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ABSTRACT
Gastropods are major contributors to a range of key ecosystem services on intertidal rock platforms, supporting trophic structure 
in both terrestrial and marine contexts and manipulating habitat complexity. However, the functional structure of these assem-
blages is rarely examined across broad spatial scales. Here, we describe patterns in gastropod functional diversity, redundancy 
and vulnerability to functional loss across a latitudinal gradient following the west coast of Australia (18° S–34° S). Specifically, 
we created a trait matrix based on six categorical traits for 186 gastropod species from 39 sites to examine how trait composition 
varied with latitude. We found there was no latitudinal gradient in either functional richness or distinctiveness despite clear gra-
dients in species richness and taxonomic distinctiveness, which both increased towards the equator. We delineated two distinct 
functional bioregions, a temperate south (34° S–27° S) and a tropical north (24° S–18° S), and found that the temperate bioregion 
had greater functional richness and uniqueness but lower redundancy compared to the tropical bioregion. Our findings show 
that gastropod assemblages in the temperate bioregion are more vulnerable to functional loss as their functional entities are sup-
ported by fewer or even single species. Comparatively, the tropical bioregion reported higher redundancies, which could provide 
a buffer against future change. Understanding the functional structure of intertidal ecosystems is vital as gastropods face the 
uncertain impacts of coastal tropicalisation, range shifts and sea level rise.

1   |   Introduction

Functional diversity is overtaking taxonomically derived spe-
cies richness as the most relevant and meaningful metric to ex-
amine biodiversity in the changing world of the Anthropocene 
(Somerfield et al. 2008; McGill et al. 2015; Hillebrand et al. 2018). 
Functional diversity refers to the diversity of organism char-
acteristics relating to interactions with their abiotic and biotic 
environment. It can encapsulate a range of morphological, be-
havioural, physiological and phenological characteristics of 
species that impact fitness by regulating growth, reproduction 
and survival (Wright et  al.  2006; Violle et  al.  2007; Laureto, 

Cianciaruso, and Samia 2015). Maintaining a diverse range of 
functional roles within an ecosystem ensures the stability of 
the system and supports the provision of ecosystem services 
(Cardinale et  al.  2012; McWilliam et  al.  2018). Functional di-
versity is independent of species richness and, after a certain 
threshold, functional richness (Fric) will stop increasing with 
species richness (Mouillot et  al.  2014; McLean et  al.  2019; 
Mouton et al. 2020). Changes in community composition do not 
necessarily induce changes in trait diversity, but if some func-
tional roles are only performed by a few species, the loss of these 
species will have large impacts on overall ecosystem function-
ing (Violle et al. 2007; McLean et al. 2019).
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When multiple species support similar or overlapping func-
tional roles, they are said to be functionally redundant 
(Fonseca and Ganade 2001). A high degree of functional re-
dundancy (FR) will help buffer against the loss of ecosystem 
functioning following declines in species richness, providing 
ecosystems with a stabilising effect and ‘reservoir of resilience’ 
(Mouillot et al. 2013a; McWilliam et al. 2018). Functional en-
tities (FEs) can be used to examine FR in a system by iden-
tifying unique combinations of traits to classify species into 
groups of identical functions (Mouillot et al. 2014). The more 
species in each FE, the greater the FR of that ecosystem func-
tion (Mouillot et  al.  2014). Conversely, functional roles that 
are not represented by several species can be considered func-
tionally vulnerable and at risk of being lost from an ecosys-
tem following a disturbance or decrease in species diversity 
(Mouillot et al. 2014).

Latitudinal diversity gradients in species richness are one 
of the most prevailing patterns in nature; however, it is not 
yet known or documented if this pattern is reflected in Fric 
(Schumm et al. 2019). The tropics report higher species richness 
and therefore higher FR than temperate regions; however, Fric 
can often be greater in areas with lower redundancy or higher 
functional uniqueness (Mouillot et  al.  2014; Violle et  al.  2017; 
Schumm et  al.  2019). Examining functional diversity across 
species richness gradients can provide insights into the num-
ber of species supporting the same functions and how species 
turnover can affect functional diversity (McWilliam et al. 2018). 
Our understanding of functional diversity across large-scale 
spatial gradients is restricted to particular regions or environ-
ments and biased towards taxa (particularly fish and corals) 
(Mouillot et al. 2014; McWilliam et al. 2018; Myers et al. 2021b). 
Documenting Fric of communities along latitudinal gradients 
can be useful to understand the components of biodiversity that 
contribute to essential functions of assemblages (McWilliam 
et al. 2018). Examining the components of functional diversity 
can also delineate distinct bioregions and identify areas that 
exhibit exceptionally high levels of functional diversity termed 
‘functional hotspots’ (Ficetola, Mazel, and Thuiller 2017; Rumm 
et al. 2018; Myers et al. 2021b). Additionally, considering spatial 
differences in functional diversity can give powerful insights 
into how communities may shift and respond to future climate 
change or anthropogenic stresses (Mouillot et  al.  2013a, 2014; 
Floyd et al. 2020).

Intertidal rock platform ecosystems are among some of the most 
productive ecosystems in the world and facilitate vital transfer of 
nutrients and energy (Paine 1994; Vinagre et al. 2018). Intertidal 
platforms support diverse invertebrate assemblages in dynamic 
conditions that require species to be resilient against fluctua-
tions in wave exposure, temperature and hypoxia (Benedetti-
Cecchi  2014; Collins, Clark, and Truebano  2023; Scrosati and 
Ellrich 2024). Harsh conditions tend to filter organism and eco-
system functions more strongly, making intertidal ecosystems 
ideal for gaining insights into future climate change responses 
of invertebrates, as species already live close to their tolerance 
limits (Helmuth et  al.  2006; Swenson, Anglada-Cordero, and 
Barone 2011; Siefert et al. 2013). Currently, our understanding 
of coastal functional ecology is relatively limited for inverte-
brates other than corals (Przeslawski et  al.  2008; McWilliam 
et al. 2018; Floyd et al. 2020).

