

Chla_phaeo 1.1+£0.02 | 1.3£0.1 1.8 £0.06 09+0.1 0.7+0.3 22+01 08+002 | 25%0.6 1.7+£03 29+01 2.1+£0.05 4+04

Metals (mg/kg) Li 28.7+2.8 20.4+0.7 11.5+0.3 28+1.3 20.9+3.5 11.5+0.05 30.8+2.7 25.6+0.9 12.1+£0.3 29+0.7 16.9+2.3 13.5+0.2
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Sr 110.3+18.6 | 45.6+0.9 74.4%3.3 96.1+20.6 | 48.8t4.1 97.9+20.4 61.31£0.9 50.4+0.6 69.8+1.2 61.2+3.6 62.5+1.3 73.5+1.7
Mn 100.6+6.9 | 61.7+4.3 45.6+£2.9 115.1£3.7 | 71.1x12.9 39.9+0.2 111.419.2 | 83.9+5.8 49.6£2.7 103.9+3.6 62.2+10 52.7+3.3
Ni 15.1+2.1 7.8+0.9 3.8+0.08 15.7+0.8 9.6+2.2 4.3+0.06 18.7+1.3 | 93.4+61.8 8.3+0.9 15.8+0.7 10.4+1.6 9.5+1.1
Cr 29.3+3.8 15+3.3 3.6£0.1 26.5+1.9 16.5+7 3.5+£0.03 29.9+3.2 | 157.9+105 4.840.3 29.7+0.2 11.7£3.5 6.1£0.4
Be 1+0.1 0.6+0.04 0.6+0.2 0.9+0.06 0.6+0.2 1.4+0.06 1.2+0.07 0.8+0.03 0.7+0.1 1.2+0.08 0.8+0.09 1.4+0.4
U 3.310.6 1.240.07 0.4+0.02 1.910.1 1.440.2 0.4+0.01 2.240.2 1.410.1 0.4+0.01 1.840.1 0.8+0.09 0.5+0.03
Ba 24617 236.715 234.7x7 230.448.8 | 223.5424.6 | 245.3+7.8 255.7+2 252.246.3 | 226.7£12.5 | 251.1+4.7 | 244.7+6.8 | 238.8+13
Co 4.6+0.7 2.7+0.4 0.6+0.02 4.3+0.3 3+1.1 0.6+0.03 4.9+0.4 4.9+0.9 0.8+0.05 4.6+0.1 2+0.6 0.9+0.05
Cu 28.616.7 8+1.9 1.610.2 19.6+1.4 11.2¢5.4 1.840.3 32.9+0.5 20.5+4.3 24104 37.8+5.3 10.24£3.1 3.7£0.3
Zn 82.3+21.9 | 26.5+7.5 3.1£0.8 63.9+8.5 25.4+9.6 4.6+0.3 95.6+5 41.7+£3.8 7.9+1.9 109.3x19.5 | 20.6+6.4 9.5+0.8
As 13.8+2.9 4.7+0.9 1.7+0.1 12.2+1.9 7.31.3 2.3+0.2 12.9+0.6 7.9+0.8 1.6+0.2 11.3+1.3 4.5+1.3 0.9+0.2
Pb 25.4+3.9 14.7+1 12.240.4 22.1+1.8 14.1£2.4 12.9+0.4 27.3+0.9 17.9+0.6 12.4£0.6 29.3+3.3 14.9+0.9 13.1+0.6
Hg 0.3+0.07 0.3+0.2 | 0.03+0.0007 | 0.3+0.05 0.06+0.01 0.03+0.006 | 0.3+0.05 | 0.1+0.003 | 0.02+0.004 0.3+0.06 0.04+0.01 | 0.05+0.002
Temp 163+0.1 (11.1+£0.2| 153+0.1 285+05 | 244+02 23.9+0.1 13.5+0.2 | 16.8+0.2 16.8+0.2 23.8+09 | 23601 20.7+£0.2
Sal 319+09 |30.6+0.7| 31.8+0.9 36503 | 17.7+£0.1 164+0.04 |159+0.05|14.7+£0.05| 14705 15+0.5 1415 15.3+0.3
Instant variables
02 9.2+0.1 145+25 9.2+0.1 83+13 95+04 121+0.3 96+04 179+04 13.9+0.3 53+0.6 88+04 8.6+0.2
pH 79001 (79+0.05| 7.9+0.01 8.1+0.1 7.8+0.02 7.9+0.04 8.3+0.3 8.6+0.3 8.9+ 0.04 78+01 8.1+0.1 8.3+0.02
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Table 3: Mean density + standard error (SE) of all nematode genera (number of individuals per 10 cm?) each site (Navigator, Gambia and Troia) and sampling
occasion (winter 19, summer 20, winter 20 and summer 21).

