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ABSTRACT

The ongoing combination of global warming and increased anthropogenic pressure is causing latitudinal shifts in
marine species, potentially impacting community composition, local richness, and marine trophic webs. This
study investigates the factors influencing the distribution and diversity of intertidal seaweed and associated
peracarid communities, including their functional traits, and explores various facets of beta diversity (taxonomic
and functional). We hypothesize that: 1) abiotic factors such as temperature and anthropogenic pressure
significantly influence seaweed distribution and diversity shifts, and 2) changes in seaweed functional diversity
have an impact on the diversity and functioning of its associated peracarid communities. The sampling was
conducted along a wide latitudinal gradient in the NE Atlantic (27°N - 65°N), encompassing three distinct
ecoregions: Northern European coasts, the Iberian Peninsula, and Macaronesia. The identified seaweed and
peracarid species were classified functionally, and taxonomic and functional diversity were analysed on a large
geographic scale. The northern region exhibited large brown canopy seaweeds and epibiotic isopods, while
Macaronesia featured small red, highly branched, and calcareous crust seaweeds with burrower and tube-
building tanaids. The Iberian Peninsula acted as a transitional zone, showcasing a mix of green, red, and
brown seaweeds, along with Amphipoda peracarids found across all ecoregions. Our findings underscore the
impact of geographic distance on total beta diversity, revealing distinct seaweed and peracarid communities
across spatial gradients. Environmental variables, particularly pH and maximum sea surface temperature,
emerged as significant factors influencing beta diversity patterns of seaweeds, indicating the potential impact of
acidification and heat waves on community composition. In addition, seaweed functional traits were shown to be
significant in shaping the diversity and abundance of associated peracarid assemblages, impacting both taxo-
nomic and functional beta diversity. These findings provide crucial insights into the factors influencing the
biogeography and biodiversity dynamics of intertidal seaweeds and associated peracarids, offering essential
implications for conservation and management strategies amid ongoing environmental changes.

1. Introduction

delimitation of these ecological boundaries typically varies significantly
between flora and fauna, benthic or pelagic organisms, or different

Under the current global warming and the increase of anthropogenic
pressure, marine species are shifting their latitudinal ranges (e.g.,
Mineur et al., 2015) which may alter community composition and local
richness patterns, leading to local extinctions and/or invasions (Pinsky
et al., 2020) and thus change marine trophic webs. The study of distri-
bution patterns and abundance of species provides a better under-
standing of organism assemblages (Underwood, 2000), as well as being
an important tool for the identification, selection, and designation of
Marine Protected Areas (MPAs) (Dinter, 2001). However, the
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taxonomic groups. The study of the changes in the geographical distri-
bution of marine species can also help to assess how climate change may
affect the structure and functioning of ecosystems (Blanchette et al.,
2008; Hawkins et al., 2009; Adey and Hayek, 2011). Although climate is
thought to be a major driver of species distribution (Grinnell, 1917),
biotic interactions, habitat complexity, or food choice can have an
impact on species’ spatial patterns (Bascompte, 2009; van Dam, 2009).
Species distribution shifts in the coastal ocean have been documented in
several studies (Hawkins et al., 2009; Poloczanska et al., 2013; Gervais
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et al., 2021), however, the factors that drive organism distribution and
diversity patterns remain poorly understood.

The Temperate North-Eastern Atlantic Region can be divided into
Lusitanian and Northern European seas provinces (Dinter, 2001). The
province of Lusitania circumscribes the warm-temperate waters of the
Iberian Peninsula and the Azores, Madeira, and the Canary Islands
(Toonen et al., 2016). However, some studies (Almada et al., 2013;
Vieira et al., 2022) have argued that the Macaronesian archipelagos are
highly distinct from the mainland coasts of the Lusitanian Province,
proposing that Macaronesia should be considered a separate ecoregion
(Spalding et al., 2007). The Northern European Seas province encom-
passes the waters from the Norwegian archipelago and Barents Sea to
the southern entrance of the English Channel, including Iceland and the
Faroe Islands (Toonen et al., 2016). Several studies have investigated the
species distribution of seaweed and benthic communities in this area of
the Atlantic on a small scale (Diez et al., 2012; Sangil et al., 2014a;
Sangil et al., 2018). At larger biogeographic scales, however, research
primarily consists of broad descriptions of biota, with little focus on
abundance data. These extensive studies are useful for describing
biogeographic regions (Ekman, 1953; Briggs, 1974; Gaines and Lub-
chenco, 1982; Liuzzi et al., 2011), as well as for evaluating latitudinal
and longitudinal patterns of richness and diversity (Tuya and Haroun,
2009).

The organisms that occupy the intertidal at the edge of both the
marine and terrestrial environment are exposed to extreme environ-
mental conditions and therefore they are most sensitive to the effects of
climate change (Harley et al., 2006), thus being used as bioindicators of
climate-driven changes (Southward et al., 1995). Seaweeds are the
major autotrophic biomass in the intertidal zone, particularly on rocky
coastlines, and serve an important structural and functional role in a
variety of habitats. Changes in the composition of seaweed communities
will have an impact on entire coastal ecosystems (Mineur et al., 2015).
Recent changes in seaweed distributions, as well as those associated
organisms, have been suggested to be related to rising temperatures
caused by climate change (Wernberg et al., 2011; Martinez et al., 2018;
Casado-Amezia et al., 2019). Temperature alters the distribution of
seaweeds by affecting survival, recruitment, growth, and reproduction
(Breeman 1988), but also biotic interactions such as predation and food
availability, indirectly affect species distribution (Ockendon et al.,
2014). Chlorophyll levels, indicative of primary productivity and often
linked to upwelling conditions, can also affect species shifts by modi-
fying carrying capacities, population densities, and diversity in marine
fauna (Field et al., 1998; Huston and Wolverton, 2009). High produc-
tivity in seaweeds influences both the seaweeds and associated organ-
isms (Cole and McQuaid, 2010). In turn, climate-induced salinity
changes can influence seaweed species richness, thereby habitat
complexity and impacting higher trophic levels (Takolander et al.,
2017). Furthermore, anthropogenic pressures are increasing in parallel
with global warming, which can also cause a change in the distribution
of organisms (Beaugrand et al., 2003; Richardson and Schoeman, 2004;
Harley et al., 2006; Portner and Knust, 2007). Human disturbance and
destruction of coastal habitats are likely to have a greater effect on
marine ecosystems than global warming (Bugnot et al., 2021). However,
for the moment many studies fail to establish limits on the distribution of
marine organisms, and therefore to discriminate against many of the
ecological responses registered because of anthropogenic disturbances.