Gastropods form a diverse and ecologically significant part of in-
tertidal assemblages (Underwood 2000; Miloslavich et al. 2013). 
From a functional perspective, gastropods are unique because 
of their ubiquity and abundance, meaning they perform and 
contribute to a variety of ecological functions (Paine  1994; 
Benedetti-Cecchi 2014). The dominance of gastropods in assem-
blages makes them a valued source of food for higher consumers 
(both terrestrial and marine), while also interacting and influ-
encing trophic dynamics through grazing and predation (Ellis 
et  al.  2007; Vinagre et  al.  2018; Belen  2019). Gastropods help 
to maintain the dynamics and structure of intertidal communi-
ties through their boring and grazing behaviour, which manip-
ulates habitat complexity and provides microhabitats for other 
organisms (Przeslawski et al. 2008; Belen 2019). The relatively 
short life spans and limited mobility of gastropods make them 
vulnerable to unfavourable conditions (Przeslawski et al. 2008; 
Beauchard et al. 2017). The lack of functional analyses of gas-
tropods currently hinders our understanding of their functional 
roles in the intertidal environment (Floyd et al. 2020).

A latitudinal diversity gradient in both species' richness and tax-
onomic distinctness in intertidal molluscs has been identified 
on rock platforms along the coast of Western Australia (WA) 
(Murley, Hovey, and Prince 2024). Prior to this, the last compre-
hensive survey of coastal gastropods in WA was conducted in 
1980, which defined a clear split between tropical and temperate 
fauna along the coastline around 28° S but did not examine func-
tional traits of species (Wells 1980). Here, we quantify several 
functional traits to attempt to capture the range of ecological 
strategies for gastropods on 39 rock platform sites across 15° of 
latitude in WA. This study aims to build a spatial understand-
ing of the functional ecology of gastropods on intertidal rock 
platforms. The study will investigate: (1) Does gastropod func-
tional diversity change along a latitudinal gradient?; (2) How do 
FEs and trait spaces change along the latitudinal gradient?; and 
finally, (3) How does FR change with latitude? This approach 
aims to provide insight into the functioning of gastropod assem-
blages and form a basis for the continued collation of trait infor-
mation for marine gastropods in WA.

2   |   Methods

2.1   |   Gastropod Sampling

We surveyed a total of 39 limestone rock platform sites along the 
coast of WA in the spring/summer of 2019/2020, ranging from 
18° 31′ S to 34° 14′ S (Figure 1, Table S1). Sites were sampled 
across 15° of latitude, excluding a break in the sampling design 
around Shark Bay between 26° S and 24° S. The coastline in this 
region is very isolated and the rock platforms identified were 
deemed too dangerous and inaccessible. The study endeavoured 
to survey three sites within each latitude; however, this was 
limited at some latitudes due to the absence or inaccessibility 
of platforms.

Gastropod species richness data were collected from rock plat-
forms using visual surveys conducted at low tide. Platforms 
along the WA coast are horizontal rather than sloping. At each 
site, 30 1 m2 quadrats were stratified across the platform ac-
cording to the outer, middle and inner areas of the platform, 
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FIGURE 1    |    Intertidal rock platform sampling locations across the west coast of Australia with regional towns shown.
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with the inner area referring to the area of the platform clos-
est to the shore. Ten quadrats were then haphazardly placed 
within each stratified area and intensively searched for all 
gastropods above 5 mm. In addition, timed searches were con-
ducted at each location, allocating 10 min of searching to each 
stratified area to record any species that were not captured by 
quadrats. Timed searches are useful for recording rare, cryptic 
or lower abundance species, making it a powerful qualitative 
method to use in conjunction with more traditional sampling 
(Paine  1994). Any species that could not be identified were 
collected or photographed to be examined ex situ using text-
books and online databases to classify to the lowest possible 
taxonomic level with certainty following the World Register of 
Marine Species nomenclature (Ahyong et al. 2023). If species 
names were unknown, open nomenclature qualifiers (e.g., sp. 
1 and sp. 2) based on morphological differences were adopted 
to separate and organise organisms for analysis (Sigovini, 
Keppel, and Tagliapietra 2016).

2.2   |   Gastropod Trait Space

Trait data were collected from searches of the primary liter-
ature, specialised field guides and reputable websites (e.g., 
Atlas of Living Australia or World Register of Marine Species) 
(Ahyong et al. 2023; Atlas of Living Australia 2023). In par-
ticular, ‘Australian Marine Shells’ (Wilson  1993a, 1993b) 
was highly useful for gathering trait information specific 
to Australian species. When the data for a given species or 
taxon were unavailable, we used the values of the closest taxo-
nomic relative resident in the region, following Ramírez-Ortiz 
et  al.  (2017). Any trait for which information was available, 
or could be inferred, for all 189 taxa was included, resulting 
in no missing trait values. Traits were chosen to help identify 
and measure the functional roles of species and capture the 
key differences in trophic structure, feeding strategies, repro-
ductive potential and dispersal methods, morphology and bio-
mass (Myers et al. 2021b). Six categorical traits were selected 
based on those utilised by Floyd et al. 2020, including feeding 
strategy, physical position on rock platform, mobility, shape, 
reproductive strategy and maximum length (Table S2). These 
traits were chosen to balance minimising artificial functional 
redundancies and prevent the creation of excessive unique 
trait combinations (Laureto, Cianciaruso, and Samia  2015; 
Beauchard et al. 2017).