Genera Navigatorw Navigator Navigatorw Navigato Gambia_w Gambia Gambiaw Gambias Troia Troia Troia Troia
19 s20 20 rs21 19 s20 20 21 w19 s20 w20 s21

Acantholaimus 0 0 0 0 0 0 3.3+4.5 0 0.740.9 1.9+26 0 0
Actinonema 0 0 0 0 0 0 0 0 5.4+4  41+19.5 1547 1616
Aegialoalaimus 10.5+9 15£10 7.445.3 0 1911 947 28422 11£11 0 0 0 050
Ammotheristus 0 0 0 0 0 0 0 0 3+3.3 1.542 0 0
,;mphimonh yste 344 0 0 0 0 0 0 0 0 0 0 0
Anoplostoma 2514215 120134 207x149  °19%912 q0su61 61432 4074142 266:84 0 18425 0 312
Anticoma 0 0 0 0 749 0 0 0 37425 64 0 2'42*2
Antomicron 1.7£2 7.3x7.4 3.63.3 0 0 6+5.4 5+7 9+8.5 0 0 0 0
Aponema 58+78 4.46 0 9+7.8 0 0 0 4454 0 1,642 0.8#1  5#53
Araeolaimus 0 0 0 0 0 0 0 34 0 0 0.8+1 0
Axonolaimus 45£24 43.7£22.4 9.1:9.4 336£119  165:66 44338 110£43 138434 3.745 0 1.621 2'53*3
Egthyeurysmm" 14£19 0 0 0 0 0 0 0 1+1.3 0 4+5  6:2.3
Bathylaimus 0 0 0 0 0 0 0 0 1.4+1.8 0 0 0
Bolbolaimus 7+10 0 5.37.2 0 0 0 0 0 0 2+2.6 0 0
Calyptronema 36.7+42 226417 48+33 79437 45435 16+9 23+17 12.546.9 0 2427 0 2+1.8
Camacolaimus 0 19426 0 0 7410 0 0 0 0 5765 1715 2
Campylaimus 0 6.9+6.4 0 0 0 0 0 0 0 0 0 0
Ceramonema 0 0 0 0 0 0 0 0 0 14.4+9 0 0
Cervonema 94151 54.4+34 144138 4.5+6 6131 15£13 1248 8.5+8.5  25+22 4155 0 0
Cheironchus 0 0 0 0 0 0 0 0 0 0 1.642.2 0
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Choanolaimus