Intertidal seaweeds are important habitat-forming organisms har-
bouring sessile and mobile associated fauna which are mainly peracarid
crustaceans such as amphipods, isopods and tanaids (Guerra-Garcia
et al.,, 2011). Macroalgal mats serve as microhabitats by providing a
trophic resource and shelter for peracarids, one of the most diverse taxa
associated with seaweeds (Zakhama-Sraieb et al., 2006a). This group
has been the focus of numerous biogeography studies (Chavanich and
Wilson 2000; Thiel 2002; Page et al., 2018; Iwasa-Arai et al., 2021),
mainly because the lack of pelagic larvae and their capacities for
long-distance movement is limited in adults (Izquierdo and
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Guerra-Garcia, 2011), being good indicators of environmental changes
(Guerra-Garcia et al., 2009). It has been demonstrated that the presence
of vegetation is correlated with the distribution of this zoobenthos
(Yoshimura and Maeto, 2006). Additionally, variations in the architec-
ture of seaweed and their functional composition have been found to
have a major impact on the diversity and abundance of the associated
epifaunal assemblages (Leite et al., 2007a; Buza Jacobucci et al., 2014.
Functional groups classify organisms based on characteristics related to
their biology (body plan, size, behavior, life strategy). Littler and Littler
(1984) related seaweed functional-groups to environmental distur-
bances and discovered that, depending on disturbance levels known
from their morphology, community compositions could be predicted.
The variation in seaweed morphology (Christie et al., 2009) makes these
organisms great candidates for assessing how structural complexity af-
fects ecological assemblages. In particular, greater structural complexity
(e.g., higher degree of branching) creates a three-dimensional matrix
where various environmental stresses are reduced, providing protection
and space for associated species against larger predators (Bulleri et al.,
2016), thereby supporting higher diversity (Veiga et al., 2014) Conse-
quently, distribution models of these organisms, and their traits varia-
tion, are powerful tools for tracking and forecasting changes in coastal
systems (Martinez et al., 2012).

The spatial structure of communities is linked with ecological pro-
cesses by beta diversity, and therefore it can be defined as the variation
in species composition among communities across space or time
(Anderson et al., 2011). Besides, this measurement of diversity provides
a better understanding of how ecological processes operate along envi-
ronmental gradients (Qian and Ricklefs, 2007). Beta diversity can be
divided into two components: turnover (replacement of species) and
nestedness or richness (species richness differences being due to species
gain or loss) (Baselga, 2016), showing the ecological processes acting on
communities. Ecological research including functional diversity is
increasingly growing to better explain patterns such as species occur-
rence, species competitive capacities, and the impact of biological
communities on ecosystem functioning. Exploring both taxonomic and
functional diversity enables us to clearly illustrate the main drivers of
change in a community and how they affect it, as well as provide details
on the process of trait selection (Best and Stachowicz, 2013).

Data for predicting species distribution and habitat shifts is essential
for biodiversity assessment and conservation. However, identifying the
set of factors that may determine future species occurrence and spatio-
temporal dynamics under variable habitat conditions is challenging
(Brown and Knowles, 2012). Understanding both the current and pro-
jected distribution of marine organisms is crucial for evaluating their
vulnerability to climate change. There are several studies focused on the
distribution of seaweeds (Robin South, 1987; Fernandez, 2016; Vieira
et al., 2022), peracarids (Guerra-Garcia et al., 2009; Arfianti and Cost-
ello, 2020) and the role of seaweeds as determinants of epifauna di-
versity (Chemello and Milazzo, 2002; Leite et al., 2021). However,
knowledge of the biogeography of seaweeds and peracarids in the
Northeast (NE) Atlantic, and especially including oceanic islands, is still
fragmentary. Limited research has been conducted to explore the rela-
tionship between geographical variations in seaweed composition and
the diversity patterns of associated macroinvertebrates (Arrontes and
Anadon, 1990; Pereira et al., 2006; Guerra-Garcia et al., 2011). More-
over, these studies did not address the functional aspects of the com-
munities, which are typically inferred by examining the traits of species.
Experimental studies have shown that within-community diversity in
functional traits (’functional diversity’; Diaz and Cabido, 2001; Tilman,
2001; Petchey and Gaston, 2006) is linked to ecosystem functioning. It
has also been found that functional diversity frequently drives
ecosystem functioning, which sometimes can be masked by studying
only the taxonomic diversity (Tilman et al., 1997; Hooper and Dukes,
2004.

Here, we hypothesize that: 1) abiotic factors such as temperature and
anthropogenic pressure significantly influence seaweed distribution and
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diversity shifts, and 2) changes in seaweed functional diversity have an
impact on the diversity and functioning of its associated peracarid
communities. To test these hypotheses, we investigated the functional
and taxonomic aspects of seaweeds and associated peracarid commu-
nities along an extensive latitudinal gradient in the NE Atlantic (27°N-
65°N). The selection of functional traits was based on the prediction that
they significantly influence the diversity and composition of peracarid
communities by providing varying structural complexity, resource
availability, and habitat conditions in general. Additionally, to examine
deterministic niche-based processes such as environmental filtering,
responses to abiotic conditions and biological interactions like compe-
tition and predation, we analysed all levels of beta diversity (i.e., total,
richness, and replacement) across two facets of biodiversity (taxonomic
and functional). Our goal is to identify the best predictors of variation in
seaweed and associated peracarid communities among geographic, cli-
matic, environmental, anthropogenic, and functional factors.