2.3   |   Data Analysis

2.3.1   |   Species Richness

The gastropod assemblages of each site were pooled from both 
quadrat and timed search data and used to examine latitudinal 
trends in alpha diversity. Regional species richness was exam-
ined using gamma assemblages, which are the total species 
richness of the combined sites at each latitude (Whittaker 1972). 
Taxonomic distinctness provides insight into the phylogenetic 
structure of a community beyond simple species counts and 
measures the average taxonomic distance (e.g., genus, family 
and order levels) between all pairs of species, assessing the diver-
sity within a sample based on how closely related its species are 

(Clarke and Warwick 1998; Clarke and Gorley 2006). To deter-
mine if species richness and average taxonomic distinctness (Δ+) 
exhibited latitudinal gradients, we carried out linear regression 
analyses using distance-based linear models (DistLMs) to eval-
uate the direction and scale of any variations (Anderson, Gorley, 
and Clarke 2008). We also used pairwise permutational multi-
variate analysis of variance (PERMANOVAs), using the single 
fixed factor of latitude to compare diversity metrics between and 
within latitudes. P values were obtained with 9999 permutations 
of residuals under the reduced model. Analyses were carried out 
using PRIMER v7 software with the PERMANOVA+ add-on 
(Clarke and Gorley 2006; Anderson, Gorley, and Clarke 2008).

2.3.2   |   Functional Trait Diversity

Analysis of trait diversity was conducted in R studio using the 
R package mFD version 1.0.3 (Magneville et  al.  2022; R Core 
Team 2022). Pairwise functional trait-based distances between 
site assemblages were computed using the Gower distance as 
traits were not continuous and it allows variables to be equally 
weighted (Magneville et  al.  2022). A Principal Coordinates 
Analysis (PCoA) was performed using this functional distance 
matrix and the quality of this space was assessed by examining 
the mean of absolute deviations (MADs) and positive eigenval-
ues to determine the appropriate number of PCoA axes to build 
the multidimensional functional space. Four dimensions were 
selected to represent the global hull as it captured 97% of varia-
tion in assemblages (Table S3).

Three multidimensional site-level (alpha diversity) and 
latitudinal-level (gamma diversity) functional indices were cal-
culated to examine patterns in assemblage trait composition 
with latitude. Fric represents the functional space filled by an 
assemblage and is measured as the volume of the assemblage 
in proportion to the global convex hull (Villéger, Mason, and 
Mouillot  2008). Mean pairwise functional distance (MPFD) 
is the functional analogue to Δ + and is highly correlated with 
functional dispersion (Laliberté and Legendre 2010). MPFD is 
useful to determine the breadth of trait diversity in an assem-
blage. Functional mean nearest-neighbour distance (FNND) 
measures the weighted distance to the nearest neighbor within 
the assemblage (Weiher et  al. 1998). The FNND can be used 
to quantify the packing of trait space and the extent to which 
species occupy dissimilar niches (Magneville et al. 2022). The 
FNND is usually negatively correlated with species richness 
(Swenson and Weiser  2014). DistLMs, PERMANOVAs and 
graphical analysis were conducted in PRIMER to evaluate the 
direction and scale of any variations in all mentioned indices 
with latitude and species richness (Clarke and Gorley  2006, 
Anderson, Gorley, and Clarke 2008).

To examine turnover of functional trait composition of species 
between pairs of assemblages, beta diversity (β) was calculated 
by the mFD package using Jaccard dissimilarities and referred 
to as ‘functional turn over’ (Anderson et  al.  2011; Swenson, 
Anglada-Cordero, and Barone 2011). Jaccard dissimilarity was 
decomposed into ‘turnover’ and ‘nestedness’ additive compo-
nents (Magneville et  al.  2022). The Jaccard ‘turnover’ compo-
nent is highest if there are no shared trait combinations between 
the assemblage pair, and the ‘nestedness’ component is highest 
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if one assemblage hosts a small subset of the functional traits 
present in the other (Villéger, Grenouillet, and Brosse  2013; 
Magneville et al. 2022).

2.3.3   |   FEs

FEs are created when species share the same trait values 
(Mouillot et al. 2014). The set of six functional traits and their 
respective number of categories yield a theoretical number 
of 4032 unique FE combinations. However, the global spe-
cies pool of 186 gastropod species filled only 56 FEs (1.4%). 
Mouillot et al.  (2014) proposed four functional indices to ex-
amine FE structure of assemblages—FE richness (FER), FR, 
functional over-redundancy (FOR) and functional vulnerabil-
ity (FVul). FER refers to the number of FE present in each 
assemblage. FR reflects the average number of species in FEs 
in an assemblage, whereas FOR represents the proportion 
of species in the FE that are above the average redundancy 
(Mouillot et al. 2014; Magneville et al. 2022). FV determines 
the proportion of FEs in an assemblage that is only repre-
sented by one species (Mouillot et al. 2014). Similarly, latitudi-
nal and bioregional patterns in these indices were investigated 
in PRIMER and PERMANOVA+ using distLMs (Anderson, 
Gorley, and Clarke 2008).