0 0 0 0 0 0 0 0 0 0 4.514 0
Choniolaimus 0 0 0 0 0 0 0 0 0 0 0.6+0.8 0
Chromadora 70+42 12.3 sast22 021 gaz0 0 42419 12466  07:09 18:25 0 0
Chromadorina 0 0 415 618 49+34 0 1813 0 0 1,542 0.8+1 1#1.5
Chromadorita 16+12 0 0 0 43+30 0 0 0 13+11.5 424167 3314  10%7
Chromaspirina 0 0 0 0 0 0 0 0 0.7:0.9 0 0 0
Cobbia 0 0 0 0 0 0 0 0 0 7.7¢5.5 0 0
Comesa 0 0 0 0 0 0 0 0 0 243 0 0
Comesoma 9.5+6.5 0 0 0 28+26 0 0 0 0 0 0 0
Cyatholaimus 15+15.6 0 22429 12.8+17 71450 5.1+5 37429 24421 1+1.3 0 0 0
Dagda 0 16.84226  36.2¢#31.5  16+14.3 0 0 0 0 0 64 0 2+1.9
Daptonema 42+27 60.1+44 12+12.5 22119 31£25 45132 0 21£17  67+24 25'57111 31£13 3217
Daptonema sp1 | gg195 120645 3642183 01O 2124123 19#12 74438 45:12 0 384:49 0 0
Dasyhemoides 0 0 0 0 0 0 0 0 16422  3.33.1 0
Desmodora 0 0 2561287 1% 0 0 0 0 116454  108£55  158:46 6127
Desmoscolex 0 9 0 0 0 0 0 0 2.8£25  29+36  1.9+25 0
Dichromadora 3.645 0 0 68 23.9+238  8.747 45+15 2419 17+12 81421 8325 217
Eleutherolaimus 0 3.8% 0 0 0 0 0 0 0 0 0 0
Endeolophos 0 0 0 0 0 0 0 0 0 6.56 0 0
Enoploides 0 0 0 0 0 0 0 0 12.8¢8.5  9.7+9  12.8+10 34%17
fumorpholaimu 0 0 0 0 0 0 0 0 0 6+5 0 0
Gerlachius 0 0 0 0 0 0 0 0 0 0 0 0
Halalaimus 2.6+3.5 18.5+ 5.4+7.2 109 0 0 1118 15£16 1414 38+3  22+19 1'73*2'
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g:”Choa”O’a’m 3.624.9 0 0 0 0 0 0 0 27437 56437  A+14 '53*1 :
SHypodom‘o/aimu 0 0 0 0 0 0 0 0 0 5.7+5 0 0
Innomonema 0 0 0 0 0 0 0 0 14:19  95% 242 0
Kraspedonema 0 0 0 0 0 0 0 0 0 1.8£2.5 18116
Latronema 0 0 0 0 0 0 0 0 0 0 4+3.3
Leptolaimus 26435 9.9+9 0 5.9+8 0 0 0 0 0 0 24122 08T
Linhomeus 26435 44+44 5.745.2 41415 0 57432 28415 70416  0.9+12  15+10 0 2'1911'
Marylynia 0 0 0 0 0 0 0 0 12416  1.5%2 0 1'15*1'
Mesacanthion 0.720.
0 0 0 0 0 0 0 0 0 0 2.33 5
Mesacanthoides 0 0 0 0 0 0 0 0 0 0 0 0
Metachromador | 17761453  2033:530  864s251 'O/ *1®  p08pso48  12*1*% 20831380 5441117  37:33 1216 0 2:1.8
UMSetadesmoIaim 0 0 0 0 0 0 0 0 0.9+1.2 0 0 0
:\J/{Setacyatholaim 0 0 0 0 0 0 0 0 1.9+1.8 0 816
g”eta””h"moe“ 54142 36424 183483 63'5534' 10£12 4419 36425 50£23  2.3:21  63£36 2£1.7 7'54*6
Microlaimus 117 0 1249 5.98 0 9+8 546 344 0 0 242.8 1'61*2'
Molgolaimus 0 2426 0 0 0 0 0 0 0 21+29 0 1341,
Monoposthia 4.746 0 0 0 0 0 0 0 206£75 226113  125:40 9135
Nannolaimoides 0 0 0 0 0 0 0 0 7+10 0 0 0
Nemanema 108 10.249 1825 PPN 72 0 0 716 0 0 0 0
Neochromadora 0 0 0 749.3 0 0 0 0 1.7+2 0 1£14 0
Odontophora 134+49 10458  34.4+158  35£29 16414 816 21122 24412 55+3  7.5t6  56+44 445
Oncholaimellus 747.7 18.6210 0 41£21 1.4+1.9 0 0 0 0.740.9 1922 0 0
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Onyx 0 0 3.745 0 0 0 0 0 16+12 3223 157 0'81*1 '
Oxystomina 0 16.8+19 8.6t6 19.9+11 0 254 127 2312 0 65 aeg 08T
Paracanthoncht | 4 749 5 0 0 0 516.6 0 0 0 09+12 2426 115 0
1121,
Paracomesoma | 47 81316 61£38 50+40 244£112 1248 1318 445 0 09412 242 0 5
Paracyatholaim 0 0 6.616 0 918 2544 0 0 2542 0 0 3'45*4'
us
Paradesmodora 0 0 0 0 0 0 0 0 2.612 6+5.3 0 0
Paralinhomeus 0 2.1£2.9 0 415 0 0 0 0 11210 0 L
Paramicrolaimu 0 0 0 0 243 0 0 0 0.7¢1 0 0 0
S
Paramonohyste 0 0 0 618 0 0 0 0 5,544 65  07:09 5%
ra
Paraticoma 0 0 0 0 0 0 0 0 0 3+3.1 0 0
Pareurystomina 0 0 0 0 0 0 0 0 4+3 8t6.4 24423 0
Pomponema 0 5.7+7.7 0 0 0 0 0 0 845 22499 3424  30#15
51,
5 gaeaca”tho”c” 8.318 21+16 3.1:4.2 203£72 4730 14£10 71154 199+86 0 0 0 ! 3
Prochromadora 0 0 0 0 22420 0 0 0 0 0 0 0
Zrochromadorel 0 0 0 0 0 0 0 0 0.7+1 0 6+3.6 0
Promonhystera 0 0 0 0 0 0 0 0 0 1.6+2 0 0
Prooncholaimus 0 0 0 0 0 0 0 0 0 1.842.5 0 0
Pselionema 0 0 0 0 0 0 0 0 3:38 54148 1588 "
1.2¢1.
Pseudolella 345:22 141322 11450405 0080 p0upp  ssas 71:34 34316 0 19:26 0 .
1.2%1.
Pseudonchus 0 0 11.315.2 0 0 0 0 0 0 0 0 -
Pterygonema 0 0 0 0 0 0 0 0 0 3.9+36 3.7+33 0
Ptycholaimellus 11+14.6 98+46 70.8£31.5 20+11 230£190 72425 247481 79428 0 17.4£15 0 4.2+3
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Rhabdocoma