2. Material and methods
2.1. Study area

This study encompasses the NE Atlantic region. Samples were taken
at nine coasts that comprise 27 stations along a wide latitudinal gradient
from Reykjavik in Iceland (65° 59’ 59.985" N, 21° 19’ 10.776" W) to
Canary Island (Spain) in the south of the NE Atlantic region (27° 59’
8.714" N, 15° 22' 30.756" W) (Fig. 1). The stations were selected in
locally sheltered locations (low wave exposure), covering a great range
of latitudinal environmental variation. The primary goal of the sampling
design at each coast (n = 3 stations) was to cover all relevant habitats in
the intertidal zone to maximize diversity sampling. Four habitats were
sampled along the intertidal vertical distribution, which was divided
into upper, middle, and lower zones. This division was based on tidal
levels: the lower zone ranged from the low tide at spring tides to the low
tide at neap tides, the middle zone encompassed the tidal range under
neap tide conditions, and the upper level extended from the high tide at
neap tides to the high tide level at spring tides. Within each level, the
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Fig. 1. Study area showing the coasts where the sampling was carried out. 1)
Iceland

(stations 1-3), 2) Norway (stations 4-6), 3) Scotland (United Kingdom) (sta-
tions 7-9), 4) North Spain (stations 10-12) 5) West Portugal (stations 13-15),
6) South Portugal (stations 16-18), 7) Madeira (Portugal) (stations 19-21), 8)
La Palma (Spain) (stations 22-24) and 9) Gran Canaria (Spain) (stations
25-27). Colours represent the ecoregions: North (blue), Iberian Peninsula (or-
ange), Macaronesia (green).
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interaction of light exposure and air exposure was considered, resulting
in four sampled conditions: Immersed-Shade, Immersed-Sunny,
Emersed-Shade, and Emersed-Sunny.

2.2. Environmental data

The environmental variables used in the present study were selected
due to the important role that they play in the distribution of marine
organisms. Sea surface temperature (SST), salinity and chlorophyll (as a
proxy of ocean productivity) can drive the distribution and the occur-
rence of marine organisms (Gaston, 2000). At the local shore level, other
abiotic factors, such as wave fetch, tidal amplitude and insolation are
critical to the structure of marine communities (Gambi et al., 2016). As
well, human disturbances and ocean acidification can act both on small
and large scales, affecting the distribution of organisms (Brierley and
Kingsford, 2009). Consequently, the latitudinal gradient along the
sampling stations was characterized by the following environmental
variables: fetch, air temperature, chlorophyll-a (chla), SST, insolation,
precipitation which were obtained from Bio-ORACLE data set
(Tyberghein et al., 2012; Assis et al., 2017); aragonite saturation and pH
values were obtained from NOAA Dataset (“https://sos.noaa.gov/catalo
g/datasets/ocean-acidification-saturation-state/”). The Ocean Health
Index (OHI) developed by Halpern et al. (2012) was also included as it
encompasses different human impacts. The OHI score is the weighted
sum of ten goal-specific index scores such as 1) food provision, 2) arti-
sanal fishing opportunity, 3) natural products, 4) carbon storage, 5)
coastal protection, 6) tourism and recreation, 7) coastal livelihoods and
economies, 8) sense of place, 9) clean waters and 10) biodiversity.

2.3. Sampling and sample processing

Sampling was conducted from April to October of 2011. Quadrats of
20 cm x 20 cm were laid within each habitat (n = 3) in the intertidal
zone of each site during the day at low tide. The rock surface within each
quadrant was scraped and organisms were completely removed. In the
laboratory, the seaweed samples were immersed in fresh water for 5 min
and agitated to release the fauna, without specifying its host seaweeds.
Then, the seaweeds were removed, the water was sieved through a 500-
micra mesh and the peracarids were collected and preserved in 96%
alcohol for later identification. The seaweed species were immediately
identified whenever possible. Cryptic species were preserved in KEW
solution (40% salt water, 40% ethanol at 70%, 10% glycerin, 10%
formalin at 4%) and identified later. Firstly, seaweed abundances were
standardized using a scale ranging from O to 4, with O - absent, 1 -
present or rare, 2 - not very abundant, 3 - common, and 4 - very abun-
dant. Subsequently, these values were further adjusted to conform to the
DAFOR scale. Peracarids were quantified using count data and then it
was adapted to the DAFOR scale so that abundances of seaweed and
peracarids could be expressed in a common scale. DAFOR scale was
presented as D - dominant, A - abundant, F - frequent, O - occasional and
R -rare, and in the case of the peracarids the limits used for each class of
abundance as a percentage were 100, 50, 30, 15, 5, respectively. In the
last step, different traits were used to describe the functional ecology of
these communities. The classification was done according to specialised
literature and if no information was available, expert’s opinion. Ac-
cording to Petchey and Gaston (2006), the selection of functional traits
should focus on those that influence the ecological processes under
study. Therefore, the functional traits of seaweeds and peracarids were
selected based on their ecological significance and potential to influence
community dynamics through various mechanisms. For seaweeds, five
morpho-functional traits adapted from Littler and Littler (1980) were
included and subdivided into categories (Supplementary Material,
Table 1): 1) Thalli growth, which included the categories apical, diffuse,
kelp type, and marginal; 2) degree of branching, categorized into three
levels from low to high; 3) external morphology, which included the
categories foliose, delicately branched, upright, thick blades, calcareous,
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and encrusting; 4) texture, categorized into soft, fleshy-wiry, leathery,
and stony; 5) size, categorized into four levels from <0.03 to >10 cm.
Seaweed traits such as thalli growth type, degree of branching, external
morphology and texture may influence associated fauna assemblages by
affecting microhabitat’s physical properties and resource distribution
(Gallardo et al., 2021; Gutiérrez et al., 2022). These traits determine the
structural complexity of seaweeds, which provide different habitats and
refuges for peracarids, thereby influencing their diversity and abun-
dance. Functional traits related to the productivity and decomposition of
seaweeds (e.g., size) may alter the detrital food web dynamics (Vilas
et al., 2020), thus impacting the feeding groups and functional diversity
of peracarid communities. For peracarids, traits adapted from Ashford
et al. (2018) were used (Supplementary Material, Table 1): 1) Maximum
adult length, in millimeters, divided into five modalities; 2) Maximum
fecundity (i.e., number of eggs), also divided into 5 modalities; 3)
Feeding group (i.e., Deposit feeder, Suspension feeder, Active predator
(including grazing), Scavenger, Parasitic); 4) Habitat space, the location
relative to the substrate of the organism (i.e., Infaunal, Epibenthic,
Epibiotic-benthic); 5) Living habit, (i.e., Free, Tube/burrow dweller,
Parasite/direct commensal); 6) Motility (i.e., Fast swimmer, Slow
swimmer/crawler, Crawler/limited swimmer, Crawler-no swim,
Burrower); 7) Bioturbation/sediment transport potential (i.e., Limited,
Low-level incidental diffusive mixing, Active significant sediment
transport); 8) Sociability (i.e., Solitary, Gregarious). The predation was
classified similarly for carnivores and herbivores (i.e., ignoring the
identity of the prey) as ecologically they are similar (i.e., reducing the
number of preys). Functional traits such as maximum adult length and
fecundity influence peracarids’ reproductive success and population
dynamics in seaweed habitats while feeding strategies indicate their
ecological roles and reliance on seaweed-derived resources. Traits
related to habitat use and living habits delineate how peracarids occupy
ecological niches potentially shaped by seaweed characteristics. Their
motility and bioturbation abilities further influence interactions with
sediment and organisms, thereby shaping community structure. Addi-
tionally, sociability traits impact peracarid interactions and resource
utilization within seaweed environments. These traits collectively define
how peracarids interact with seaweeds and contribute to ecosystem
dynamics in marine habitats. The degree to which each taxon displayed
each of these characteristics was then assessed using a “fuzzy coding”
procedure (Chevene et al., 1994). To account for intraspecific variations
in trait expression (Castella and Speight, 1996; Charvet et al., 2000),
fuzzy coding enables taxa to exhibit trait categories to varying degrees
(Chevene et al., 1994). A scale of 0-3, with 0 representing no affinity to a
trait category and 3 representing absolute affinity, was chosen.