2.3.4   |   Functional Biogeography

Gamma assemblages using presence/absence of FEs for each 
latitude were generated. Cluster analysis was performed in 
PRIMER using a Jaccard dissimilarity matrix of the FE lati-
tudinal assemblages using a hierarchical method with group-
average linking (GPA) to build similarity dendrograms. GPA 
cluster analysis was selected as it has been proven to be the 
most reliable at highlighting structure within the data and 
identifying distinct regions of diversity along the coast (Kreft 
and Jetz 2010). Similarity profile analysis (SIMPROF) was run 
for the dendrogram, using 9999 permutations, to indicate sig-
nificant group structure at p < 0.05 (Clarke and Gorley  2006). 
Clustered latitudes are hereafter referred to as ‘functional biore-
gions’ (Woolley et al. 2019; Myers et al. 2021b). A single fixed-
factor PERMANOVA was used to compare FE composition 
between regions to identify any regions that could be combined 
(Anderson, Gorley, and Clarke 2008).

Finally, we built a functional space using the FE latitudinal as-
semblages and plotted regional hulls of the functional bioregions 
(Magneville et al. 2022). A map of cluster regions was created 
based on the Geocentric Datum of Australia 1994 using QGIS 
version 3.24.1 (QGIS Development Team 2023).

3   |   Results

3.1   |   Latitudinal Patterns in Species Richness 
and Functional Indices Assemblage Diversity

This study recorded the abundance, distribution and trait in-
formation of 186 species of gastropods from 63 families over 
15° latitude along the coast of WA. Site taxa richness increased 

towards the equator (DistLM, Pseudo F(1,37) = 11.40, 
p = 0.0021), as did average site richness (alpha diversity (α)) for 
each latitude, with latitude explaining 48.50% of the variation 
in taxa richness (DistLM, Pseudo F(1,13) = 12.23, p = 0.0028) 
(Figure 2). Combined latitudinal species richness (gamma di-
versity (γ)) displayed a similar gradient along the coastline, 
with latitude explaining 49% of variation (DistLM, (F(1,13) 
= 12.61, p = 0.004)). This highlights that across site and re-
gional scales, species diversity increased towards lower lati-
tudes. Site taxonomic distinctness (Δ+) exhibited an inverse 
trend to species richness, with Δ+ increasing towards higher 
latitudes (Figure  2). Site Δ+ significantly increased towards 
higher latitudes with latitude explaining 20.22% of variation 
(DistLM, F(1,37) = 9.38, p = 0.0037). However, this was not 
seen at a regional scale, as when total Δ+ (γ) was regressed 
against latitude, there was no significant gradient (DistLM, 
(F(1,13) = 0.70, p = 0.45); Figure 2).

3.2   |   Functional Indices

Fric remained relatively similar across all assemblages along 
the coastline (Figure  3A). At the site level, latitude only ex-
plained 10% of variation in Fric between assemblages but was 
still significant (DistLM, (F(1,37) = 4.28, p = 0.045)). When Fric 
of gamma assemblages was regressed against latitude, there was 
no significant relationship (DistLM, (F(1,13) = 0.21, p = 0.65); 
Figure  S1) but functional mean pairwise distance (MPFD) 
did significantly vary with latitude at the site level (DistLM 
(F(1,37) = 5.92, p = 0.021; Figure S2)), although latitude only ex-
plained 13.8% of MPFD variation (Figures  S1 and S2). MPFD 
of gamma assemblages was not significantly explained by lati-
tude (DistLM, (F(1,13) = 1.10, p = 0.31); Figure  S3). When site-
level functional mean nearest neighbour distance (FNND) was 
regressed against latitude, FNND significantly increased to-
wards higher latitudes, with latitude explaining 53% of variation 
(DistLM (F(1,37) = 41.63, p = 0.0001; Figure 3B)). The FNND of 
gamma assemblages was also significantly explained by latitude 
(DistLM (Pseudo F(1,13) = 8.88, p = 0.013); Figure S4).

3.2.1   |   Functional Turnover

Functional β diversity was relatively high within latitudes, with 
a mean of 65.24% ± 18.80% average Jaccard dissimilarity. There 
was no relationship between latitudinal turnover and latitude, 
indicating that β diversity within latitudes was similar across all 
latitudes (Figure S5). The average Jaccard dissimilarity between 
latitude turnover was 55.33% ± 17.9%, with no relationship be-
tween turnover and distance between latitudes (Figure  S6). 
Kalbarri (27° S) exhibited high turnover with all other latitudes, 
and when Jaccard dissimilarity was decomposed, it was found to 
be dominated by nestedness (Table S4). This is reflective of how 
the Kalbarri species assemblage represented a small subset of 
the functional traits at other latitudes due to the low number of 
species (n = 9). At all other latitudes, locations that were further 
apart geographically had Jaccard dissimilarity components that 
were dominated by turnover of species assemblage trait compo-
sition (Table S4). This demonstrates that most of turnover along 
the coast was driven by the lack of shared trait combinations 
between the assemblage pairs.
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3.2.2   |   FEs

Analysis of the trait space grouped the species assemblage into 
56 FEs. When site assemblages were composed of FEs instead of 
species, the number of FEs did not significantly differ between 
latitudes ((F(14,24) = 0.68, p = 0.77), Figure S7). Species richness 
explained 76.4% of variation in the number of FEs, with the 
number of FEs increasing at sites with higher species richness 
(DistLM, (F(1,37) = 120, p = 0.0001)). However, this relationship 
appears to be approaching the threshold where FER will stop 
increasing with species richness (Figure S8). FR of site assem-
blages significantly increased towards lower latitudes (DistLM, 
(F(1,37) = 34.13, p = 0.0001), Figure  S9). Similarly, FOR in site 
assemblages also significantly increased towards lower lati-
tudes (DistLM, (F(1,37) = 42.11, p = 0.0001), Figure S10). It fol-
lows that the FVul of site assemblages significantly increased 
towards higher latitudes, with latitude explaining 48.5% of vari-
ation (DistLM (F(1,37) = 34.79, p = 0.0001), Figure S11).