0 0 0 0 0 0 0 0 14+1.8  15£10 0 0
ghabdodema”i 0 0 0 0 0 0 0 0 0 0 0.640.8 0
Rhinema 0 0 0 0 0 0 0 0 0 7.245.3 0 0
Rhips 0 0 0 0 0 0 0 0 605 2050 qp14 3
Rhynchonema 0 0 0 0 0 0 415 0 14$18 115475 138166~
Sabatieria 268:115  SO4T198 22331064 5012180 935556 5204272 532138 748:222 804655 O U o0 16%'15*1 22:3*5
Scaptrella 0 0 0 0 0 0 0 0 37437 1.642 0 4'71*3'
ri’gmoﬁ’hor ane 0 0 0 0 0 0 0 0 0 0 0.70.9 0
Southerniella 0 0 0 0 0 0 0 3+4 0 0 0 0
Sphaerolaimus 42£23 60.5:21.8 114486 64£25 18068 7635 15554 21357 0 0 0.8+1 0
Spiliphera 0 0 0 0 0 0 0 0 0 0 08£09 0
Spilophorella 0 0 0 0 0 0 0 0 0 2127 0s5  25%
Spirinia 26435 0 6.548.7 9412 0 0 0 0 11316  5.745.3 0 3'8214'
Symplocostoma 0 0 0 0 0 0 0 0 0 0 0 0
Synonchiella 0 0 0 4153 0 0 0 0 0.8+1.8 0 0 0.70.
Synonchium 0 0 0 0 0 0 0 0 0 0 1.1+1.5 0
Terschellingia 4344141 350'_76’-'1 21 7a3sa516 ! 052142 2734127 142431 144344 207491  32+¢4 3443 0 2343
Thalassoalaims 0 5.847.8 ares 110 0 0 0 0 0 6+8 0 0
Theristus 0 0 0 0 0 0 0 0 2.6£3.5 0 0

Trefusia 0 0 7.5+10 0 0 48164 0 0 76.3£79 180106 139+100 74+18
Tricoma 0 0 0 0 0 0 0 0 0 0 3.6+3.7 0
Trilepturm 0 0 0 0 0 0 0 0 30'66114' 83+87  3.4+45 1154'
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Triplyloides 1014 7+9.6 0 19+13.2 0 0 516 0 141.4 1047 0 0'68*0'
Trochamus 0 0 0 0 0 0 0 0 0 1825 0 0