2.4. Data analysis

Based on the abundance dataset, a matrix (samples x species) was
constructed for both taxa (combined), only seaweed and another for
peracarids, with a total of 320 seaweed and 80 peracarids. To assess
biogeographic ecoregions based on presence-absence dataset, a cluster
analysis using UPGMA (unweighted pair group method using arithmetic
averages), based on Jaccard’s similarity index was done. To choose the
optimal number of clusters (or K-means), the so-called “Elbow method”
was used (Aggarwal and Sharma, 2019). The analyses were performed
(hclust function) and visualized in R with the packages “cluster” v.2.1.4.
(Maechler, 2018), “vegan” v. 2.6.4 (Oksanen, 2017) and “stats’’ v.4.3.0
(R core team 2020) as default. To assess the functional space occupied
by the organisms found, a Fuzzy Principal Component Analysis (FPCA)
was performed for both the seaweeds and the peracarids separately
using the function dudi.fpca of the package “ade4” v.1.7.22 (Dray and
Dufour, 2007). For the seaweeds, functional groups were estimated
using the function dbFD and kmeans of the package “FD” v.1.0.12.3
(Laliberté and Legendre, 2010). To evaluate if the number of functional
traits affects the quality of functional space, we followed the method-
ology outlined by Maire et al. (2015). Initial functional distances using
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Gower’s distance were calculated and a Principal Coordinates Analysis
(PCoA) was carried out to provide a multidimensional representation of
the data, with distances standardized to the maximum value of the
initial distance matrix in the functional space. The congruence between
these initial and standardized distances was assessed using the mean
squared deviation (mSD) metric, where lower mSD values indicate
better alignment of the original trait-based distances in the functional
space.

The relationships between taxonomic and functional diversity were
assessed by a Redundancy Analysis (RDA) (rda function) using the
package ‘vegan’ (Oksanen, 2017). We employed the Bray Curtis
dissimilarity coefficient to illustrate both taxonomic and functional beta
diversities (referred to as Btotal), along with their corresponding
replacement (Brepl) and richness difference (Brich) components. All
components of beta diversity were calculated using the ‘beta’ function
within the R package BAT (Cardoso et al., 2015). In addition, the rela-
tion between taxonomic and functional richness was examined using a
linear regression model (Im function) from the R package ‘“stats”
(version 4.3.0, R Core Team, 2020). The variation in seaweed assem-
blage composition along spatial and environmental gradients, as well as,
the variation in peracarid assemblage composition along seaweed traits
were modelled using Generalized Dissimilarity Modelling (GDM; Ferrier
et al., 2007) using the dissimilarity matrices of beta diversity compo-
nents (i.e. total, replacement, and richness) for the diversity facets
(taxonomic and functional) as response matrices. While other statistical
assessments of pairwise dissimilarities (e.g., Mantel test, nMDS) in
which the difference between pairs is related linearly to differences in
space or environment, GDM can handle the nonlinearities common in
eco-geographical datasets. Variables such as aragonite saturation, mean
precipitation, insolation, minimum SST, and mean and minimum chla
were removed after multicollinearity testing, using Pearson correlation
coefficient (i.e., correlation >0.7) as indicated by Dormann (2012). For
seaweeds only environmental and climatic predictors were used, while
for peracarids also the RDA axes (i.e., axes explaining more than 1%) of
seaweeds were included as predictors (i.e., their loadings). The functions
gdm and gdm.varImp in the package “gdm” v.1.5.0.9.1 of R (Fitzpatrick
et al., 2020). were used to run GDM models and plot the I-splines (i.e.
monotone cubic spline functions) to evaluate the impact of predictor
variables on the total, replacement, and richness components of taxo-
nomic and functional dissimilarity matrices. Null model testing was used
to assess the significance of the observed patterns by comparing them to
patterns generated under random or null hypotheses.

3. Results

A total of 12,654 specimens were sorted and examined, out of which
more than 74% were seaweeds. In this study, 320 species of seaweeds
were identified, 61% of Rhodophyta, 19% of Chlorophyta, and 20% of
Ochrophyta. As well, 80 different species of peracarids were found, of
which 62 % were Amphipoda, 31 % were Isopoda, and 7 % were
Tanaidacea.