3.3   |   Functional Biogeography

To further investigate any broad-scale patterns in functional bio-
geography along the coast, GPA cluster analysis was conducted 
using the latitudinal FE assemblages. Hierarchical cluster analysis 
based on Jaccard dissimilarities revealed that latitudes could be 
separated into three statistically significant distinct groups (k = 3) 
(Figure S12). Differences among cluster groups were further tested 
using pairwise PERMANOVA and showed significant differences 
in FE assemblage composition between temperate and tropical 
(t = 2.6559, p = 0.0001), Kalbarri and tropical (t = 1.3303 p = 0.0453), 
but not temperate and Kalbarri clusters (t = 1.0153, p = 0.5273; 
Table S4). Following this, Kalbarri was combined with the tem-
perate bioregion. This enabled the WA coastline to be split into two 

distinct biogeographic regions, the temperate south (34° S–27° S) 
and a tropical north (24° S—18° S; Figure 4).

Functional turnover (β diversity) of the FE assemblages be-
tween the two bioregions was moderately high (Table 1). When 
the Jaccard dissimilarity was decomposed into turnover and 
nested components, it was found to be dominated by turnover, 
indicating that trait composition replacement was driving the 
differences in FE assemblage in each bioregion.

A principal component analysis (PCA) of the global trait space 
based on the FE latitudinal assemblages revealed that there 
were four significant axes of correlated trait variation with 70% 
of variation expressed in just two dimensions and 97% in four 
dimensions (Figure S13). The tropical hull occupied 64% of the 
global hull and the temperate hull occupied 82% (Figure 4). The 
temperate region occupied the most trait space despite having 
less FEs than the tropical region. This indicates that the traits 
represented by the temperate taxa were rarer or expressed more 
extreme trait values than the tropical fauna by dispersing more 
widely between the global hull boundaries.

3.3.1   |   FEs of Bioregions

The number of FEs did not significantly differ between temper-
ate and tropical bioregions (Figure 5A). However, FR of FEs was 
significantly higher in the tropical bioregion (F(1,37) = 39.44, 
p = 0.0001), indicating the number of species in each FE in tropi-
cal assemblages was greater than FEs in temperate assemblages 
(Figure  5B). FOR was also significantly higher in the tropical 
bioregion (F(1,37) = 44.82, p = 0.0001). There was a relatively 
low average FOR across both bioregions, indicating that both 
assemblages had relatively even numbers of species within FEs 

FIGURE 2    |    The relationship of average site species richness (α diversity, black diamonds) and site taxonomic distinctness (Δ+, black triangles) of 
intertidal gastropods with latitude. The number of sites sampled in each latitude varied: 34° S n = 2, 33° S n = 3, 32° S n = 2, 31° S n = 3, 30° S n = 3, 29° S 
n = 2, 28° S n = 3, 27° S n = 1, 24° S n = 3, 23° S n = 3, 22° S n = 3, 21° S n = 3, 20° S n = 3, 19° S n = 2, and 18° S n = 3.
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(Figure 5C). This means that up to 86% of temperate species and 
76% of tropical species did not fill FEs above the mean level of 
FR. FVul was significantly higher for the temperate bioregion 
(F(1,37) = 39.605, p = 0.0001) with up to 100% of FEs in a given 
site assemblage composed of a single species (Figure 5D). The 
average FVul for the tropical bioregion was 69%, indicating that 
a high proportion of FEs in these assemblages were also only 
represented by a single species.

4   |   Discussion

Our results show that the richness and breadth of gastro-
pod functional diversity in intertidal assemblages do not 

significantly change along the WA coastline. The absence of a 
latitudinal gradient in Fric and distinctness (MPFD) demon-
strates that the richness and breadth of functional trait diver-
sity are maintained along the coastline. Although a species 
richness gradient was documented, with richness increasing 
towards lower latitudes, there was a decoupling between tax-
onomic and functional diversity. The increasingly greater 
breadth of average taxonomic distinctness (Δ+) at temperate 
latitudes could explain how functional diversity was able to be 
maintained across the thermal and latitudinal gradient along 
the WA coast (Miranda et al. 2005). Unlike latitudinal gradi-
ents in species richness, spatial patterns in functional diver-
sity are less well known globally with some studies reporting 
functional gradients with latitude (Ramírez-Ortiz et al. 2017; 

FIGURE 3    |    (A) Functional richness (Fric) and (B) Functional mean nearest neighbour distance (FNND) of Western Australian intertidal 
gastropod assemblages across sites along a latitudinal gradient. The median is indicated by the horizontal line within each box. The mean is indicated 
by the black cross within each box. The number of sites sampled in each latitude varies: 34° S n = 2, 33° S n = 3, 32° S n = 2, 31° S n = 3, 30° S n = 3, 29° S 
n = 2, 28° S n = 3, 27° S n = 1, 24° S n = 3, 23° S n = 3, 22° S n = 3, 21° S n = 3, 20° S n = 3, 19° S n = 2 and 18° S n = 3.
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Schumm et al. 2019; Thyrring and Peck 2021), whereas oth-
ers found stronger functional gradients associated with other 
factors like depth or nutrient availability (Zintzen et al. 2017; 
Rojas-Montiel et al. 2020).