Viscosia 6541 110£56  23.3%144  147.7+26 118240  118+60  80:28 101426 324412 64£22 6437 1948
Wieseria 0 0 7.5410 435 0 0 0 0 0 0 o M
Xyala 0 0 0 0 0 0 0 0 0 16£2.2 0 121
Total density 3671800 39784591 30544720 77O 4g51s1233 PO%0*49 4310:342 28050194 786147 1TISEM go7ats1 7O
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Table S4: SIMPER summarized table of nematode communities, with the genera that most contributed for (dis)similarities (%), a) between sites (Navigator,
Gambia and Trdéia).and b) across 4 sampling occasions (winter 19, summer 20, winter 20, summer 21).

a)

Sites

Navigator

Gambia

Troia

Navigator

Average similarity: 64%

Metachromadora. Terschellingia.

Sabatieria

Gambia

Average dissimilarity 39%

Metachromadora. Terschellingia.

Anoplostoma

Average similarity: 67.8%
Metachromadora.
Sabatieria. Sphaerolaimus

Troia

Average similarity: 73%
Metachromadora. Sabatieria.
Anoplostoma

Average dissimilarity 71%
Metachromadora.
Sabatieria. Terschellingia

Average similarity: 56.2%
Monoposthia. Sabatieria.
Desmodora
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b)

Samp.llng Winter 19 Summmer 20 Winter 20 Summer 21
occasions
Average similarity:
Winter 19 | 56.7% Metachromadora.
Sabatieria. Monoposthia
Average4c;|;S|m|Iar|ty Average similarity:
o 61.6% Metachromadora.
Summer 20 Sabatieria. "
Sabatieria.
Metachromadora. Terschellinaia
Terschellingia g
Average dissimilarity oo
Average similarity: 43% 42% A\J/e;\a/’g? SI/?;”‘:;I% ?:'5
Winter 20 Metachromadora. Metachromadora. o lvietac .O 'a ora.
L . Sabatieria.
Sabatieria. Anoplostoma Sabatieria.
Anoplostoma
Anoplostoma
Average dissimilarity Average dissimilarity Average dissimilarity Average similarity: 67%
43% 42% 39% Sabatieria
Summer 21 Sabatieria. Sabatieria. Sabatieria. Metachroma d.ora
Metachromadora. Metachromadora. Metachromadora. ’
o Anoplostoma
Anoplostoma Anoplostoma Terschellingia
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CHAPTER 6 - GENERAL DISCUSSION



CHAPTER 6

6.1 General Discussion

In chapter 2, the spatial diversity patterns of bacterial and nematode
communities were investigated in response to different sediment conditions in Sado
estuary. Both communities showed a strong potential as ecological indicators describing
the habitat condition. At each sampling site, nematode assemblages and bacterial
communities had distinct compositions and ecological roles according to the physical
and chemical composition of the sediments. The OM content of the muddy sediments at
“Tréia” and “Moinho” sites was correlated with the predominance of anaerobic bacterial
groups, while the sandy and low-organic sediments of “Navigator” site were correlated
with aerobic bacterial groups, associated with mineralization processes (Jessen et al.,
2017). The high density of the nematode genera Metachromadora, Sabatieria, and
Terschellingia demonstrated a strong affinity for the hypoxic, organic-rich sediments of
“Tréia” and “Moinho”. The co-occurrence of Terschellingia and Cyanobacteria in the
Navigator sediments suggests a potential link between bacterial composition and the
feeding preferences of nematodes (selective deposit feeders) and affinity for
cyanobacteria biofilms (Derycke et al., 2016; D’Hondt et al., 2018). Cyanobacteria is
recognized as an indicator group of stressed coastal environments (Kolda et al., 2020),
while Terschellingia is predominantly associated with disturbed habitats (Alves et al.,
2013; Vafeiadou et al., 2013; Sahraean et al., 2017). Therefore, the co-occurrence of
these taxa could be explained by the influence of the surrounding anthropogenic
activities at the “Navigator” site.

