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A B S T R A C T

Evaluating the functional structure of benthic macrofaunal communities provides insights into how environ
mental drivers shape the ecosystem and establishes a baseline knowledge of the communities’ dynamics and 
functioning. This understanding allows the prediction of responses to environmental changes and the imple
mentation of efficient conservation and management strategies. Here we examine the structures and functions of 
benthic macrofaunal communities on the Northwest Iberian coast concerning environmental factors such as 
depth, hydrodynamic energy, and bottom type. The results suggest that the community assemblages and their 
function are structured by factors which influence food availability and habitat heterogeneity. The different sites 
exhibited different trait compositions and functional structures, indicating that distinct functions are performed 
according to environmental conditions. The communities found in sandy bottom areas with low hydrodynamic 
conditions presented frail functionality and demonstrated high vulnerability to alterations in their environment. 
Conversely, the communities found in rocky bottoms with high hydrodynamic conditions exhibited a fulfilled 
functional niche space, rendering them more resilient to such changes and less prone to loss of function. 
Although the analyses did not reveal significant differences in the factor depth, its influence on several factors 
seems relevant in shaping the functional structure of the communities. These findings highlight the importance of 
understanding the impact of local environmental conditions on ecosystem functioning, to effectively implement 
monitoring, management, and conservation strategies.

1. Introduction

Marine environments and their associated biodiversity hold unique 
inherent worth, providing critical ecosystem services such as regulatory 
systems, food, energy, and habitat. Preserving these elements becomes 
essential to maintaining the structure and functioning of numerous 
ecosystems and the health of global populations (Alsterberg et al., 2017; 
Lotze, 2021; Ward et al., 2022). The marine ecosystem of the NW Iberian 
coast is of particular relevance due to its unique conditions. This region 
possesses strong latitudinal environmental gradients and is strongly 
influenced by upwelling events (Gomez-Gesteira et al., 2011; Pardo 
et al., 2021). These phenomena directly affect the primary production, 
the thermohaline properties (temperature and salinity), and species 
distribution. The NW Iberian coast, as the northern boundary of a 
broader upwelling system’s influence (Eastern North Atlantic Upwelling 
System), is characterised by high primary production proving to have 

great economic and social value (Gomez-Gesteira et al., 2011; Ríos et al., 
1992; Torres and Barton, 2006). According to recent studies, the NW 
Iberian coast is estimated to be one of the regions most affected by 
climate change (Bakun et al., 2015; Pardo et al., 2021; Sousa et al., 
2019). Climate changes will modify the NW Iberian Coast’s oceano
graphic properties, intensifying local winds and promoting surface 
heating (Pardo et al., 2021; Sousa et al., 2019). This prompts an urgent 
description of the distribution patterns within this regional environ
ment, to successfully characterise local processes and understand the 
influence of environmental conditions.

Understanding patterns within community composition, both in 
terms of taxonomic and functional diversity, as well as their response to 
environmental changes, provides important information for developing 
effective strategies for conservation and ecosystem management (Saeedi 
et al., 2022; Tyler and Kowalewski, 2018). Benthic macrofaunal as
semblages, key components of shallow marine ecosystems, are great 
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indicators of environmental conditions and environmental changes 
(Borja et al., 2000; Breine et al., 2018; Sun et al., 2021). These organisms 
have sedentary habits, long lifespans, and high diversity, making them 
valuable bio-indicators for monitoring a wide range of environmental 
disturbances (Han et al., 2021; Patrício et al., 2012; Piló et al., 2015). 
They play an important role in detritus decomposition, nutrient cycling, 
and energy transfer to upper trophic levels (Xu et al., 2018). Moreover, 
their diverse feeding modes (e.g., carnivory, detritivore, or filter 
feeding) and life-history strategies (e.g., free-living, sedentary, or tube 
building) can be affected by habitat characteristics or environmental 
conditions (Momota, 2021) which may influence the overall functioning 
of the ecosystem (Han et al., 2021; Nunes et al., 2008). Therefore, 
variability in environmental conditions can have varying effects on the 
balance of ecosystem functions. Traditionally, benthic macrofaunal 
communities have been used to assess and evaluate the impact of 
environmental factors on several different environments within shallow 
marine ecosystems. Some of the most explored are the benthic com
munities of the intertidal shores (Alves, 2017; Boaventura et al., 2002), 
the soft-sediment bottoms (Lourido et al., 2010; Piló et al., 2015; Veiga 
et al., 2016, 2017) and the estuary or inlet environments (Alves et al., 
2024a; Nunes et al., 2008; Patrício et al., 2012; Pinto et al., 2009). 
Within a functional framework, a few studies have been implemented 
analysing environmental variations (Alves et al., 2024b; Llanos et al., 
2020; Momota, 2021; Sivadas et al., 2020; Törnroos et al., 2013; Van Der 
Linden et al., 2012; Weigel et al., 2016). Despite these efforts, the 
complex dynamics that govern subtidal benthic macrofaunal commu
nities persist as an essential question, which would help to understand 
the intricate relationships between certain environmental factors (e.g. 
depth, light intensity, hydrodynamics) and the benthic macrofaunal 
organisms taxonomic and functional characteristics (Kraufvelin et al., 
2011; Paz-Ríos et al., 2020; Tyler and Kowalewski, 2018). Physical el
ements like depth and bottom type are believed to be influential in 
structuring macrofaunal communities (Coleman et al., 2007; Paz-Ríos 
et al., 2020). Depth variations lead to alterations in light availability, 
turbulence, and hydrodynamics (Denny, 2006; Wilkinson and Evans, 
1989). Consequently, these factors can also influence sedimentation 
patterns (Airoldi and Cinelli, 1997) and the fluxes of propagules and 
nutrients (Bertness et al., 1992; Montes et al., 2021). This evaluation of 
marine environments and characteristics is a complex and substantial 
undertaking, leaving some matters unsuccessfully explored.

In this study, we analyse the spatial variability of the subtidal mac
rofaunal community on the NW Iberian coast considering environmental 
factors such as depth, hydrodynamic energy, and bottom type, using 
functional analysis and standardised sampling methods. Functional di
versity is recognised as a powerful and complex predictor of ecosystem 
functioning (Cadotte et al., 2011; Griffin et al., 2009; Petchey and 
Gaston, 2006), which in contrast to traditional measures, operates under 
the premise of a mechanistic link between diversity and the ecological 
phenomena under investigation (Cadotte et al., 2011). This approach 
allows us to comprehend the mechanisms and circumstances shaping 
communities leading to a gradual integration of functional and stand
ardised methodologies into traditional ecological studies.

This study aimed to i) identify and describe the functional compo
sition and distribution of macroinvertebrates associated with complex 
habitats along the highly dynamic NW Iberian coast, and ii) to analyse 
the influence of the environmental conditions (water depth and bottom 
type) in the functional distribution and composition of the subtidal 
macrofaunal community of NW Iberian coast. Despite numerous 
research efforts dedicated to investigating the associated fauna and their 
distribution, this represents the first application of BTA in this region, 
which allows the establishment of a direct connection between the 
environmental processes and the ecological functioning of the 
ecosystem. The traits applied address the capacity to detect changes in 
environmental conditions with traits reflecting production, decomposi
tion, elemental cycling, and vulnerability or resistance/resilience. This 
study’s strength lies in its ability to identify and analyse the specific 

changes in the functional composition of the ecosystem, and how these 
changes affect its overall functioning.

2. Material and methods

2.1. Study site

This study was conducted between June and September 2022 on the 
coast of Viana do Castelo at 41.7◦N 8.8 W. This coastal region is char
acterised by a significant absence of natural barriers, which makes it 
very susceptible to the direct effects of coastal processes (Gomes et al., 
2024; Rosa-Santos et al., 2009). The region is affected by a dominant 
NW-W swell and by a semi-diurnal tidal regime, with the largest spring 
tides of 3.5–4.0 m. (Rubal et al., 2021; P. Veiga et al., 2013). Prevailing 
winds arrive from the north, facilitating nutrient enrichment and 
increasing biological production in spring and summer. Conversely, 
during the year’s remaining months, the winds shift to a southerly di
rection, promoting the influx of superficial coastal waters (McClain 
et al., 1986; Rosón et al., 2008; Wooster et al., 1976). These dynamics 
have a significant influence on various sedimentary processes, local 
thermohaline properties and local primary production (Torres and 
Barton, 2006).