Functional turnover was relatively high and did not vary sig-
nificantly within or between latitudes or show any latitudinal 
trends. Functional turnover was driven by species replacement 
between the assemblages rather than changes in the numbers 
of species between sites. Despite this variation, some high-level 
filtering processes must be occurring to form bioregions with 
distinct FE assemblage compositions. The ‘functional village 
hypothesis’ developed by Myers et  al.  (2021b), adapted from 
Smith et  al.  (2014), considers that sites with similar environ-
mental characteristics will support certain ‘essential functional 

components’, creating functionally similar ecosystems. This 
phenomenon has been found in other ecosystems, where en-
vironmental filtering has created a convergence of certain 
traits (Swenson, Anglada-Cordero, and Barone  2011; Siefert 
et al. 2013; Pinto-Ledezma, Larkin, and Cavender-Bares 2018). 
As limestone rock platforms in WA exhibit relatively homo-
geneous physical habitat this could allow for environmental 
filtering of traits and favour certain niches of function (Smith 
et al. 2014; Myers et al. 2021b). The number of FEs does not vary 
between tropical and temperate bioregions, but the FE assem-
blage composition does, suggesting that there could be a unique 
‘functional village’ for each. Fluctuations in Leeuwin current 
strength, larval supply and thermal gradients could be possible 
drivers of this apparent functional filtering, but this remains to 
be investigated (Wilson and Kirkendale 2016; Caputi et al. 1996).

FIGURE 4    |    (A) Summary of the direction of latitudinal trends in site assemblages for various diversity indices (FR, functional redundancy; FOR, 
functional over redundancy; Fvul, Functional vulnerability; Fric, Functional richness; MPFD, functional mean pairwise distance; #FEs, number 
of FEs; SR, species richness; β, beta diversity; Δ+, average taxonomic distinctness) (B) Functional bioregions of intertidal gastropod assemblages in 
Western Australia. The tropical bioregion spans 18° S–24° S shown in red and the temperate bioregion spans 27° S–34° S shown in blue. Sampling 
sites are indicated by white circles. Histograms C (tropical) and D (temperate) show species richness, FER (number of unique trait combinations) 
and functional richness (trait space volume filled by each assemblage), expressed as a percentage relative to the global pool. Number of species and 
number of FEs are displayed above corresponding bars. Distributions of FEs are shown in functional spaces (E (tropical) and F (temperate)) where 
axes represent PC1–PC2 and PC3–PC4 from a principle coordinate analysis of functional traits. The global convex hull, including 186 species split 
into 56 FEs, is shown in white. The colour-filled areas show the functional volume filled by each assemblage. Coloured circles represent the FEs 
present in the fauna, filled points represent FEs present in the fauna that are the vertices of the convex hull (e.g., the ones that shape edges of coloured 
area) and grey crosses represent FEs absent in the fauna.

TABLE 1    |    Components of intertidal gastropod functional turnover (β diversity) based on Jaccard dissimilarities between functional bioregions 
in Western Australia.

Bioregion Jaccard dissimilarity Jaccard turnover Jaccard nestedness

Temperate Tropical 0.4381718 0.296 0.142172
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Functional indices and entities allow for further insights into 
the community trait structure of temperate and tropical biore-
gions. The increase of delta + in sites towards higher latitudes 
could have also bolstered the functional mean nearest neigh-
bour distance (FNND) of temperate ecosystems to create more 
disparate trait assemblages, as species at higher latitudes occu-
pied more dissimilar niches than at lower latitudes (Mouillot 
et al. 2013a; Myers et al. 2021a). Functional turnover between 
bioregions was driven by differences in FE assemblages rather 
than the number of FEs present, further highlighting how tem-
perate and tropical bioregions support distinct, unique traits 
(Siefert et al. 2013; Magneville et al. 2022). Not only were assem-
blages of the temperate bioregion more functionally disparate 
but they also supported a greater Fric despite having a lower 
species richness than the tropical bioregion. The lower species 
richness of temperate assemblages demonstrates how lower di-
versity assemblages can support high Fric (Bellwood et al. 2004; 
Mouillot et al. 2014). Low species diversity has been associated 
with high Fric in other invertebrate assemblages (Ramírez-
Ortiz et  al.  2017). Studies of temperate ecosystems reporting 
higher than expected Fric suggest temperate environments can 
offer habitat and resources to suit a broader range of ecological 
requirements, permitting a higher degree of niche differentia-
tion and lower competition (Lamanna et al. 2014; Rojas-Montiel 

et al. 2020). Less niche packing of FEs in temperate assemblages 
compared to tropical has also been suggested to allow for a 
wider range of trait combinations to arise (Lamanna et al. 2014).

Analysis of assemblages between bioregions highlighted how 
FR was higher at lower latitudes. Increased FR in tropical eco-
systems has been documented previously, with the greater avail-
ability of resources allowing for multiple species to occupy the 
same niche (Walker 1995; Martins et al. 2012; Biggs et al. 2020). 
High FR can help ensure the functional diversity of tropical sys-
tems to some extent by providing a buffer against species rich-
ness loss (Hidasi-Neto, Barlow, and Cianciaruso 2012; Gallagher, 
Hughes, and Leishman 2013). However, the resilience of tropical 
assemblages to disturbances may be reduced as FOR is relatively 
low (up to 24%), highlighting how higher FR may not sufficiently 
protect against the loss of function as species are dispropor-
tionately packed into few FEs (Mouillot et al. 2014; McWilliam 
et al. 2018; Floyd et al. 2020). Further research investigating the 
distributions of individual abundances between FEs is required 
to identify tropical functions that are most vulnerable (Stuart-
Smith et al. 2013). Ultimately, despite being more functionally 
rich, the temperate bioregion was more vulnerable to functional 
loss. A majority of FEs within temperate assemblages were com-
posed of a single species, which means that even the loss of a few 