The diversity patterns of both communities were strongly driven by OM, proving
to be a structuring factor shaping the communities’ composition. Despite the high degree
of congruence in the responses of nematode and bacterial communities, both exhibited
different distribution patterns. Nematodes were more sensitive to the variation of small-
scale factors (within sites), while bacteria were more consistent, revealing a broader-
scale variation (between sites). The high responsiveness of nematode communities at
both micro- and mesoscales is a key factor influencing their distribution (Adao et al.
2009, Materatski et al. 2015, Branco et al., 2018). Various micro-habitats are created in
response to small patches of food, physical-chemical disturbances, and biotic
interactions (Galluci et al., 2008; Giere, 2009; Moens and Benninger et al., 2018), which
in turn shape the distribution patterns of bacteria. However, our understanding of these
communities’ dynamics in estuarine environments remains limited, largely due to
functional redundancy. The strong correlation between community composition and

environmental variables suggested that monitoring these communities provides valuable
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insights into the ecological status of intertidal sediments, particularly in areas subjected
to human impact. Moreover, the occurrence of these communities raises questions about
their roles in trophic pathways within the benthic food webs. The similar responses of
bacterial and nematode communities to sediment conditions suggest potential
interactions between them. Therefore, changes at the community level may influence
the base of the benthic food web, impacting higher trophic levels and the overall
functioning of the ecosystem (bottom-up effect).

To fully understand the implications of these findings, it was important to study the
spatial and temporal variability of bacterial communities and nematode assemblages
separately under different environmental conditions (Chapters 3 and 5). The
hypotheses proposed that both bacterial and nematode communities would exhibit
significant spatial and temporal variation, with nematodes showing stronger variations
due to their high sensitivity to small-scale environmental fluctuations. The results
obtained partially supported this hypothesis: nematode assemblages exhibited more
complex interactions between spatial and temporal factors than bacterial communities.

The spatial variability of both communities followed similar distribution patterns,
that strongly correlated with the environmental variables OM, CT, gravel, sand,
chla_phaeo, and CaCOs. Nematode and bacterial communities from “Troia” were clearly
distinct in abundance and diversity compared to those at “Gambia” and “Navigator”.,
reflecting distinct site-specific responses to sediment composition, metabolic pathways,
and trophic diversity. As in Chapter 2, muddy sediments (Navigator and Gambia) had
lower nematode diversity and bacterial communities dominated by anaerobic, hypoxia-
tolerant groups (e.g. Desulfobacterota phylum). Whereas in the “Tréia” sandy sediments,
nematode communities were less abundant but highly diverse, and the bacterial
communities were dominated by aerobic OM remineralizing taxa (e.g.
Flavobacteriaceae, Saprospiraceae and Kiloniellaceae) (Chapters 3 and 5). Unlike
nematode assemblages, bacterial communities showed no significant temporal
variations (Chapter 3), highlighting their adaptability and resilience to short-term
environmental changes (Boer et al., 2009; Wasmund et al., 2017; Aguilar et al., 2020).
In estuaries, stochastic events are common and influence the spatial OM inputs and
nutrient availability, which explains the spatial-temporal small-scale variability of the
nematode assemblages (Materaski et al., 2015; Branco et al., 2018; Zheng et al., 2020;
Xu et al., 2022) (Chapter 5).

These findings strengthen the potential of benthic bacterial and nematode
communities as indicators of ecological status in estuarine environments. Their

different response scales across spatial and temporal gradients not only reflected their
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role as mediators of energy flow and nutrient cycling but also showed the high sensitivity
of nematode assemblages to sediment characteristics and environmental conditions.
Moreover, the high correlation with specific bacterial taxa and environmental variables,
particularly in the context of metal pollution and organic enrichment, suggested that
bacterial communities can provide valuable insights into the ecological status of
sediments and the metabolic pathways of active communities involved in the
biogeochemical processes.

Benthic food webs in the Sado estuary were studied by applying isotopic
metrics to analyze different aspects of benthic food web complexity in a spatial-temporal
context (Chapter 4). This novel approach made it possible to visualize complex
information associated with trophic compositions and evaluate the influence of spatially
and temporally regulated abiotic factors on the overall benthic food webs. By combining
isotopic metrics with univariate and multivariate analyses, it was possible to identify key
attributes that respond most to the environmental changes, offering a more
comprehensive understanding of food web dynamics. To investigate the benthic food
web dynamics, natural isotopic ratios (8"*C and 8'°N) of macrobenthic organisms and
their food sources were measured to construct food web topologies at the same sites
and sampling occasions studied in Chapters 3 and 5.