The subtidal geomorphology of this region is characterised by a 
complex combination of rocky reef systems, pebble bottoms and soft 
sandy bottoms (Dias et al., 2002b; Martins et al., 2007; Vitorino et al., 
2002). This heterogeneity creates a highly complex seafloor which 
generates contrasting environmental conditions within close distances. 
In the NW Iberian continental shelf, the highly energetic hydrodynamic 
conditions lead to sediment remobilisation of sandy deposits and the 
covering of broad areas of this region (Dias et al., 2002a).

The rock bottom areas are usually affected by high-hydrodynamic 
energy and therefore exhibit considerable low sediment deposition. 
On the other hand, the sandy bottom areas are usually affected by low- 
hydrodynamic energy which allows for high sediment deposition. This 
dynamic of conditions is the basis for the analysis of factors such as 
water depth, bottom type, and hydrodynamic energy. Each factor allows 
the analysis of two categories. Two sites (S2 and S3) were located within 
a rocky reef area with two different depths (S3: <12 and S2: 26 m), while 
the other two sites (S1 and S4) were located within a sandy bottom area 
also at two different depths (S4: <12 and S1: 26 m). The rocky reef sites 
(S2 and S3) correspond to high hydrodynamic energy areas and the 
sandy sites (S1 and S4) correspond to lower hydrodynamic energy areas 
(Fig. 1).

2.2. Study design and sampling methodology

Once the study design was established, artificial substrates (AS) 
mimicking a 3D complex habitat were created and deployed at the four 
sites. These substrates were anchored on the seafloor by scuba divers. 
The estimated surface space available for colonisation, calculated with 
ImageJ analysis software after the digitalisation of the structures, is 
around 950 cm2 (Rasband, 1997) (Fig. 2). This methodology was created 
to avoid destructive sampling effectively, garnering recognition as a 
valid, replicable, standardised alternative tool for monitoring studies 
(Alves et al., 2024a; Alves et al., 2024b; Carreira-Flores et al., 2020). 
Nonetheless, it is important to interpret the ecological results obtained 
when using this methodology with caution, as it presents particular 
dynamics of colonisation and succession (Sokołowski et al., 2017).

Samplings occurred in September 2022, where four replicates were 
collected at each location. The collection process, conducted by scuba 
diving, involves placing each substrate meticulously in a 0.5 μm mesh 
bag before removing it from the anchoring system. This process is 
carefully done to avoid any loss of allusive organisms. The macrofauna is 
then sorted from the AS with washings through a 0.5 μm mesh sieve and 
later stored in an ethanol solution at 4 ◦C. In a second sorting process, 
the macrofauna is once again separated from the associated biological 
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material and organized according to their respective orders for later 
identification until the species level. The identification process was 
carried out using a binocular microscope, with the support of taxonomic 
identification manuals and keys (Hayward and Ryland, 1995; Lincoln, 
1979; Naylor, 1972; Saldanha, 1995; Wirtz and Debelius, 2003) as well 
as support from recognised specialists in several taxa.

2.3. Trait selection and values

The identified species were classified into 8 distinct functional traits 
and 43 categories (Table 1). These categories capture the essential 
functions of macrofaunal communities within this coastal ecosystem. 
The selection process for these traits was carefully made based on the 
capacity to detect changes in environmental conditions (including traits 
reflecting production, decomposition, elemental cycling and 

vulnerability or resistance/resilience) and the quality of the data 
available. The decisions regarding the selection of traits, the modality 
divisions and which traits were linked to key mechanisms and functions 
were based on the existing literature (Bremner et al., 2006a,b; Frid et al., 
2008; Törnroos and Bonsdorff, 2012; Beauchard et al., 2017; Dis
sanayake et al., 2018; Lam-Gordillo et al., 2020) and on BIOTIC - Bio
logical Traits Information Catalogue.

The acquisition of trait information relied mostly on a variety of 
published literature (Hessler, 1981; Hily and Bouteille, 1999; Ruppert 
et al., 2004; Gaudêncio and Cabral, 2007; Navarro-Barranco et al., 2013; 
Queirós et al., 2013; Jumars et al., 2015; Quell et al., 2021; David S. 
Clare et al., 2022) as well as on online information databases 
(Encyclopedia of Life, 2023; Marine Life Information Network, 2023; 
PolyTraits, 2023; World Register of Marine Species, 2023; Palomares 
and Pauly, 2023). In instances where specific or reliable information was 
unavailable, genus- and family-level information was used.

Each species was assigned a ‘binary’ code to indicate its association 
with specific biological trait categories. The score 0 denotes no affinity 
to a trait category, while the score 1 indicates affinity towards a 
particular trait category. This coding method ensures a consistent data 
structure and reduces the likelihood of errors in data entry and analysis, 
although it is important to acknowledge the potential reduction in the 
complexity of affinities levels.

2.4. Data analysis

The taxonomic analysis of the communities in the study involved the 
calculation of several descriptive parameters. Species richness (S) 
(Hurlbert, 1971), Shannon-Winner index (H′) (Shannon, 1948), Simpson 
dominance index (D) (Simpson, 1949), and Pielou evenness index (J′) 
(Pielou, 1966) were calculated based on the abundance of individuals 
per site. For the functional analysis of the communities in the study the 
parameters functional richness (FRic) (Mason et al., 2005; Mouchet 
et al., 2010; Villéger et al., 2008), functional dispersion (FDis) (Laliberte 
and Legendre, 2010) and Rao’s quadratic entropy (RaoQ) (Champely 
and Chessel, 2002; Mouchet et al., 2010; Rao, 1982) were calculated as 
estimators of functional diversity, while functional evenness (FEve) 
(Mason et al., 2005; Mouchet et al., 2010; Villéger et al., 2008), func
tional divergence (FDiv) (Mason et al., 2005; Mouchet et al., 2010; 

Fig. 1. Viana do Castelo, northwest coast of the Iberian Peninsula (41.7◦N 8.8 W). Sampling locations are distributed along the coast (S1- site 1, S2 – site 2, S3 – site 
3, S4 – site 4).

Fig. 2. Artificial substrate developed to simulate a 3D complex habitat. The top 
part mimics complex macroalgae and the bags mimic crevices and fissures 
environments.
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Villéger et al., 2008) and functional redundancy (FRed) (Van Der Linden 
et al., 2012) were calculated as estimators of species distribution within 
the trait space. These indices were calculated in the ‘fundiv’ package 
(Bartomeus, 2015), which includes the FD indexes (Petchey et al., 2004) 
and the ‘FD’ package (Laliberté et al., 2014). To test the evolution of 
these indices with the factors, General Linear Mixed Models were 
applied, based on a two-way model design with three factors: water 
depth (fixed, two levels: 26 m deep vs < 12 m deep), bottom type (fixed, 
two levels: rocky bottom vs sandy bottom), and site nested in depth 
(random four levels: site 1 vs site 2 vs site 3 vs site 4) with ‘lme4’ library 
(Bates et al., 2015). A correlation analysis was used to analyse the 
relationship between the taxonomic diversity indices (S, J′, H′, D) and 
the functional diversity indexes (FRic, FDis, FEve, FDiv, and FRed), via 
the ‘Hmisc’ package (Harrell Jr and Dupont, 2023). To evaluate shifts in 
trait composition and expression, the functional identity was calculated 
as community-level weighted means of trait category expressions 

(CWM), using the BAT package (Cardoso et al., 2022). All previous steps 
were performed using the statistical computing software R ver. 4.2.2. 
Utilizing PRIMER 6.0 software, community analyses were performed 
using a non-parametric permutational multivariate analysis of variance 
(PERMANOVA). The test design was based on the same two-way model 
with two factors water depth (fixed, two levels: 26 m deep vs < 12 m 
deep) and site nested in depth (random four levels: site 1 vs site 2 vs site 
3 vs site 4) to uncover if any of the factors or their interaction affected 
the CWM. Afterwards, a PERMDISP procedure was conducted to test 
whether the observed differences were attributable to distinct multi
variate dispersion in the centroid’s location (Anderson, 2017). A 
pair-wise test was also conducted to assess the variation in the trait 
expression within each factor between depths and sites. Additionally, a 
non-metric multidimensional scaling (nMDS) was performed to analyse 
the responses of the assemblages based on the Bray-Curtis dissimilarity 
matrix. This enables the visualisation of the dissimilarity patterns among 

Table 1 
List of included functional traits (8), trait categories (43), key mechanisms and functions.