FIGURE 5    |    (A) Functional entity richness, (B) functional redundancy (Fred), (C) functional over-redundancy (FOR) and (D) functional 
vulnerability (Fvul) of intertidal gastropod assemblages in temperate (blue, n = 19 sites) and tropical (red, n = 20 sites) functional bioregions. The 
median is indicated by the horizontal line within each box. The mean is indicated by the black cross within each box. Significance is indicated by 
an asterisk.
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species will reduce the breadth of functions supported (Oliver 
et al. 2015). Similar to our findings, other studies have shown 
that functionally unique species are more common in temper-
ate rather than tropical communities (Stuart-Smith et al. 2013). 
As long as key species are conserved, limited FR is not always 
a threat as some ecosystems have reported the loss of 75% of 
species richness before any functional groups disappeared 
(Bellwood, Hoey, and Choat 2003; Fonseca and Ganade 2001). 
Quantifying and identifying key functional species in marine 
ecosystems lags behind terrestrial research, but has begun for 
some communities (e.g., coral reefs and deep sea) (Bellwood 
et al. 2019; McWilliam et al. 2020; Myers et al. 2021a). Given the 
dynamic nature of the intertidal environment, more research 
into the effects of temporal and spatial variation on functional 
processes is required to further investigate the vulnerability of 
temperate assemblages (Zintzen et al. 2011). Especially through 
the lens of global climate change, it is vital to identify species 
that are both functionally important and also resilient to future 
environmental changes (Hillebrand et al. 2018).

The clear biogeographic split in functional composition illus-
trated by our results provides a baseline to measure species 
redistributions along the WA coast and impetus to further in-
vestigate the mechanisms underpinning temperate ecosystem 
functioning. However, the boundaries of the functional biore-
gions defined here are subject to shift as environmental change 
continues to influence communities, so increased understand-
ing of temporal turnover between regions is required (Pinto-
Ledezma, Larkin, and Cavender-Bares 2018; McLean et al. 2019; 
Myers et al. 2021b).

Globally, temperate ecosystems are under threat from hab-
itat loss and species redistribution due to the accelerating im-
pacts of climate change (Antão et  al.  2020; Worm, Lotze, and 
Letcher 2021). The Indian Ocean is one of the fastest-warming 
oceans in the world and the impacts of this have already begun 
to influence species distributions along the WA coastline 
(Wernberg et  al.  2016; Tuckett et  al.  2017; Vergés et  al.  2019; 
Roxy et al. 2020). While posing a threat to species distributions, 
the tropicalisation of the WA coastline and the poleward shift 
of marine life due to climate change could also facilitate the 
opportunity for functional diversity to be maintained in tem-
perate regions (Madin et al. 2012). Species richness is predicted 
to increase in the temperate regions as tropical species expand 
their geographic range with ocean warming (Bates et al. 2014; 
Worm, Lotze, and Letcher 2021). The influx of tropical climate 
immigrant species could increase the FR of temperate regions, 
allowing tropical ecosystems to act as a reservoir of functional 
diversity (Vergés et  al.  2019; Miller et  al.  2023). Although the 
mechanisms remain to be unravelled, the spread of tropical gas-
tropod species into temperate ecosystems could allow for tropi-
cal species to fill any locally extinct functional niches that were 
affected by the loss of temperate species due to thermal intoler-
ances (Marzloff et al. 2018; Miller et al. 2023). The recruitment 
of a tropical counterpart would allow for rock platform ecosys-
tems to maintain productivity, with different species perform-
ing the existing ecological roles (Vergés et al. 2019; Kingsbury 
et  al.  2020). Temperate niche tropicalisation has been investi-
gated in fish and it has been shown that tropical species can 
perform the same functional roles as their respective temperate 
counterparts (Miller et  al.  2023). It is difficult to predict how 

assemblages will respond to the simultaneous and potentially 
irreversible distribution shifts in the future, but there is evi-
dence in fish that tropical and temperate species can co-exist, 
while thermal tolerances permit (Zintzen et al. 2011; Kingsbury 
et al. 2020; Miller et al. 2023).

Sea level rise (SLR) is another aspect of climate change that 
will impact intertidal assemblages, where previously intertidal 
habitats become permanently subtidal (Kaplanis et  al.  2020; 
Rullens et al. 2022). The south-west coast of Australia is expe-
riencing faster than the global average SLR and is already clas-
sified as a microtidal region, making rock platforms along this 
coastline particularly vulnerable to future inundation (Lowe, 
Cuttler, and Hansen 2021; Kaplanis et al. 2020). A study of rocky 
shores in Scotland found that SLR between 0.3 m and 1.9 m 
could result in a 10%–50% loss of intertidal extent (Jackson and 
Mcilvenny  2011). The change in abiotic conditions (increased 
periods of submersion, steeper platform slope, decreased habi-
tat availability, etc.) that would occur with SLR would adversely 
impact functional groups that could not re-establish themselves 
at an appropriate littoral height or on the substrate of the new 
intertidal zone (Thorner, Kumar, and Smith  2014; Schaefer 
et al. 2020). This loss of the intertidal functional niche on rock 
platforms will favour the recruitment of more generalist spe-
cies and possibly allow the invasion of subtidal species, which 
were previously constrained by the dynamic tidal environmen-
tal conditions, increasing the competition for intertidal species 
(Schaefer et  al.  2020; Rullens et  al.  2022). Other studies have 
found that trophic generalists were more plastic in adapting to 
the current impacts of climate change; however, this has not 
been investigated in gastropods (Kingsbury et al. 2020; Monaco 
et al. 2020). It would be interesting to compare subtidal and in-
tertidal assemblages to determine what traits are favoured by 
the intertidal environment to our knowledge this has not been 
addressed in marine assemblages. Increased understanding of 
the role environmental filtering plays in structuring ecological 
shifts, and habitat migrations is also required to gain insights 
into SLR impacts on intertidal communities.