Communities in sites with high OM input and hypoxic conditions (e.g. Gambia
and Navigator) were expected to have limited food source diversity, resulting in narrower
trophic niches and reduced trophic diversity, exhibiting a narrower trophic niche size
(Hypothesis 1, Chapter 4). A clear spatial pattern was observed for the food webs of
these three sampling sites, due to the increased primary production (chla) and
quantity/quality of OM (observed in chla_phaeo ratios), confirming Hypothesis 1.
Navigator and Gambia sampling sites, characterized by higher organic inputs and
lower-quality OM, exhibited simpler food webs. While Troia which is located inside
protected area, with high quality OM had the most complex food web characterized
by high diversity of specialist consumers that used the available resources more
efficiently.

The pigments quantification, chlorophyll a (chla) and phaeopigments (phaeo),
were relevant proxies of primary production that directly influenced communities’
diversity, functional pathways, and trophic interactions (Chapter 3, 4 and 5). During
these studies, an interesting event was observed in the Gambia sampling site, with an
abrupt increase of chla (5 orders of magnitude), phaeo (10 orders of magnitude) during
the winter 2019 and 2020 (Chapter 4). These events were consistent with the

occurrence of the Halieaceae family, which was abundant in the Gambia bacterial
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communities (Chapter 3). This gammaproteobacterial group, known to play an important
role in response to phytoplankton blooms, improves organic matter degradation (Francis
et al., 2021). Simultaneously, nematode assemblages in Gambia became more similar
to those in Tréia, both in trophic diversity and richness, and increased significantly
during these events, suggesting efficient use of available resources (Chapter 5). These
findings revealed important trophic shifts, resulting in increased energy transfer to higher
trophic levels and increased trophic interactions in the Gambia food web (observed in
Chapter 4).

Based on the similarity between diversity patterns of benthic communities and
trophic compositions, it was expected that the food webs in Navigator and Gambia would
show a greater similarity, reflected in the overlap metrics (Hypothesis 2, Chapter 4).
However, contrary to expectations, probably due to the previous events in Gambia
communities, greater overlap was observed between Gambia and Tréia food webs,
revealing an unexpected pattern of higher similarity. Similarity metrics were able to
distinguish different resource use between similar trophic structures (Navigator and
Gambia), highlighting structuring trophic shifts in Gambia food webs (new carnivores and
deposit-feeders), which increased their complexity.

In a temporal perspective, differences were expected as seasonal and
interannual variations are known to influence diversity patterns and trophic interactions,
strongly influenced by the availability and diversity of food sources (Campanya-Llovet et
al., 2017; Donazar-Aramendia et al., 2019; Szczepanek et al., 2021). Therefore, it was
predicted that colder periods, characterized by reduced primary productivity and
increased terrestrial and freshwater OM inputs, would result in less diverse benthic
communities with fewer top predators and reduced trophic interactions. The sampling
design of these studies could not capture temporal patterns as clearly as spatial patterns.
Although significant differences were reported between sampling occasions in the
diversity patterns of nematode assemblages and macrobenthic food web structure,
reflected in the metrics maximum trophic position and percentage of carnivores and
omnivores. Increases in OM inputs to the system are not always congruent with the
seasonal variations, as they can also occur on a microscale (Moens & Beninger, 2018;
Young et al., 2021), or they can be linked to the spatially heterogeneous nature of the
estuary itself. This suggests that factors beyond seasonal changes, such as
anthropogenic influences on local OM inputs, may have a stronger influence on
community distribution patterns, directly affecting communities’ composition and benthic