Trait Category Acronym Key Mechanism of functions Function Effect Response

Feeding Modeb Active suspension 
Passive 
suspension 
Subsurface 
deposit 
Surface deposit 
Predator 
Scavenger 
Carnivore 
Grazer 
Detritivore 
Parasite

SusA 
SusP 
DepSs 
DepS 
Pred 
Scan 
Carn 
Graz 
Detri 
Par

Transport from pelagos, 
Transport within sediment, Facilitation/provision of material, 
Energy fixation/rate of transfer.

Elemental cycling (within 
benthos & benthos-pelagos). 
Production, 
Food/Resources.

x x

Habitb Burrow dwelling 
Crevices/holes 
Epi-endobiotic 
Free-living 
Tubicolous 
Permanent 
attachment 
Temporary 
attachment

BurD 
Crev 
EpiE 
FreL 
Tub 
AttP 
AttT

Ability to perform transport and extent. 
Turnover. 
OM decomposition. 
Biogenic habitat creation.

Elemental cycling (within 
benthos & benthos-pelagos).

x x

Larval developmentb Benthic direct 
Pelagic 
lecithotrophic 
Pelagic 
planktotrophic

BDir 
PLec 
PPla

Proxy for recruitment. Success. 
Food for predators. 
Resilience.

Elemental transport, 
Production. 
Temporal pattern.

x

Sensitivity to 
disturbance 
(AMBI)a

Very sensitive 
Indifferent 
Tolerant 
2nd order 
opportunist 
1st order 
opportunist

GSen 
GInd 
GTol 
G2oO 
G1oO

Vulnerability or resistance/resilience of a species towards 
pollution or climate change induced changes in water 
biogeochemistry.

Temporal pattern. x

Lifespanb Less 1 year 
1–3 years 
3–10 years 
More 10 years

Lu1 
L1.3 
L3.10 
Lo10

Energy fixation, 
Turnover, production rate. 
Food for predators. 
OM decomposition

Production, Elemental 
cycling.

x

Body Sizeb Under 10 mm 
11–20 mm 
21–100 mm 
101–200 mm 
201–500 mm 
More 500 mm

Su10 
S11.20 
S21.100 
S101.200 
S201.500 
So500

Rate of production, amount of exchange, facilitation. 
Competitive effect. 
Turnover. 
OM decomposition.

Production, 
Elemental cycling, Food/ 
Resources.

x x

Mobilityb Swimmer 
Burrower 
Crawler/Creep 
Sessile

Swi 
Burr 
Craw 
Sess

Turnover, Transport, 
Facilitation of materials. 
Response to competition. 
OM decomposition.

Production, 
Elemental cycling (pelagos- 
benthos & within benthos), 
Food/Resources, 
Temporal pattern.

x

Egg developmentb Assexual 
Sexual benthic 
Sexual brooded 
Sexual pelagic

Ass 
SBen 
SBro 
SPel

Proxy for recruitment. Success. 
Resilience.

Elemental transport, 
Production 
Temporal pattern.

x

a Discrete trait (species can only express one modality of the trait).
b Combinatory trait (species can be assigned to one, several, or all of the modalities in the trait).
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the assemblages. When significant differences in functional composition 
were detected, a similarity percentage analysis (SIMPER) was applied, 
with a 70% accumulative contribution cut-off. This analysis allows us to 
emphasise the traits responsible for the significant observed differences 
in the community.

3. Results

3.1. Benthic macrofaunal assemblage structure

A total of 136 taxa were found across the four sampled sites (S1, S2, 
S3, and S4). The species richness within the sampled sites ranged from 
34 to 69 species, while total abundance varied from 378 to 3786 in
dividuals. The RaoQ, as well as FDis within the benthic macrofaunal 
communities, showed that site 2 had higher values (Fig. 3A and D), 
while FRic displayed higher values in the sites with rocky bottoms (S2 
and S3) (Fig. 3B). FDiv (Fig. 3C) reveals a high variation within the sites, 
showing differences between rocky bottom sites and sandy bottom sites 
and between depths. The FEve displayed no significant pattern, with site 
4 having the highest values (Fig. 3E.). FRed revealed a clear increasing 
pattern with the decrease of depth. The Generalised Linear Mixed Model 
performed on the indices revealed significant differences for the factor 
‘depth’ in FDiv and FRed and for the factor ‘bottom type’ in FRic and 
FDiv (Table A1).

The Pearson correlation analysis results indicated that FRic and 
RaoQ did not have significant correlations with species diversity. 
However, FRic was significantly correlated with S. Additionally, FDiv 
was negatively correlated with FRed, while FRed showed positive 

correlations with H′, D, and J’ (Table 2).

3.2. Responses in the functional structure

The PERMANOVA results indicated that the community-weighted 
means of trait expression (CWM) did not significantly differ for the 
factor depth (P = 0.1671). However, significant differences were 
observed for the factor of site (P = 0.0001). PERMDISP was run to test 
the homogeneity of multivariate dispersions. The overall tests 
comparing the sites were not statistically significant (P (perm) = 0.713), 
meaning that the dispersion of the replicates does not influence the 
differences between the sites (Table 3). The individual pair-wise test 
showed significant differences between sites 1 and 2 within ‘depth 26’, 
and between sites 3 and 4 within ‘depth 12’ (Table 4).

The nMDS ordination showed a separation of macroinvertebrate 
assemblages according to different sites (Fig. 4). The groups are formed 
according to the distribution of community-weighted means of trait 
expression, where site 1 forms a differentiated group.

3.3. Trait contribution across factors

SIMPER analyses have been performed to identify which traits and 
categories most contributed to the observed differences in CWM. The 
total percentage of category contribution within each trait, as well as the 
single categories, highlight the most important traits regarding the 
factors in the analysis. This analysis revealed that 18 categories 
accounted for most differences between Sites 1 and 2 (Table 5). These 
categories contributed more than 70% to the total dissimilarity, with 12 

Fig. 3. Box-plots of A. Rao’s quadratic entropy (RaoQ), B. functional richness (FRic), C. functional divergence (FDiv), D. functional dispersion (FDis), E. functional 
evenness (FEve) and F. functional redundancy (FRed) through the sampled sites. Sites 1 and 2 are in depths of 26 m, and sites 3 and 4 are located in depths <12 m.
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of the categories contributing with values > 3%. Within Habit and 
Mobility, the expression of categories ‘free-living’, ‘permanent attach
ment’, and ‘sessile’ had the most significant and consistent contributions 
to the dissimilarity between S1 and S2 (δi = 0.0129, δi% = 7.3604, δi/ 
SD = 6.816; δi = 0.0127, δi% = 7.212, δi/SD = 5.73; δi = 0.0126, δi% =

7.1645, δi/SD = 5.781). Within Egg development and Habit the cate
gories ‘sexual benthic’ (δi/SD: 1.934) and ‘Epi-endobiotic’ (δi/SD: 
2.013) reveal the lowest δi/SD ratios suggesting more variability in their 
contributions. Site 1 seems to be more associated with trait categories 
such as ‘sessile’, ‘permanent and temporary attachment’, and ‘over 10 
years’, while Site 2 seems to be more associated with ‘free-living’, 
‘surface deposit’ and ‘101–200 mm’ categories.

This analysis revealed that 19 categories accounted for most differ
ences between Sites 3 and 4 (Table 6). These categories contributed 
more than 70% to the total dissimilarity, with 9 of the categories 
contributing with values > 3%. Within Sensitivity to disturbance, Egg 
development and Feeding mode the expression of categories ‘tolerant to 
disturbance’, ‘sexual benthic’, ‘carnivore’ and ‘active suspension’ had 
the most significant contributions (δi = 0.0071, δi% = 8.2466; δi =
0.0063, δi % = 7.3495; δi = 0.0055, δi% = 6.4092). The most consistent 
contributors are the categories ‘herbivore’ (δi/SD = 8.417), ‘omnivore’ 
(δi/SD = 6.291) and ‘tolerant’ (δi/SD = 5.557). Within Lifespan and 
Habit the categories ‘over 10 years’ (δi/SD: 1.680) and ‘tubiculous’ (δi/ 
SD: 1.916) reveal the lowest δi/SD ratios suggesting more variability in 
their contributions. Site 3 seems to be more associated with trait cate
gories such as ‘active and passive suspension feed’, ‘very sensitive’, and 
‘swimmer’. In contrast, site 4 seems to be more associated with 
‘tolerant’, ‘sexual benthic’ and ‘carnivore’ categories.