For the combined dataset, three main sampling station clusters were
differentiated with a 0.6 dissimilarity threshold (Fig. 2). One included
the northern European coasts of Iceland, Norway and Scotland (stations
1 to 9, except station 6), a second included the Iberian Peninsula coast
(stations 10 to 18) and a third with Macaronesia coasts of Madeira and
Canary Islands (stations 19 to 27). Seaweeds showed similar clustering
(Fig. 2), nevertheless, it is worth highlighting that stations 6 in Norway
and 14 in Portugal did not group to any cluster according to this
dissimilarity threshold. The results for peracarids also showed a clus-
tering into three biogeographical regions, however, stations in southern
Portugal (stations 16 to 18) presented a species composition more
similar to the Macaronesian stations than to the rest of the Iberian
Peninsula (Fig. 2).
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Fig. 2. Dendrogram of UPGMA cluster analysis of sampling stations for a) combined dataset (up), b) seaweeds (down left) and c) peracarids (down right). Colours
represent the different biogeographic regions: North (blue), Iberian Peninsula (orange) and Macaronesia (green). The dotted line marks the dissimilarity threshold.

3.1. Functional space

The seaweed species were divided into 5 functional groups according
to their traits (Fig. 3A). The traits contributing most to the first axis
(FPC1), capturing 32.5% of the variation, were the degree of branching
(DB2 and 3), soft and fleshy wiry textures (TX1 and 2)), apical growth
(TG1) and delicately branched morphology (EM2). The second axis
(FPC2) captured 13.4% of the variation in function trait space and the
traits that contributed the most were the size (S4 and 2). In addition, the
third axis (FPC3) captured 12.5% of the variation and was mainly driven
by low branching (DB2) (Supplementary Material, Table 2A). Despite
the overlapping positions of some genera, such as Ulva, most seaweed
orders occupied distinct regions of trait space. In the FPCA (Fig. 3),
“Canopy Formers” (functional group 2) was distinguished mainly by
brown seaweeds of the Laminariales, Fucales and Gigartinales orders,
characterized by soft texture, foliose morphology and low branching.
“Large Ceramiales” (functional group 1),” Medium Ceramiales” (func-
tional group 4) and “Small Ceramiales” (functional group 5) were
characterised by red seaweeds of the Ceramiales order, distinguished by
a fleshy wiry texture, high degree of branching and hair-like
morphology. The “Mixed Traits” group (functional group 3) includes a
mixture of species from different orders marked by diverse traits and
overlaps with the other functional groups. For peracarids, the family
level was utilized and represented according to their traits (Fig. 3B).
Nevertheless, the FPCA did not reveal any clearly defined clustering. The
traits with the greatest contribution to the first axis (FPC1) included
solitary (S.so), burrow dweller (Lh.tb), gregarious (S.li), and epibiotic
(H.eb), explaining 30.5% of the variation. The second axis (FPC2)
accounted for 17.6% of the variation in the functional trait space, with
major contributions from burrow dweller (Lh.tb), free (Lh.f), and
crawler (M.c) behaviour. Additionally, the third axis (FPC3) captured
10.8% of the variation and was primarily influenced by low fecundity (i.
e., F.l, Supplementary Material, Table 2B). While the families of the
order Amphipoda were distributed across the entire functional space,
those belonging to the Tanaidacea order (Leptocheliidae, Lep-
tognathiidae, Apseudidae) were distinguished by positive values along
the first axes (FPC1) and were infaunal, burrower-dwelling organisms.
The Isopoda order (Munnidae, Joeropsididae, Janiridae, Sphaer-
omatidae families), on the other hand, was primarily differentiated by
negative values along the second axes (FPC2) and were epibenthic, free-
living organisms with crawler motility. The species corresponding to
each group are listed in Table 3 of the Supplementary Material.

Furthermore, low mSD values (0.002 for seaweed and 0.001 for per-
acarids) indicated a high quality of functional space, according to the
number of traits selected.

3.2. Community analysis

The RDA (Fig. 4) explored the relationship between the species as-
semblages for seaweed and peracarids, with their corresponding traits.
Based on the significance of the models (p-value <0.05) we can conclude
that the ordination was not arbitrary. For seaweed, the functional traits
represented by the constrained inertia significantly explained 25% of the
total correlation. The RDA reflected the geographic structure of the
biota, grouping them into the three regions sampled: North, Iberian
Peninsula and Macaronesia (Fig. 2). The variables positively correlated
(>0.5) with the first axis of variation, which explained 8.9% of the total
variance, included fleshy-wiry texture (TX2) and small size (S2) dis-
tinguishing the Macaronesia region. Conversely, marginal thalli growth
(TG4), leathery texture (TX3) and large size (S4) traits were negatively
correlated (<—0.5) and differentiated the North region. The second axis,
explaining 5.3% of the total variance, was mostly correlated with thick
blades (EM4) (—0.58) and high branching (DB3) (0.44), separating the
North from the Iberian Peninsula. The third axis explained only 1.9% of
the total variance and was negatively correlated (—0.48) with the deli-
cately branched trait (EM2) (Supplementary Material; Table 3A).

The constrained inertia representing the functional traits for per-
acarids explained 71% of the total correlation. Despite a less distinct
illustration of the geographical structure, spatial differentiation was
evident across the three studied regions. Traits such as high fecundity (F.
h), scavenger feeding (Fg.s), fast swimming (M.fs), crawling (Mss) and
epibiotic habits (H.eb) showed negative correlations (<—0.60), while
burrowing (M.b) exhibited a positive correlation (0.84) to the first axis
of variation, accounting for 18% of the total variance. On the second
axis, which accounts for 13.4% of the total variance, active predation
(Fg.ap), suspension feeding (Fg.sf) and parasitic behavior (Lh.p) (0.58,
—0.60 and —0.73, respectively) were the functional traits showing the
strongest correlation. The third axis was positively correlated (0.87)
with parasitism (Fg.p) and explained 7% of the total variation (Sup-
plementary Material; Table 3B).