Functional diversity can be lost at greater rates when ecosys-
tems with low redundancy are exposed to congruent impacts 
(Worm et al. 2006; Mouillot et al. 2013a). In the context of WA, 
the south-west region is the most densely populated, which ex-
poses the marine environment to greater human influence and 
synergistic stressors (e.g., coastal development, pollution, and 
fishing pressure) (Mora et al. 2011; Centre for Population 2022). 
This intrinsically makes the temperate bioregion more vulner-
able to functional loss, not only due to the structure but also 
from the greater exposure to anthropogenic impacts and habitat 
modification (Martins et al. 2012). The loss of functional diver-
sity for temperate ecosystems is more likely in the event of envi-
ronmental change or disturbance, as the multiplication of these 
stressors can further erode resilience, placing already vulnera-
ble functions under additional pressure (Worm et al. 2006; Mora 
et  al.  2011). The long-term provisioning of ecosystem services 
in temperate intertidal environments will depend on the scale 
of the deleterious effects caused by greater population density 
in combination with the rate of climate change impacts (Leitão 
et  al.  2016). Further work to identify particularly vulnerable 
temperate functional groups will highlight any irreplaceable 
species or groups that support overall intertidal function and 
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help boost ecosystem resilience by preserving a broad range of 
trait diversities (Micheli and Halpern 2005).

Our results are an important first step to better understanding 
the functional structures and vulnerabilities of gastropod as-
semblages in WA. The use of additional continuous data traits 
would help to increase the relevancy of our results, which exclu-
sively rely on categorical traits, however, as Floyd et al. (2020) 
noted the availability of mollusc traits is limited and cur-
rently there is not enough knowledge of trait plasticity in mol-
luscs to accommodate more accurate trait coding (Fiorentino 
et  al.  2017). Functional diversity patterns depend strongly on 
the traits measured and thus are susceptible to change if addi-
tional or more specific traits are included (Beauchard et al. 2017; 
Floyd et al. 2020). Data availability is a major restrictive factor in 
any functional trait analysis as phyla that receive less attention 
due to lack of commercial applicability or research bias are dis-
advantaged (Hughes et al. 2021). Recent studies of vertebrates 
have measured continuous traits from individuals to examine 
the effects of both interspecific and intraspecific variation on 
assemblage structure and dynamics, representing the newest 
iteration of functional research (Myers et  al.  2021a; Diamond 
and Roy 2023). Gathering intraspecific information for gastro-
pod assemblages would aid in interpreting the relative func-
tional importance of environmental filtering and internal biotic 
interactions across latitudinal gradients (Myers et  al.  2021a). 
Additionally, consideration of the correlation between traits and 
environmental conditions could provide further insights into 
how intertidal Fric varies spatially and aligns with abiotic factors 
(e.g., temperature, tidal regime, and wave exposure; Helmuth 
et al. 2006; Pinto-Ledezma, Larkin, and Cavender-Bares 2018). 
Understanding the influence of abiotic factors on trait assem-
blages is especially relevant given that WA has already reported 
evidence of functional change due to tropicalisation in subtidal 
environments (Bosch et  al.  2022; Sahin et  al.  2024). Focusing 
future efforts to document traits and other variables that can 
capture responses to climate change (e.g., size, growth rate or 
abundance data) will increase the scope of researchers to make 
future predictions of gastropod assemblages in WA (McLean 
et al. 2019).

5   |   Conclusion

Integrating functional trait-based and the documentation of 
empirical evidence to understand Fric is becoming essential 
to gain increased insights into the mechanisms structuring as-
semblages and make conservation efforts more effective (Myers 
et  al.  2021b; Gallagher, Hughes, and Leishman  2013). The in-
creasing decline in species diversity globally will undoubtedly 
result in assemblages becoming simplified, which could lead to 
substantial losses in function and the disruption of ecosystem 
services (Fonseca and Ganade  2001). Our study provides new 
insights into gastropod functional diversity across a vast lati-
tudinal gradient, characterising how the structure of intertidal 
communities varied according to key ecological traits ranging 
from food acquisition to locomotion. The absence of a Fric gradi-
ent and low latitudinal turnover support the idea of a ‘functional 
village’, positing that key biological functions remain similar on 
rock platforms across large spatial scales (Myers et al. 2021a). 
Gastropod FE assemblages exhibit distinct biogeographic 

regionalisation, which highlights the vulnerability of the more 
unique and rich temperate assemblages. Tropical assemblages 
show greater FR providing a buffer against future change and 
potentially acting as a reservoir of essential functions for temper-
ate assemblages as coastline tropicalisation continues (Mouillot 
et al. 2013b; Vergés et al. 2019). Already facing the uncertain im-
pacts of range shifts and SLR, temperate intertidal assemblages 
are potentially at more risk from synergistic anthropogenic im-
pacts threatening functional diversity as well (Antão et al. 2020; 
Kaplanis et al. 2020). This study establishes important baselines 
for gastropod assemblages against which future changes may be 
compared, allowing hypotheses regarding the potential mech-
anisms to be refined and management decisions to be better 
informed. Ultimately, the future of preserving intertidal assem-
blages relies on furthering our comprehension of traits among 
species and identifying FVul across regions.
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