Community-weighted means (CWM) of trait-modalities expression 
was plotted to visualise the trait composition for each site (Fig. 5). The 
dominating trait categories in the benthic macrofaunal communities on 
the Northwest Iberian coast varied between the sites which represent 
different environmental conditions. At site 1, the dominating trait cat
egories were ‘pelagic planktotrophic’, ‘sensitive to disturbance’, ‘11–20 
mm’ and ‘suspension feed’. At site 2, were ‘crawler’, ‘pelagic plankto
trophic’, ‘sensitive to disturbance’, ‘free-living’, and ‘3–10 years’. At site 
3, were ‘crawler’, ‘sensitive to disturbance’, ‘sexual brooded’, ‘1–3 
years’, and ‘deposit feed’. And at site 4, were ‘crawler’, ‘sexual brooded’, 
‘deposit feed’, and ‘under 10 mm’.

Table 2 
Results of correlation analysis between the benthic macrofaunal communities functional indices (FRic – Functional Richness; FDis – Functional Dispersion; FEve – 
Functional Evenness; FDiv – Functional Divergence; and FRed – Functional Redundancy) and species diversity (S – species number; J′- Evenness, H′- Shannon-Wiener 
index; D - Simpson dominance index).

FRic FDis FEve FDiv RaoQ FRed J’ H’ D

FRic
FDis − 0.067
FEve − 0.274 0.498
FDiv − 0.554 − 0.274 0.066
RaoQ − 0.112 0.989b 0.557 − 0.155
Fred 0.562 0.170 0.225 − 0.770a 0.119
J’ 0.245 0.473 0.497 − 0.673 0.434 0.896b

H’ 0.379 0.399 0.432 − 0.706 0.356 0.948b 0.982b

D 0.413 0.395 0.401 − 0.744 0.347 0.961b 0.972b 0.995b

S 0.772a − 0.356 − 0.328 − 0.330 − 0.386 0.430 0.051 0.238 0.266

a Significant at 0.05 level.
b Significant at < 0.001 level.

Table 3 
Permutational multivariate analysis of variance (PERMANOVA) results of community-weighted means of trait expression (CWM). Bold values highlight statistical 
significance.

Source df SS MS Pseudo-F P (perm) Unique terms P (MC)

Depth 1 1734.6 1734.6 2.811 0.1671 6 0.1669
Site (Depth) 2 1241.2 620.58 24.099 0.0001 9937 0.0001
Residuals 11 283.27 25.752
Total 14 3481.2

PERMDISP (Depth) F: 51.98 P(perm): 0.001 

PERMDISP (Site) F: 0.981 P(perm): 0.713

Table 4 
Results of pairwise tests of community-weighted means of trait expression 
(CWM) between site nested in depth.

Groups t P (perm) Unique Perms P (MC)

Depth 26: S1 vs S2 4.9353 0.0302 35 0.001
Depth 12: S3 vs S4 4.5001 0.0281 35 0.0008

Fig. 4. Non-metric multidimensional scaling (nMDS) ordination based on 
Bray–Curtis dissimilarity of centroids (calculated in four different sites). (a) Site 
1: beige (S1); (b) Site 2: Brown (S2), (c) Site 3: light blue (S3) Site 4: dark 
green (S4).
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3.4. Spatial distribution of the benthic macrofaunal communities’ traits

The trait modality composition revealed several differentiation pat
terns across the sites. The trait Feeding mode presents a gradient of 
category distribution with a decrease in depth (Fig. 6A). In this trait 
within ‘depth 26’, site 1 has a vast majority of ‘suspension feeders’ and 
‘deposit feeders’, while site 2 has a more even distribution with ‘sus
pension feeders’, ‘deposit feeders’, ‘predator and scavengers’ and ‘grazer 
and detritivore’. Within ‘depth 12’, site 3 has a similar distribution to 
site 2 with ‘suspension feeders’ and ‘deposit feeders’, but with lower 
numbers for ‘grazer and detritivore’ and higher for ‘predator’ and 
‘scavengers’. Site 4 presents the lowest levels of ‘suspension feeders’ and 
the highest levels of ‘deposit feeders’, ‘grazer and detritivore’ and 
‘predator’ and ‘scavengers’.

The trait Habit reveals an increasing pattern of ‘free-living’ and 

‘tubiculous’ organisms with a decrease in depth. Site 1 has a high 
number of ‘sessile’, ‘crevices, holes and under stones’ and ‘epi-endobi
otic’ organisms (Fig. 6B). Site 2 on another hand, has a higher number of 
‘free-living’ and ‘crevices, holes and under stones’ organisms. Sites 3 and 
4 present high values of ‘free-living’, ‘burrow dwelling’ and ‘tubiculous’ 
organisms. The trait modality composition of Lifespan shows that site 1 
has a majority of ‘more than 10 years’ organisms, while site 2 has a 
higher number of ‘3–10 years’ organisms followed by the categories ‘1–3 
years’, and ‘more than 10 years’ (Fig. 6C). Site 3 has a majority of or
ganisms with ‘1–3 years’ followed by ‘3–10 years’ and ‘less than 1 year’, 
while site 4 has a majority of organisms with ‘less than 1 year’ followed 
by ‘1–3 years’ and ‘3–10 years’.

The trait Mobility shows a significantly different pattern for site 1 
with a majority of attached organisms while site 2 revealed a majority of 
‘crawl, creep and climb’ organisms followed by ‘attached’ and 

Table 5 
SIMPER analysis results for the top categories contributing to the dissimilarity between Sites 1 and 2. Av.CWM indicates the average community weighted mean of trait 
expression-value of the factors, Av.Cont δi indicates the average contribution of each trait category to the overall dissimilarity between the groups, Av.Cont δi% 
indicates the percentage of the total dissimilarity attributed to each trait, SD indicates the standard deviation of the contributions, δi/SD indicates the ratio of the 
average contribution (δi) to its standard deviation (SD) and Cum % indicates the cumulative percentages of contribution to the dissimilarity (cut-off at 70% cumulative 
dissimilarity).

Trait Category Av.Cont (δi) Av.Cont δi % SD δi/SD Av.CWM 
Site 1

Av.CWM 
Site 2

Cum %

Habit Free-living 0.0129 7.3604 0.0019 6.816 0.3131 0.8124 0.052
Permanent Attachment 0.0127 7.212 0.0022 5.730 0.8517 0.3631 0.102

Mobility Sessile 0.0126 7.1645 0.0022 5.781 0.8524 0.367 0.153
Lifespan Over 10 years 0.0125 7.1083 0.0023 5.408 0.8603 0.3787 0.203
Habit Temporary attachment 0.0123 6.9929 0.0022 5.516 0.8545 0.3807 0.252
Feeding mode Sub-surface deposit 0.0117 6.6602 0.0025 4.682 0.1163 0.5676 0.299
Body Size 201–500 mm 0.0111 6.3132 0.0034 3.310 0.1169 0.5444 0.343
Mobility Crawler, Creep and Climb 0.0108 6.1661 0.0024 4.543 0.5112 0.9289 0.387
Body Size 101–200 mm 0.0107 6.0724 0.0034 3.151 0.1563 0.5676 0.430

11–20 mm 0.0087 4.9395 0.0022 3.969 0.8709 0.5366 0.464
Feeding mode Surface deposit 0.0087 4.9134 0.0027 3.166 0.4470 0.7796 0.499
Lifespan 3–10 years 0.0083 4.7146 0.0035 2.356 0.4664 0.7851 0.532

1–3 years 0.0065 3.7123 0.0023 2.875 0.2344 0.4865 0.558
Egg development Sexual benthic 0.0063 3.6038 0.0033 1.934 0.7678 0.5278 0.583
Feeding mode Predator 0.0063 3.5925 0.0017 3.828 0.2080 0.4519 0.609
Mobility Swimmer 0.0062 3.5089 0.0027 2.254 0.1975 0.4364 0.633
Feeding mode Detritivore 0.0059 3.3466 0.0029 2.013 0.3223 0.1532 0.657
Habit Epi-endobiotic 0.0058 3.3148 0.0034 1.728 0.5208 0.2968 0.680

Table 6 
SIMPER analysis results for the top contributors of the dissimilarity between Sites 3 and 4. Av.CWM indicates the average community weighted mean of trait 
expression-value of the factors, Av.Cont δi indicates the average contribution of each trait category to the overall dissimilarity between the groups, Av.Cont δi% 
indicates the percentage of the total dissimilarity attributed to each trait, SD indicates the standard deviation of the contributions, δi/SD indicates the ratio of the 
average contribution (δi) to its standard deviation (SD) and Cum % indicates the cumulative percentages of contribution to the dissimilarity (cut-off at 70% cumulative 
dissimilarity).