The GDMs for seaweed explained more than 40% of the total
dissimilarity for taxonomic and functional diversity (~58 and 45
respectively) (Fig. 5A1). The same pattern but with lower values was
found in the richness (~22 and ~21 for taxonomic and functional
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respectively) (Fig. 5A2) and replacement (~17 and ~14 for taxonomic
and functional respectively) (Fig. 5A3). For every GDM, the relationship
between observed compositional dissimilarity of each pair of samples
and the predictor of the regression equation was increasingly monotonic
and, in some cases, linear (Fig. 5B). For the total dissimilarity, the
greatest degree of compositional change occurred along the pH gradient
in the functional diversity and the geographic distance in the taxonomic
diversity with a marked increase after the 20° (Fig. 5C1). The pH was the
only significant predictor for both taxonomic and functional richness
(Fig. 5C2). In the replacement, SST max was the most important pre-
dictor for the functional diversity, while pH was for the taxonomic

showing a slight increase at the end of the gradient (after pH 8.15). The
curves followed a logistic increment reaching a plateau before half of the
gradient for the total (only functional) and richness (functional and
taxonomic) (Fig. 5C1-2) but, reached the plateau at the end of the
gradient for the replacement (Fig. 5C3). The pH was significant for the
three facets of biodiversity studied, total (only functional), richness
(functional and taxonomic) and replacement (only taxonomic) (Fig. 5.
C1). The geographic distance was shown to be significant for the total
(functional and taxonomic) beta diversity (Fig. 5.C2), while the SST max
was the only significant predictor for the replacement (functional)
(Fig. 5.C3). The I-splines of non-significant predictors included in the
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model are displayed in the Supplementary Material (Fig. 1A).

For peracarid assemblages, the GDMs accounted for 45 and 44 of the
total dissimilarity for taxonomic and functional diversity, respectively
(Fig. 6A1). The replacement showed the same pattern but with lower
values (25 and 23 for taxonomic and functional, respectively) (Fig. 6A3),
whereas in the richness the functional diversity explained more of the
dissimilarity than the taxonomic (15 and 16 for taxonomic and func-
tional, respectively) (Fig. 6A2). Every GDM exhibited an increasing
monotonic and, in most cases, linear relationship between the predictor
of the regression equation and the observed compositional dissimilarity
of each pair of samples (Fig. 6B). The functional and taxonomic diversity
along the RDA2 gradient, mostly characterised by highly branched
seaweeds (DB3) (positively) and thick blades (EM4) (negatively) (Sup-
plementary Material, Table 4), displayed the greatest degree of
compositional change for the total dissimilarity. Geographical distance
had a significant impact on total taxonomic and functional diversity
beyond 20°. Taxonomic diversity followed a sigmoidal curve along
RDA1, negatively represented by marginal thalli growth, leathery
texture and large size (TG4, TX3 and S4), and positively represented by
fleshy-wiry texture and small size (TX2 and S2) (Supplementary Mate-
rial, Table 4) (Fig. 6C1). Seaweed traits (RDA2 and RDA3) emerged as
the only significant predictor for both taxonomic and functional richness
of peracarids. RDA2 significantly increased from zero, while RDA3,
negatively represented by delicately branched (EM2) and positively by
stony texture (TX4)) (Supplementary Material, Table 4), exhibited a
slight increase from —0.2 (Fig. 6C.2).

RDA1 was the most important predictor of functional and taxonomic
diversity in the replacement, with the latter explaining more dissimi-
larity and a higher increase at positive RDA1 values. Geographic dis-
tance (for taxonomic and functional diversity) showed a significant
increase after 20° (Fig. 6.C3). The I-splines of non-significant predictors
included in the model are displayed in the Supplementary Material
(Fig. 1B).

4. Discussion

Our study shows how even over large geographical scales the func-
tional traits of seaweeds are the main drivers of the associated peracarids
and their traits. The climatic variables are shaping the diversity of the
seaweeds supporting the distinction in three different ecoregions for the
NE Atlantic coasts. The strong latitudinal gradient is also correlated with
the change in the function and structure of the intertidal communities
shaping the complexity of the habitat formers (i.e., seaweeds), resulting
in traits supporting a more interstitial life habit and more generalist
niche in general. This intricate relationship between seaweeds and
peracarids highlights the importance of functional traits in under-
standing and predicting the responses of intertidal ecosystems to envi-
ronmental changes.

Based on the sampling design and the cluster analysis (Fig. 2), we
identified three distinct ecoregions according to the taxonomic distri-
bution of seaweeds and peracarids: Northern Europe, the Iberian
Peninsula, and Macaronesia. These findings are consistent with earlier
studies conducted by Spalding et al. (2007) and Alvarez et al. (1988),
with some discrepancies observed for Norway, Scotland, and Iceland.
Notably, Almada et al. (2013) and Vieira et al. (2022) proposed a dif-
ferentiation between the Iberian Peninsula and Macaronesia based on
fish and peracarids, respectively, a classification that aligns with our
results on seaweeds. However, a nuanced perspective emerges when
considering peracarids, which reveals a greater similarity between the
stations in southern Portugal and Macaronesia, contrary to the antici-
pated divergence. Pereira et al. (2006) and Ardré (1971) emphasized the
geographical distinctions in crustacean and seaweed assemblages be-
tween the Iberian Peninsula and Macaronesia. However, they included
the idea that the Iberian Peninsula functions as a transition zone, facil-
itating the coexistence of warm-water and cold-water species along the
continental Portuguese coast. This could explain the similarity found in
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relative importance in explaining beta diversity.

peracarid composition between Southern Portugal and Macaronesia.
Our findings emphasize the complexity of biogeographic patterns in the
NE Atlantic, indicating that factors beyond those associated with lati-
tude may contribute to the observed distribution patterns, likely influ-
encing biodiversity.

To understand the global mechanisms underlying biodiversity re-
sponses to environmental change, functional trait analysis has been
suggested (Liu et al., 2019). Similar to the variation in taxonomic dis-
tribution and composition, the variation in biological traits distribution
we found can be partly attributed to latitude. The FPCA and RDA (Figs. 3

and 4) show region differentiation, with large brown seaweeds (mainly
Lamiraliales, Gigartinales, Fucales) dominating, alongside Isopoda per-
acarids in the north, and smaller red seaweeds with calcareous crusts,
Tanaidacea peracarids in Macaronesia. The Iberian Peninsula acts as a
transition zone with diverse seaweed groups (Chlorophyta, Rodophyta,
Ochrophyta) and Amphipoda peracarids, the most abundant group
across all regions. For seaweeds, the RDA (Fig. A) showed that the first
three axes explained a limited proportion of the variation (16.1% in
total), indicating that seaweed distribution is likely influenced by other
factors (e.g. environmental variables) beyond the functional traits.