food web structure (Campanya-Llovet et al., 2017).
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Initially, it was also expected that warmer periods would promote higher
primary productivity, while colder periods would lead to a decrease. It was expected
that similar seasons would reflect similar food sources availability, leading to a higher
similarity of the food webs during the same seasons (winter 19/winter 20 and summer
20/ summer 21), than among different seasons (Hypothesis 4). However, contrary to the
hypothesis, significant differences were found for maximum trophic position and the
percentage of carnivores and omnivores between winter 19 and other sampling
occasions, regardless of the site. Over time, trophic diversity increases in the “Navigator”
and “Gambia” food webs, particularly due to the emergence of new herbivores and
carnivores. Similar trends were seen in the diversity patterns of nematode assemblages.
The diversity and functional metrics showed significant differences between winter 2019
and summer 2021, mostly in “Navigator” and “Gambia” assemblages, indicating
increased diversity over time. More complex food webs exhibit better responses to
seasonal shifts, “Tréia’s” food web, the least disturbed site, had the lowest similarity
between seasons (summers vs winters), reflecting clear temporal shifts in availability
and diversity of food sources. When compared to other sites, “Trdia” provides
favorable conditions for specialist genera to thrive,

Overall, the isotopic and diversity metrics combined with univariate and
multivariate analyses allowed for the assessment of how the bottom-up processes can

modulate the marine benthic food webs.

6.2 Conclusions

This study introduces a multidisciplinary and innovative approach to assess
benthic ecosystem functioning by integrating benthic community diversity patterns to
better understand sediment trophic conditions and their impact on energy pathways. The
combination of morphological and metagenomic approaches, together with stable
isotope analysis, strongly supports bacterial and nematode communities as powerful
ecological indicators capable of capturing the dynamics of macrobenthic food
webs of the Sado estuary. These indicators provide valuable insight into the structure of
benthic food webs, particularly correlated with OM and granulometry, which are the
main drivers of functional roles and carbon fluxes within benthic ecosystems.

The integrated assessment of bottom-up trophic interactions and food web
complexity enabled the identification of trophic and ecological indicators that reflect
ecosystem functioning and metabolic pathways (biogeochemical processes). By linking
communities’ diversity and food web dynamics, this work contributes significantly to

the development of monitoring strategies supporting the Descriptors 1 (biodiversity),
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4 (food webs), and 6 (seafloor integrity) of the Marine Strategy Framework Directive
(MSFD), while providing practical tools for guiding habitat recovery and sustainable
Blue Economy activities.

Despite advances in environmental genomics, traditional morphological
identification of nematodes is still widely used, despite it being time-consuming and only
relying on expert taxonomic knowledge (Moens & Beninger, 2018). The integration of
molecular methods such as 16S and 18S rRNA gene amplicon-based metagenomics
can significantly improve the compatibility between datasets and support cross-domain
assessments of species co-occurrence and functional traits (Nawaz et al 2018;
Mahamound et al., 2018; Stoeck et al 2018).

Further research should combine metagenomics with metatranscriptomics,
enabling both taxonomic resolution and functional roles of these communities, while
uncovering how their complex interactions (microbiome and host-microbe) regulate their
activity (Ruppert et al., 2019). These approaches can provide not only the assessment
of biodiversity patterns and functional responses to stressors, but also a complex
network of microbial activity related to biogeochemical cycles, tracking real-time
microbial processes such as nitrogen fixation, carbon sequestration, and sulphur
metabolism, crucial for estuarine ecosystem functioning. This would also improve our
ability to detect and predict ecological responses to anthropogenic pressures (e.g. blue
economy activities) and climate related stressors such as ocean warming, acidification,
and deoxygenation (Laiolo et al., 2024).

Furthermore, to enhance the capture of temporal variability, other sampling
strategies could reveal currently undetected seasonal or short-term shifts in bacterial
communities’ distribution patterns. Based on the isotopic models developed for
macrobenthic organisms, the integration of meiofauna (nematodes) into food web
models is a crucial next step. Their inclusion will enhance the understanding of
omnivory levels and trophic connectivity, bridging the gap between microfauna and
macrofauna, and leading to a more complete representation of ecosystem functioning.

Overall, this approach represents a promising way to develop predictive and
integrative monitoring frameworks based on ecological indicators for assessing GES
within the MSFD. These indicators provide a solid base for ecosystem restoration
strategies and sustainable blue economy activities, and support stakeholder

engagement for the restoration and long-term management of coastal habitats.
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