Trait Category Av.Cont δi Av.Cont 
δi%

SD δi/SD Av.CWM Site 3 Av.CWM 
Site 4

Cum. %

Sensitivity to disturbance Group III -Tolerant 0.0071 8.2466 0.0013 5.557 0.1932 0.4642 0.058
Egg development Sexual benthic 0.0063 7.3495 0.0021 2.949 0.2582 0.5000 0.110
Feeding mode Carnivore 0.0055 6.4092 0.0011 4.919 0.2412 0.4525 0.154

Active suspension 0.0053 6.1919 0.0009 5.478 0.7582 0.5539 0.198
Passive suspension 0.0053 6.1593 0.0009 5.526 0.7515 0.5483 0.241

Body Size 201–500 mm 0.0052 6.0646 0.0018 2.842 0.2809 0.0805 0.284
Feeding mode Scanvanger 0.0048 5.5682 0.0009 4.829 0.3903 0.5740 0.323
Lifespan Under 1 year 0.0047 5.4936 0.0022 2.172 0.4532 0.6344 0.361
Habit Tubiculous 0.0045 5.2131 0.0023 1.916 0.4913 0.6627 0.398
Feeding mode Herbivore 0.0042 4.9106 0.0005 8.417 0.0585 0.2203 0.432

Predator 0.0042 4.8767 0.0016 2.561 0.5239 0.6847 0.467
Habit Burrow dwelling 0.0041 4.7634 0.0012 3.533 0.5554 0.3989 0.500
Lifespan 1–3 years 0.0041 4.7400 0.0016 2.593 0.8058 0.6503 0.533
Habit Temporary attachment 0.0039 4.6092 0.0019 1.994 0.1774 0.3274 0.566
Sensitivity to disturbance Group I – Very sensitive 0.0038 4.4141 0.0009 4.301 0.9043 0.7591 0.597
Mobility Swimmer 0.0037 4.2973 0.0017 2.195 0.8223 0.6840 0.627
Feeding mode Omnivore 0.0034 3.9131 0.0005 6.291 0.1866 0.3154 0.654
Body Size 21–100 mm 0.0029 3.4809 0.0013 2.251 0.4327 0.5470 0.679
Lifespan Over 10 years 0.0028 3.2986 0.0017 1.680 0.1597 0.2545 0.702
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‘swimmer’ organisms. Sites 3 and 4 also exhibited a majority of ‘crawl, 
creep and climb’ organisms; however, site 3 exhibited more ‘swimmer’ 
organisms and site 4 more ‘burrower’ organisms (Fig. 6D). The trait 
Larval development revealed more ‘pelagic planktotrophic’ organisms 
in sites 1, 2 and 3, followed by ‘benthic direct’ organisms (Fig. 7A). Site 4 
exhibited a majority of ‘benthic direct’ organisms followed closely by 
‘pelagic planktotrophic’ organisms. The trait Egg development revealed 
that site 1 has a majority of ‘sexual pelagic’ and ‘sexual benthic’ or
ganisms while site 2 shows a majority of ‘sexual pelagic’ and ‘sexual 
brooded’ organisms. Sites 3 and 4 exhibited a majority of ‘sexual 
brooded’ organisms followed by ‘sexual pelagic’ (Fig. 7B). The trait 
Body size shows that site 1 has a higher number of organisms ‘11–20 
mm’ and ‘21–100 mm’, while site 2 exhibits organisms with ‘21–100 
mm’ followed by ‘101–200 mm’, ‘11–20 mm’ and ‘201–500’ mm. Site 3 
shows a majority of organisms with ‘11–20 mm’ followed by ‘under 10 
mm’ and ‘21–100 mm’. Site 4 exhibits a majority of organisms with 
‘under 10 mm’ followed by ‘21–100 mm’ and ‘11–20 mm’ (Fig. 7C). The 
trait Sensitivity to disturbance reveals that site 1 has the highest number 
of ‘very sensitive’ organisms. Sites 2 and 3 also have high values (81.1% 
and 82.4%), however, they exhibit higher values of ‘indifferent’ or
ganisms than site 1. Site 4 reveals lower values of ‘very sensitive’ or
ganisms and higher values of ‘tolerant’ and ‘indifferent’ organisms 
compared to the other sites (Fig. 7D).

4. Discussion

4.1. Patterns of taxonomic and functional measures

The spatial patterns of the macrofaunal benthic communities 
revealed variations in functional diversity and traits, indicating differ
ences in ecosystem functioning across sites. We identified positive 

relationships between some taxonomic and functional indices (Table 2). 
Although taxonomic diversity (D and H′) showed a positive correlation 
with functional diversity (RaoQ), this correlation was not statistically 
significant. On the other hand, functional richness (FRic) exhibited a 
strong and significant correlation with the number of species (S′). 
Similarly, functional redundancy (FRed) revealed a strong correlation 
with taxonomic diversity (D, H′) and evenness (J’). Numerous studies 
have documented a range of relationships between taxonomic and 
functional diversity. Positive relationships have been found (Delfan 
et al., 2021; Hajializadeh et al., 2020; Lam-Gordillo et al., 2021), but 
they are not always linear or easy to establish (Wong and Dowd, 2015) 
and are often subjected to the influence of environmental conditions and 
habitat heterogeneity (Hewitt et al., 2008; Paganelli et al., 2012; Thrush 
et al., 2017). This suggests that the assumption of taxonomic diversity as 
a proxy for functional diversity may not always be suitable and should 
always be thoroughly investigated. These relationships are complex and 
yet to be fully understood in several marine ecosystems.

In our study, we also found that some functional measures of benthic 
communities were site-dependent and varied along environmental 
conditions (Henseler et al., 2019; Lam-Gordillo et al., 2021; Wong and 
Dowd, 2015). Rao’s quadratic entropy (RaoQ) and functional Dispersion 
(FDis), both measures of functional diversity, were greater in sites 2 and 
4 suggesting a higher expression of traits. This might be explained by the 
lower values of abundance while still presenting constant functional 
richness. The sites with rocky bottoms (S2 and S3) exhibited signifi
cantly higher functional richness (FRic), which indicates a higher 
number of traits present in these communities. On the other hand, the 
sites with sandy bottoms (S1 and S4) presented significantly high 
functional divergence (FDiv) indicating low resource competition and 
low niche overlap. Deep sites also (S1 and S2) exhibited high functional 
divergence (FDiv), suggesting low resource competition and niche 

Fig. 5. Community-weighted means (CWM) of trait categories expression of the benthic macrofaunal from four different sites on the Northwest Iberian coast. The 
scale represents the percentage contribution to CWM. Trait categories labels (acronyms) are defined in Table 1.
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overlap, as well as low functional redundancy (FRed), indicating no 
overlap of ecological roles. This suggests that the communities from 
sandy bottom sites have fewer species occupying the available func
tional niche space and therefore exhibit a frail functionality and 
heightened vulnerability to alterations in their environment (Díaz and 
Cabido, 2001; Van Der Linden et al., 2012). Communities from rocky 
bottom sites, in contrast, have a fulfilled functional niche space, 
rendering them more resilient to such changes and less prone to loss of 
function.