J. Jiménez Herrero et al.

Marine Environmental Research 202 (2024) 106743

Total o ©
o o
B 45 S S -
o —
£ 44.7 o o S - | =
@ o o 50 ] ~ o b, -
g Oy S o] g ©
= 20 ] o] =g
:‘E‘ 44.5 «© i =] %Q ~ o _| o ]
© o o 0 | =10 Py s i e P |~ R ol 3 ) pe |
z 44.2 = e g 0 10 30 -010 0.10 0.25 010 005
@ o o £ Geographic Distance RDA2 RDA1
=) o o
44 o o
A1l B.1 C.1
Richness = e 1
-
T 165 b S o
g 16.3 - - iy
' o o 3 all .
> o o U R L =~ 2 & 0 ]
E‘; 16 005 020 035 | § © 3 © 4 /
t = = :8—Illlllll -
© o o o 885 o P A P
= 155 154 -0.10 010 025 = -03 -01 01
= = <
a o = RDA2 RDA3
a o
15 = o
A2 B.2 C:.2
Replacement © oo
(=] o
- 25 - < g
2 24.6 o =) 8 4 § g 4
© o (=) o4 2 O
S o o g o 1 ?_) v ]
> 2 = = e
= 22.6 @ @ g 7] ®» 8 ]
© = o gﬁlllllgg_lalol:,,ln
E - - 010 005 2 .
0 o o RDA1 Geographic Distance
o o o
21 o e
Taxonomic
Taxonomic 06 10 14 0.4 06
. Predicted Predicted Functional
Functional . .
Ecological Compositional
A.3 B.3  Distance Dissimilarity C.3

Fig. 6. Results of the GDMs for peracarids with seaweed traits and environmental variables as predictors. A: percentage of dissimilarity fitted by the model for the
taxonomic (orange) and functional (blue) diversity for each level of beta diversity (Total, Richness and Replacement, 1-2-3 respectively). B: on the left, scatter plot of
observed compositional dissimilarity of each community pair and the linear predictor of the regression equation from GDM (predicted ecological distance between
pairs of sampling points). On the right, scatter plot reflecting the general agreement between observed and calculated values of dissimilarity. For both, from the top
results for taxonomic and functional beta diversity. C: I-splines of the predicted ecological distance explained by the value of the significant variables (p-value<0.05)
for each diversity (different colours). The maximum height reached by each curve indicates the total amount of compositional turnover associated with that variable

and its relative importance in explaining beta diversity.

Additionally, peracarids exhibit a segregation of functional traits (Sup-
plementary material; Table 2B) indicating a high functional variability
between communities. This global seaweed distribution pattern, where
brown seaweeds dominate temperate and arctic zones, red seaweeds
exhibit increased abundance from the poles to the tropics, and green
seaweeds show high variability, has been reported before (i.e., Sante-
lices et al., 2009). Gaspar et al. (2017) observed a similar latitudinal
variation along the Portuguese coast, noting an increase in thick
leathery morpho-functional groups in the north as fleshy and calcareous
structures were more abundant in the south. Concerning peracarids,
temperature might be one of the drivers shaping their distribution as
suggested by Izquierdo and Guerra-Garcia (2011) for the Iberian
Peninsula. However, their affinity for different morpho-functional
groups of seaweeds may be more relevant. For instance, the

preference of Idotea genus species for brown seaweeds, particularly
Fucus sp (Leidenberger et al., 2012). Isopods’ preference for large brown
seaweeds such as Kelps, has been mainly attributed to their stronger
attachment to these seaweeds (Starko et al., 2016), while the association
of tanaids to corallinae turf mats, may be linked to sediment trapping
(Bueno et al., 2016). Although additional research on peracarid pref-
erences for seaweed traits is needed, our results imply that peracarid
distribution, beyond latitude, may be associated with various
morpho-functional seaweed groups.

One of the central macroecological and biogeographical patterns
that have been thoroughly investigated (Willig et al., 2003; Mittelbach
et al.,, 2007) is the latitudinal gradient of diversity. Numerous in-
vestigations validate the observed increase in species richness from
polar to tropical regions (Brown and Lomolino 1998; Willig et al., 2003)
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with some exceptions (Pyron and Burbrink, 2009). Beta diversity and
the geographic turnover of species composition have received far less
study. Nonetheless, it seems that another common characteristic of the
latitudinal gradient of diversity is a higher beta diversity in the tropics
(Wang et al., 2009; Kraft et al., 2011). Our findings underscore a note-
worthy influence of geographic distance in the total beta diversity
(taxonomic and functional), highlighting the distinctiveness of seaweed
and peracarid communities across a spatial gradient (Figs. 5 and 6; C1).
Moreover, the high proportion of functional beta diversity (i.e., 55% for
total diversity) shown in our results emphasizes the influential role of
functional traits in shaping diversity within these communities. While
evaluating various facets of beta diversity (taxonomic and functional)
for seaweeds, geographic distance was only significant in total beta di-
versity, indicating the existence of other drivers independent of spatial
location. GDMs for seaweed revealed pH as a significant factor
explaining variations in total beta diversity (functional) and species
richness (functional and taxonomic). The pH effect reached a plateau
after attaining approximately 8.05, with low pH contributing to a
decline in functional and taxonomic diversity (Fig. 5; C1 and C2), as
previously observed in benthic communities affecting primarily calci-
fied organisms (Teixido et al., 2018). Various studies (Porzio et al.,
2011; Pena et al., 2021) investigated the impact of acidification on
seaweeds, showing a decrease in the diversity of both taxonomic and
morphology groups, with a reduction of coralline seaweeds mainly
calcified and turf seaweed mats as acidification increased, while specific
non-calcified species gained dominance. Additionally, our results indi-
cated maximum sea surface temperature as a significant predictor of
seaweed diversity (replacement), suggesting the potential impact of
heatwaves in inducing a greater loss of seaweed. This may lead to a
subsequent species shift, potentially favouring the succession of
fast-growing opportunistic species and, consequently, not affecting the
total number of species. Hillebrand et al. (2010) investigated the effects
of heat waves on macroinvertebrates, benthic diatoms, and macro-
phytes. They observed that while temperature had minimal impact on
the overall number of species, there was a notable increase in species
replacement with rising temperatures. Recently, Chaudhary and Cost-
ello (2023) revealed an inverse correlation between species richness and
replacement, particularly in equatorial regions, suggesting a link to
thermal stress. As highlighted by several studies (Smale and Wernberg,
2013; Wernberg et al., 2016; McPherson et al., 2021), heat waves may
contribute to the decline of large canopy seaweeds and an increase in
turf-forming seaweeds. Therefore, we suggest that heatwaves could lead
to a regime shift from kelp forests to seaweed turfs, predominantly
affecting the temperate Iberian Peninsula and the cold-temperate North
ecoregions Contrary to our hypothesis, anthropogenic pressures
assessed through the OHI did not significantly influence seaweed di-
versity patterns suggesting that at such large scale its effect is hidden by
the stronger climatic and environmental variables (Supplementary
Material, Fig. 1A). Nevertheless, our findings suggest that climate
change, particularly global warming and acidification, may exert a more
pronounced impact on these patterns compared to direct human activ-
ities (e.g., fishing, pollution, etc)