4.2. Responses in the functional structure

Multivariate analyses revealed no significant differences regarding 
the factor depth, while significant differences were found for the factor 
site (Tables 3 and 4). The functional identity of the communities differed 
over space, between the communities of sites 1 and 2 and of sites 3 and 
4, which is represented in the position of the communities in the 
multidimensional trait space (Fig. 4). The significance of depth as a 
structuring agent for macrofaunal communities has long been suggested 
(Cacabelos et al., 2008; Konar et al., 2009; Lourido et al., 2008; Pirtle 
et al., 2012; Smale, 2008). However, this notion should not always be 
assumed as definite, as several variables are involved in the organisation 
of macrofaunal communities (Alves et al., 2024a). Generally, changes in 

depth often result in changes in several other factors such as light, de
gree of disturbance, or sedimentation, thereby expanding the 
complexity of interactions (Gamito and Furtado, 2009). Alves et al. 
(2024b) analysed a semi-enclosed bay system in the Northeast Atlantic, 
examining a range of 4–12 m. The findings revealed that depth only 
impacted functional richness (FRic), thereby exerting a minimal influ
ence on the overall functionality of the macrofaunal communities. Here, 
we exerted the range of <12–26 m, in a highly exposed Northwest 
Iberian coastal environment, revealing significant differences in func
tional divergence (FDiv) and functional redundancy (FRed), suggesting 
an influence on the distribution of the multidimensional trait space. 
Overall, the multivariate analysis revealed no significant differences for 
the factor depth as in Alves et al., 2024b, but the patterns found for the 
distribution of the functional niche space should be of notice. The 
contrast in outcomes might be explained by i) the increase in the range 
of depths; ii) the increase in the degree of exposition, or iii) a combi
nation of both. This seems to influence the ecological niches occupied by 
the communities and the potential for replacement in the event of a 
disturbance, presenting a potential degradation of biodiversity or 
ecosystem function (Thrush et al., 2003, 2006). The functional devel
opment of benthic macrofaunal assemblages cannot be attributed to a 
single mechanism, as different interacting factors are normally involved 
(Snelgrove and Butman, 1994; Veiga et al., 2017). It appears that depth 

Fig. 6. Traits modality composition for each site (Site 1, Site 2, Site 3, and Site 4). Composition is based on each of the studied traits (A. Feeding mode, B. Habit, C. 
Lifespan, D. Mobility) for the 136 taxa.
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remains an important structuring agent due to its influence on other 
factors, such as sediment composition, light availability, hydrody
namics, and bottom type (Gamito and Furtado, 2009; Lourido et al., 
2008; Lourido et al., 2008; Pirtle et al., 2012) but alone does not reveal a 
significant influence. The other factor in the analysis was the site, which 
exposed significant differences in the functional structure of the com
munities from sites with different habitats (different bottom types and 
hydrodynamic energy). This indicates that bottom type and hydrody
namic regime may be relevant factors in shaping the functional structure 
of the communities as suggested by Noisette et al. (2022); Nowell and 
Jumars (1984); and van der Wal et al. (2017). Hydrodynamic energy has 
profound effects on nearly all aspects of an organism’s life, such as 
recruitment and dislodgment of organisms, (Vadas et al., 1990), supply 
of food and nutrients (McQuaid and Lindsay, 2007), foraging activities 
of consumers (Taylor and Schiel, 2010; Vergés et al., 2009), physio
logical activity or modification of their habitat (Noisette et al., 2022). 
Here, habitats with high hydrodynamic energy tend to be characterised 
by rock bottoms and high nutrient flows, which leads to highly pro
ductive systems dominated by habitat engineer species (macroalgae) 
that harbour diverse functional benthic macrofaunal communities 
(Falkenberg et al., 2021; Hurd, 2015). Habitats with lower hydrody
namic energy tend to be characterised by sandy bottoms and lower 
biological activity due to lower diffusion of nutrients which influences 
growth rates (Hurd, 2000). In this highly exposed coastal environment 

of the Northeast Atlantic, the benthic macrofaunal communities appear 
to be influenced by these physical processes, thus providing a baseline 
knowledge of potential responses to alterations in the environment.

4.3. Biological traits analysis across factors

Through the biological traits analysis (BTA) of the benthic macro
faunal assemblages within the groups exhibiting significant differences, 
we were able to recognise the traits responsible for these dissimilarities. 
The top categories contributing to the dissimilarities between sites 1 and 
2 were ‘free-living’, ‘permanent attachment’ and ‘sessile’ while between 
sites 3 and 4 were ‘tolerant’, ‘sexual benthic’ and ‘carnivore’. This 
suggests that in the communities living in deep areas, the categories 
associated with habit and mobility are the most differentiating drivers, 
while in shallow areas, the most differentiated drivers are the categories 
associated with disturbances, reproduction and feeding methods 
(Tables 5 and 6). Upon examination of the primary contributors of dis
similarities associated with the sites, distinct communities emerged. 
Communities from site 1 were characterised mostly by ‘permanent and 
temporary attachment’, ‘sessile’, ‘over 10 years’, ‘11–20 mm’, ‘sexual 
benthic’, and ‘detritivore’ organisms. Slower hydrodynamic conditions 
in combination with higher depths developed sedentary communities 
with long lifespans. Sessile invertebrates generally dominate in darker 
and less dynamic conditions, whereas mobile invertebrates dominate in 

Fig. 7. Traits modality composition for each site (Site 1, Site 2, Site 3, and Site 4). Composition is based on each of the studied traits (A. Larval development, B. Egg 
development, C. Body size, D. Sensitivity to disturbance) for the 136 taxa.
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dynamic areas with high light availability (Blockley and Chapman, 
2006; Glasby, 1999; van der Wal et al., 2017). This indicates that sessile 
invertebrates increase in abundance at higher depths, as light intensity 
and water motion decline. The presence of a thriving mollusc population 
in the communities of this site reveals a heightened competition which 
has resulted in the dominance of larger, long-lived species (Piló et al., 
2016). The communities from site 2 were characterised mostly by 
‘free-living’, ‘sub-surface deposit’, ‘201–500 mm’, ‘crawler’, ‘101–200 
mm’, ‘surface deposit’, ‘3–10 years’, ‘1–3 years’, ‘predator’ and ‘swim
mer’ organisms. Here, great hydrodynamic conditions foster the pres
ence of high loads of suspended particles, serving as food for suspension 
and surface deposit feeders (Lam-Gordillo et al., 2021; Liu et al., 2019; 
Rand et al., 2018). The importance of food availability has long been 
recognised as a major structuring factor for benthic communities 
(Pearson and Rosenberg, 1987; R. Rosenberg, 2001). At depth, it is also 
common for the proportion of deposit feeders to increase due to the lack 
of significant impact from wave energy (Dolbeth et al., 2011; van der 
Wal et al., 2017). These communities, characterised by large, 
medium/long-lived species with a great variety of feeding methods, 
require a stable environment without unexpected large changes across 
time to allow the development of these traits, suggesting environmental 
quality (Gusmao et al., 2016; Llanos et al., 2020). The deep sites appear 
to be engaged in providing distinct but quality environments that, due to 
their differences in physical characteristics, exert a structuring effect on 
the benthic macrofaunal communities. Ultimately this leads to different 
functional impacts on the overall ecosystem of the area. The commu
nities of site 3 were characterised by ‘active and passive suspension 
feed’, ‘201–500 mm’, ‘burrow dwelling’, ‘sensitive’, ‘crevices and under 
stones’, ‘1–3 years’, and ‘swimmer’ organisms. These categories respond 
to high hydrodynamic conditions and shallow depths, which tend to 
have high concentrations of suspended particles as food resources for 
suspension feeders (Lam-Gordillo et al., 2021; Liu et al., 2019; Rand 
et al., 2018). The category ‘burrow dwelling’ is normally associated with 
low hydrodynamic conditions and high organic matter, which contrasts 
with the conditions found at this particular site (Rutger Rosenberg, 
1995). Despite this, it is possible to find certain types of deep burrowing 
deposit feeders in high-energy areas that are capable of resisting hy
drodynamic stress (Wildish and Kristmanson, 1997). However, our 
comprehension is limited by conditions such as water depth hydrody
namic energy and bottom type, rendering it challenging to pinpoint an 
exact basis for the abundance of this particular trait category. Another 
important aspect of these communities is their high sensitivity to 
disturbance, which can indicate the presence of susceptible species. The 
communities from site 4 primary contributors of dissimilarities were the 
categories ‘tolerant’, ‘sexual benthic’, ‘carnivore’, ‘scavenger’, ‘under 1 
year’, ‘tubiculous’, and ‘temporary attachment’ organisms. This site, 
characterised by low hydrodynamic energy and shallow depths, estab
lished sandy sediment substrates which are conduits for 
surface-crawling and carnivore or scavenger taxa (Liu et al., 2019). 
These communities have short lifespans, small sizes, and tolerance to 
disturbances with predatory behaviour which may indicate disturbed 
areas or unpredictable communities (Nunes de Souza et al., 2021; Pan
dey et al., 2022; Piló et al., 2016). This combination of trait categories 
establishes communities with opportunistic taxa and high turnover 
rates. In these two shallow sites, the impact of different levels of hy
drodynamic energy seems to shape the bottom type revealing great 
variability in the categories and trait distribution of the functional 
structure of the communities. Overall, the BTA uncovered variations of 
traits and category distribution at the different sites, which can be 
attributed to the habitat heterogeneity of this region.

4.4. Spatial variation of functional traits and their influence on ecosystem 
processes

Across the different locations, the relationships between the benthic 
macrofaunal, their functional traits, and their surrounding environment 

exhibited varying patterns. These findings suggest that the functioning 
of ecosystems could differ across habitats, depending on the specific trait 
composition of the benthic organisms involved. The Feeding method 
trait is crucial for several ecological processes that provide insights into 
the sedimentary habitat quality, hydrodynamic conditions, and trophic 
relationships (Rosenberg, 2001; Bremner et al., 2006; Nunes de Souza 
et al., 2021). In this study, different patterns emerge for communities 
between habitats (Fig. 6A). In high dynamic habitats (S2 and S3), a 
levelled combination of ‘suspension feed’ and ‘deposit feed’ organisms 
were uncovered. Conversely, in the low dynamic habitat at depth (S1), 
‘suspension feed’ organisms dominated, while in the shallow low dy
namic habitat (S4), it was the ‘deposit feed’ and ‘predator’ organisms. 
This may indicate that site 1 consumes more pelagic primary producers, 
consumers, POC and microbes facilitating the transport of carbon from 
pelagos to benthos (Bremner et al., 2006a,b; Bremner et al., 2006b; 
Norkko et al., 2013) while site 4 consumes more POC, detritus and 
microbes, contributing to sediment disruptive activities that enhance 
decomposition processes (Bremner et al., 2006a,b). The traits Habit and 
Mobility are able to impact the likelihood of survival, foraging strate
gies, and potential for particle rework (Nunes de Souza et al., 2021; 
Pandey et al., 2022). They also contribute to the cycling of energy and 
elemental components, the development of non-living production, the 
disruption of food and resources, and the ability to recolonise (Bremner 
et al., 2006a,b). In these communities, site 1 was the habitat with the 
most distinct pattern, with a dominance of ‘sessile’ and ‘attached’ or
ganisms (Fig. 6B–D). These organisms are dependent on the food re
sources available in the water column which suggests that in this area 
they have a high volume of pelagic primary producers, POC, and mi
crobes available for consumption. This ensures the transport of elements 
from pelagos to the benthos (Bremner et al., 2006, 2006b). The other 
sites asserted a majority of ‘free-living’ and ‘crawl’ organisms but with 
different backup traits. The categories ‘burrow dwelling’ and ‘tubicu
lous’ were associated with the shallower sites (S3 and S4), which means 
that they can benefit from the facilitation of the movement of elements 
from the sediment to water. ‘Burrow-dwelling’ organisms transport 
carbon forms within deep surface layers by sediment re-work, indicating 
that the shallow sites have higher sedimentary habitat quality (Bremner 
et al., 2006a,b; Nunes de Souza et al., 2021). The traits Lifespan and 
Body size are responsible for the amount of energy and materials fixed, 
respired, and transported in the ecosystem, serving as proxies for envi
ronmental conditions (Bremner et al., 2006a,b). These are often related 
to the temporal requirements for the development and growth of in
dividuals and communities (Fig. 6C–7C). They are also considered key 
predictors of ecosystem functioning as they are extremely affected by 
habitat loss and disturbance regimes (Norkko et al., 2013). Here, we 
found a relationship between long-lived species and the deeper sites (S1 
and S2) as well as short-lived species with the shallow sites (S3 and S4) 
as suggested by Alves et al. (2024b). This could indicate environmen
tally stable conditions at the deeper sites that allow species to develop 
(Lv et al., 2018). The bigger-sized organisms appear associated with sites 
1 and 2, indicating once again stable conditions, conducive to the 
growth of the community at the deeper sites (Lv et al., 2018). The 
shallow sites, especially site 4, appeared associated with small-sized and 
short-lived organisms, which suggests a lack of stability in the conditions 
and the growth of opportunistic behaviours (Nunes de Souza et al., 
2021; Piló et al., 2016). The Larval development and Egg development 
traits serve to better evaluate the recovery processes, recruitment, and 
dispersal potential of the communities (Beauchard et al., 2017). We have 
found that sites 1, 2 and 3 harboured predominantly ‘pelagic plankto
trophic’ organisms, while site 4 revealed a prevalence for ‘benthic 
direct’ organisms (Fig. 7A). On the other hand, ‘sexual pelagic’ organ
isms appeared associated with deeper sites (S1 and S2) and ‘sexual 
brooded’ organisms appeared associated with shallow sites (S3 and S4) 
(Fig. 7B). This suggests that the deeper sites have greater dispersal 
strategies, while shallower sites have a lower capacity for dispersal or 
recruitment (Paganelli et al., 2012; Liu et al., 2019). This allows to 
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understand the community’s elasticity and their ability to maintain or 
recover after disturbances (Bremner et al., 2006a,b). The Sensitivity to 
disturbance trait assesses the ecological status of the benthic macro
faunal communities, providing insight into the resilience capacity and 
vulnerability state (Fig. 7D) (Carvalho et al., 2006; Piló et al., 2016). Our 
results, indicate that sites 1, 2 and 3 are mostly associated with ‘sensitive 
to disturbance’. In contrast, site 4 exhibits a more even distribution of 
‘sensitive to disturbance’, ‘indifferent to disturbance’ and ‘tolerant to 
disturbance’. This might be explained by the sedimentary conditions of 
site 4 as the index AMBI is significantly dependent on the substrate type, 
grain size, and organic matter content (Borja et al., 2000; Piló et al., 
2016; Wetzel et al., 2012). Also, this trait may be less influenced by 
currents, water mass properties, or depth than sediment composition, 
leading to a frail variation pattern. Of the eight biological traits ana
lysed, most displayed clear variation patterns, indicating the presence of 
distinct dynamic macrofaunal communities that correspond to distinct 
environmental conditions (Fig. 5).

5. Conclusion

This study reveals complex relationships between benthic macro
faunal communities along the Northwest Iberian coast and their envi
ronmental conditions. It highlights the influence of site-specific 
conditions on ecosystem functions, functional measures and trait 
composition. Although the analyses revealed no significant differences 
in the factor depth, it remains an important structuring agent for benthic 
communities, as it plays a crucial role in influencing other important 
structuring factors. Some of these factors are sediment composition, 
light availability, hydrodynamics, and bottom type which in turn seem 
to shape the functional structure of the communities. The sites in highly 
dynamic (rocky bottoms) habitats exhibit a fulfilled functional niche 
space, rendering them more resilient to such changes and less prone to 
loss of function. The sites in low dynamic habitats exhibit fewer species 
occupying the available functional niche space and therefore exhibit a 
frail functionality and heightened vulnerability to alterations in their 
environment. Within these, Biological Trait Analysis (BTA) identified 
key traits contributing to community dissimilarities, with distinct pat
terns emerging between deep and shallow sites, further emphasising the 
influence of habitat heterogeneity on ecosystem processes. These com
munities exhibit different functional structures, delivering different 
functions into the ecosystem. To our knowledge, this study represents 
the first application of BTA in this region, which allows to establish a 
direct connection between the environmental processes and the 

ecological functioning of the ecosystem. These efforts also contribute to 
the baseline data in terms of both species and functional diversity of the 
benthic macrofaunal communities within this region. Future studies 
should further explore these approaches to enhance our predictive ca
pabilities and ensure the functioning of ecosystems.
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Annex A. 

Table A1 
Fixed effects for the generalized linear mixed model (GLMM) for functional richness (FRic), functional dispersion (FDis), 
functional divergence (FDiv), functional evenness (FEve) Rao’s quadratic entropy (RaoQ), and functional redundancy (FRed).