Our results (Fig. 6) indicate that seaweed functional traits played a
more crucial role than environmental variables in explaining the di-
versity patterns of associated peracarids. Specifically, higher values of
RDA2, characterized by foliose and highly branched seaweeds from the
Iberian Peninsula, explained an increase in beta diversity. Conversely,
the Macaronesia and North ecoregions exhibited lower diversity
compared to the Iberian Peninsula, possibly attributed to the upwelling
zone along the west coast of the latter ecoregion. Furthermore, the area
functions as a transition zone, facilitating the coexistence of warm-water
and cold-water species (Pereira et al., 2006), thereby promoting more
diverse communities. Additionally, oceanic islands such as Macaronesia
and Iceland tend to have fewer species due to their isolation (Costello
et al., 2017), which could explain the lower beta diversity observed in
these regions.
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GDMs showed an increase in both functional and taxonomic beta
diversity as the geographic distance expanded, aligning with the lat-
itudinal gradient elucidated by seaweed traits in the RDA1. Lower values
of RDA1, characterized by kelp-type seaweeds corresponding with the
North ecoregion, explained less beta diversity of peracarids than Mac-
aronesia (high RDA1 values), which was characterised by crustose and
non-crustose calcified and highly branched red seaweeds. This finding
suggests a latitudinal gradient of beta diversity of peracarids mainly
correlated with the functional traits of seaweed hosts. Dworschak (2000)
studied 516 taxa of decapods, observing a strong latitudinal increase in
the number of species from high latitudes toward the equator in both
hemispheres. Other studies (i.e. Kerswell, 2006) have found a peak of
algal richness in temperate regions, decreasing toward the tropics and
poles. Our results indicated that there was a rise in the species richness
of peracarids as RDA2 increased, corresponding to seaweed functional
traits specific to the Iberian Peninsula. Additionally, there was an in-
crease in species richness associated with the occurrence of articulated
and crustose calcareous seaweeds (RDA3), which are distinctive features
of the Macaronesia region. Various studies (Adey and Hayek 2011;
Chenelot et al.,, 2011; Adey et al., 2013) have shown that crustose
coralline seaweeds host a variety of grazing and burrowing infauna, with
thicker crusts hosting a greater diversity of infauna (Steneck and Paine,
1986). Anandavelu et al. (2013) studied the quantitative distribution of
epifaunal communities associated with seaweeds in South Andaman.
The study found that Galaxura sp. and Halimeda tuna (calcareous sea-
weeds) supported higher faunal density compared to other seaweeds.
The diversity and abundance of the macroalgal epifauna have been
linked to the structural complexity of the algal habitat in several studies
(Gee and Warwick, 1994a; Veiga et al., 2014). These studies demon-
strate that seaweeds with higher structural complexity host more
invertebrate species, individuals, and biomass than seaweeds with lower
structural complexity. Probably, the Macaronesia ecoregion character-
ized by small red calcareous seaweeds encrusting or articulated and the
Iberian Peninsula characterized by a mix of green, red and brown with
foliose morphology and highly branched hold a more diverse associated
peracarid communities since their higher structural complexity. The
diverse functional traits of seaweeds in these ecoregions could increase
habitat complexity which may result in the reduction of competition
(Marx and Herrnkind, 1985), predation (Coull and Wells, 1983; Warfe
and Barmuta, 2004) and wave stress (Gregg and Rose, 1982) and, in
turn, increase food resources (Orav-Kotta and Kotta, 2004). Addition-
ally, the sediment retention capacity of seaweeds may play a crucial role
in shaping the assemblage of peracarids communities of these ecor-
egions, characterized by tube-building, burrower mobility and
deposit-feeding behaviours.

The significant impact of seaweed functional traits (RDA2) on the
replacement of taxonomic and functional beta diversity, coupled with
geographic distance, underscores the crucial role of seaweed functional
traits in shaping the latitudinal diversity patterns of associated per-
acarids. This leads to a higher turnover of peracarid species and func-
tional groups associated with small red, highly branched, and calcareous
seaweeds in the Macaronesia ecoregions. This turnover could be an in-
direct consequence of seaweed loss due to environmental variables such
as increased pH and maximum SST, as indicated by the GDMs for sea-
weeds. Cruz-Motta et al. (2020) studied latitudinal gradients of beta
diversity for intertidal seaweeds and associated fauna, observing an
increase in beta diversity primarily attributed to replacement toward the
tropics. They suggested that SST gradient and spatial scale play crucial
roles in explaining the latitudinal diversity gradient. Certain seaweeds
are recognized as foundation species or ecosystem engineers (Fl-Khaled
etal., 2022; Shelamoff et al., 2020), and the loss of these species is likely
to lead to escalating changes in the diversity of associated communities.
This aligns with various studies, such as Lilley and Schiel (2006), which
demonstrated that the removal of foundational seaweed species resulted
in a significant reduction in the number of invertebrate taxa.
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5. Conclusion

This study examines the taxonomic distribution of intertidal sea-
weeds and peracarids across three ecoregions in the NE Atlantic. Simi-
larities between peracarid communities in southern Portugal and
Macaronesia challenge the anticipated divergence, emphasizing the
Iberian Peninsula’s transitional role. Seaweed functional traits signifi-
cantly explain peracarid communities’ diversity variations, challenging
assumptions about peracarid diversity patterns being solely influenced
by latitude. Environmental factors such as pH and SST influence
seaweed diversity. This research advances our understanding of marine
ecology, biogeography, and biodiversity dynamics in the NE Atlantic,
with implications for conservation and management strategies amid
ongoing environmental changes.
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