Estimate Std.Error t value Pr (>|z|)

Functional Richness
Intercept 3.45 e− 04 4.67 e− 05 7.402 1.35 e− 13 ***
Depth D26 1.13 e− 04 6.92 e− 05 1.634 0,1023
Bottom SAN 1.37 e− 04 6.65 e− 05 2.070 0.0384 *

Functional Divergence
Intercept 1.4724 0.03587 41,041 <2 e− 16 ***
Depth D26 − 0.1596 0,04217 − 3.787 0,00015 ***
Bottom SAN − 0,2248 0,04171 − 5.391 7 e− 8 ***

Functional Dispersion
Intercept 0.1493 0,0135 10,999 <2 e− 16 ***
Depth D26 − 0.0041 0,0155 − 0.264 0,792
Bottom SAN 0.0094 0,0155 0.0608 0.543

(continued on next page)
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Table A1 (continued )

Estimate Std.Error t value Pr (>|z|)

Functional Evenness
Intercept 1.8597 0,1134 16.394 <2 e− 16 ***
Depth D26 0.0072 0,1307 0,056 0,956
Bottom SAN − 0,0781 0,1305 − 0.598 0.550

RaoQ
Intercept 0,02098 0,00298 7.044 1.86 e− 12 ***
Depth D26 − 0,00125 0,00339 − 0.371 0,711
Bottom SAN 0,00113 0,00339 0.332 0.740

Functional Redundancy
Intercept 2.0348 0.1360 14.965 <2 e− 16 ***
Depth D26 0.3444 0.1535 2.243 0,0249 *
Bottom SAN 0.1544 01541 1.002 0.3162

Note.
*Significant at 0.05 level.
**Significant at 0.001 level.
***Significant at < 0.001 level.

Table A2 
– List of sampling taxa after 3 months of colonisation across four different sites (S1 – site 1, S2 – site 2, S3 -site 3, S4 – site 4).

Sampled Species

Arthropoda Pachygrapsus marmoratus Spiralinella spiralis Eumida sanguinea
Gammaropsis maculata Eurynome spinosa Crepidula fornicata Syllis vittata
Photis longicaudata Liocarcinus navigator Tectura virginea Syllis gracilis
Aora gracilis Nebalia sp. Cyrillia linearis Syllis prolifera
Lembos websteri Janira maculosa Trivia arctica Syllis armillaris
Microdeutopus chelifer Uromunna sp. Aplysia punctata Syllis krohnii
Monocorophium sextonae Anthura gracilis Limacia clavigera Eurysyllis tuberculata
Monocorophium acherusicum Astacilla damnoniensis Felimare villafranca Myrianida prolifera
Elasmopus rapax Cleantis prismatica Ancula gibbosa Odontosyllis gibba
Abludomelita gladiosa Paragnathia formica Doto coronata Glycera tridactyla
Gammarella fucicola Limnoria sp. Mytilus galloprovincialis Paleanotus bellis
Ericthonius brasiliensis Idotea pelagica Musculus costulatus Psamathe fusca
Jassa falcata Stenosoma lancifer Musculus discors Capitella capitata
Stenothoe tergestina Dynamene bidentata Hiatella arctica Notomastus latericeus
Phtisica marina Cymodoce truncata Heteronomia squamula Golfingia sp.
Caprella acanthifera Zeuxo holdichi Anomia ephippium Echinodermata
Caprella liparotensis Apseudes talpa Mimachlamys varia Paracentrotus lividus
Apherusa bispinosa Diastylis rugosa Venerupsis corrugata Asterina gibbosa
Apherusa jurinei Perforatus perforatus Abra alba Amphipholis squamata
Iphimedia minuta Achelia echinata Boreochiton ruber Ophiothrix fragilis
Apolochus neapolitanus Ammothella longipes Acanthochitona crinita Antedon bifida
Dexamine spinosa Ammothella longioculata Annelida Ocnus lacteus
Lepidepecreum longicorne Nymphon gracile Platynereis dumerilii Pawsonia saxicola
Microprotopus longimanus Mollusca Hediste diversocolor Platyhelminthes
Microprotopus maculatus Steromphala umbilicalis Harmothoe impar Leptoplana tremellaris
Ampelisca spinipes Steromphala pennanti Harmothoe glabra Stylochoplana maculata
Nototropis swammerdamei Jujubinus exasperatus Lepidonotus clava Stylostomum ellipse
Nototropis guttatus Jujubinus striatus Lepidonotus squamatus Comoplana agilis
Gammarus locusta Tricolia pullus Pholoe minuta Prosthiostomum siphunculus
Pereionotus testudo Rissoa parva Sthenelais boa Cycloporus papillosus
Eualus cranchii Crisilla semistriata Eupolymnia nebulosa Cnidaria
Eualus occultus Alvania sp. Nicolea venustula Actinia equina
Hippolyte varians Retusa truncatula Branchiomma bombyx Corynactis viridis
Athanas nitescens Melanella alba Pseudopotamilla reniformis Haliclystus auricula
Pilumnus hirtellus Vitreolina philippi Aphelochaeta marioni Nemertea
Macropodia rostrata Curveulima dautzenbergi Cirratulus cirratus Oerstedia dorsalis
Macropodia linaresi Tritia incrassata Spirobranchus triqueter Chordata
Macropodia tenuirostris Ocinebrina aciculata Spirobranchus lamarki Diplecogaster bimaculata
Pisidia longicornis Bittium reticulatum Malacoceros fuliginosus Corella eumyota
Pagurus bernhardus Odostomia turrita Malacoceros vulgaris Nerophis lumbriciformis
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Alsterberg, C., Roger, F., Sundbäck, K., Juhanson, J., Hulth, S., Hallin, S., Gamfeldt, L., 
2017. Habitat Diversity and Ecosystem Multifunctionality — the Importance of 
Direct and Indirect Effects, pp. 1–10.

Alves, C.M., 2017. Macroalgas formadoras de habitat: Espaço neutro para macrofauna 
marinha? University of Minho.

Alves, C.M., Gomes, M.A., Neto, R., Troncoso, J., Gomes, P.T., 2024a. Patterns of 
diversity in subtidal marine macrofaunal communities: insights from a semi-enclosed 
bay system in the Northeast Atlantic. Regional Studies in Marine Science 72, 
103441. https://doi.org/10.1016/j.rsma.2024.103441.

Alves, C.M., Gomes, M.A., Troncoso, J.S., Gomes, P.T., 2024b. Structural and functional 
diversity patterns of macrofaunal communities from a semi-enclosed inlet of 

C.M. Alves et al.                                                                                                                                                                                                                                Marine Environmental Research 201 (2024) 106712 

13 

https://doi.org/10.1016/S0022-0981(96)02770-0
http://refhub.elsevier.com/S0141-1136(24)00373-8/sref2
http://refhub.elsevier.com/S0141-1136(24)00373-8/sref2
http://refhub.elsevier.com/S0141-1136(24)00373-8/sref2
http://refhub.elsevier.com/S0141-1136(24)00373-8/sref3
http://refhub.elsevier.com/S0141-1136(24)00373-8/sref3
https://doi.org/10.1016/j.rsma.2024.103441


Northeast Atlantic: the influence of environmental conditions. Estuar. Coast Shelf 
Sci. 296, 108575 https://doi.org/10.1016/j.ecss.2023.108575.

Anderson, M.J., 2017. Permutational Multivariate Analysis of Variance (PERMANOVA). 
Wiley StatsRef: Statistics Reference Online, pp. 1–15. https://doi.org/10.1002/ 
9781118445112.stat07841.

Bakun, A., Black, B.A., Bograd, S., Cruz, S., 2015. Anticipated effects of climate change 
on coastal upwelling ecosystems. June. https://doi.org/10.1007/s40641-015-000 
8-4.

Bartomeus, I., 2015. fundiv: analyzing functional trait diversity. https://github.com/ 
ibartomeus/fundiv.
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Piló, D., Ben-Hamadou, R., Pereira, F., Carriço, A., Pereira, P., Corzo, A., Gaspar, M.B., 
Carvalho, S., 2016. How functional traits of estuarine macrobenthic assemblages 
respond to metal contamination? Ecol. Indicat. 71, 645–659. https://doi.org/ 
10.1016/j.ecolind.2016.07.019.
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