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ABSTRACT: Marine fossil records hold outstanding importance for ecological, evolutionary and biogeographical
studies. Santa Maria Island in the Azores Archipelago (central Atlantic) features a remarkable marine fossil record spanning
from the Pliocene to recent times. This record includes late Pleistocene outcrops with fossiliferous deposits dated from the
last interglacial period (MIS 5e). In this study, we describe a newly discovered MIS 5e outcrop (Ponta do Cedro) and
investigate its marine mollusc assemblages. Fifteen taxa (11 gastropods and four bivalves) constitute new records for the
MIS 5e highstand deposits of the Azores, increasing the total number of MIS 5e mollusc taxa to 160 (132 gastropods and
28 bivalves). Four genera/species are reported herein for the first time in the global/world fossil record, further emphasising
the exceptional palaeobiodiversity of the MIS 5e mollusc assemblages on Santa Maria. Using a functional diversity‐based
approach, we compared, for the first time, the MIS 5e fossil record with the modern molluscs from the Azores. To achieve
this, we compiled two data sets with information covering 35 functional traits from a total of 420 mollusc taxa: 160 from
the MIS 5e sedimentary deposits of Santa Maria and 365 modern shallow‐water molluscs reported from the Azores. After
excluding taxa lacking complete functional trait information, the final data set included 385 mollusc taxa: 132 from the
MIS 5e deposits and 320 modern species. All functional alpha‐diversity indices were higher for the modern assemblage
compared to the MIS 5e, except for Functional Divergence (FDiv), which was greater in the MIS 5e assemblage. This
suggests higher productivity, along with the use of a larger number of ecological niches and thus increased niche
specialisation for the modern communities compared to the MIS 5e ones. Conversely, the MIS 5e communities appear to
have been less resilient to invasions and climate change than their modern counterparts. However, the higher FDiv
observed in the MIS 5e communities indicates more efficient use of available resources by these communities, when
compared with the modern ones. The results of the multidimensional functional beta‐diversity reveal that the nestedness‐
resultant value is significantly higher than the turnover component. This indicates that the MIS 5e assemblage is a subset of
the modern assemblage. Finally, this study provides the first baseline for comparing MIS 5e mollusc assemblages with
others, highlighting the unique palaeobiodiversity and functional characteristics of the MIS 5e fossil record on Santa Maria
Island. © 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction
For almost 150 years, researchers have explored and published
extensively on the geology of Pleistocene shallow marine
depositional environments located along both the western and
eastern Atlantic continental coasts, studying and describing
their fossil marine fauna and flora (e.g., Doderlein, 1872;
Gignoux, 1910; Issel, 1914; Lecointre, 1952; Richards, 1962;
Martıńez et al., 2001; Rojas et al., 2018; Chakroun et al., 2017;
Charó, 2021 and references therein), and discussing their
palaeoecology, palaeoclimatic and biogeographic relevance
(Bauch and Erlenkeuser, 2008). At first glance, the marine
fossil record for oceanic islands seems relatively poor
compared to that for continents (Soja, 1992). Nevertheless,
oceanic islands are of upmost importance for understanding
the dispersal of life across oceans and adjacent coastlines.
Additionally, their fossil records offer valuable data
to disciplines such as evolution, palaeoecology, palaeocea-
nography, palaeoclimatology and palaeobiogeography
(Ávila et al., 2019).
Some oceanic islands located in the Central and Northern

Atlantic (Fig. 1) show a rich palaeobiodiversity, holding a
substantial number of small, scattered Marine Isotopic
Substage 5e (MIS 5e) fossiliferous outcrops that can be
studied. The MIS 5e corresponds to the warmest phase of the
Last Interglacial (LIG, 130–115 ka; Lisiecki and Raymo, 2005),
lasting from approximately 128 to 116 kyr (Oppo et al., 2006).
Examples of MIS 5e deposits are known from Bermuda (Muhs
et al., 2002), Cabo Verde (García‐Talavera, 1999; Cabero del
Rio, 2009; Zazo et al., 2007, 2010), Canary Islands (Meco
et al., 2008; Cabero del Rio, 2009; Martín‐González
et al., 2016, 2019); Selvagens (García‐Talavera and
Sánchez‐Pinto, 2001), Madeira (Cotter and Girard, 1892;
da Silva, 1956; Gerber et al., 1989) and the Azores
(Zbyszewsky et al., 1961; Callapez and Ferreira Soares, 2000;
Ávila et al., 2002, 2007, 2009a, 2010, 2015b, 2020a;
Madeira et al., 2011; Hyžný et al., 2021; Rebelo et al., 2021;
Melo et al., 2022a).
While the Madeira, Canaries and Cabo Verde archipelagos

host multiple islands supporting an abundant and diversified
fossil marine record as old as the Cretaceous (e.g.,
Fuerteventura in the Canaries Archipelago; Renz et al., 1992;
Castillo et al., 2001), Santa Maria is the only island of the
Azores Archipelago where outcropping sedimentary succes-
sions of Plio‐Quaternary age occur (e.g., Winkelmann
et al., 2010; Meireles et al., 2012; Rebelo et al., 2014, 2016;

Ávila et al., 2020a, 2022; Hyžný et al., 2021; Sacchetti
et al., 2023). Zbyszewsky et al. (1961) were the first to report
on the Santa Maria MIS 5e marine fossils from an outcrop at
Prainha, located in the southern shores of the island.
Subsequently, Callapez and Soares (2000) discovered the
MIS 5e deposit at Lagoinhas on the north coast. Vinha Velha,
located on the southern coast, was described by Ávila et al.
(2015b). Additional MIS 5e outcrops, many still unexplored,
were first reported in that paper. Among them was a
new locality at Ponta do Cedro, described herein, from the
island's eastern coast. The most recent analyses of MIS 5e
fossils from Santa Maria were conducted by Melo et al.
(2022a, 2022b, 2023) and by Ávila et al. (2025). For a
comprehensive review of the most important marine palaeo-
sites on Santa Maria Island, see Madeira et al. (2007) and
Ávila et al., (2016, 2018).
Now at the vanguard of biodiversity and ecological

research, functional diversity‐based approaches (FDB) rely
on functional traits to describe variations in species traits and
provide a more accurate and complete overview of ecosys-
tems' diversity (Naeem et al., 2012). By adding this functional
dimension, FDB metrics add new information and comple-
ment traditional alpha‐ and beta‐diversity measures, as well
as classic indices such as Shannon's entropy, Simpson's
dominance and Pielou's evenness, thereby enriching our
understanding of ecological complexity. The link between
richness and ecosystem functioning is often weak, whilst
compositional effects are commonly much stronger. This
suggests that it is the breadth of species functional traits
(functional diversity rather than species richness per se) that
likely underpins a mechanistic link between diversity and
ecosystem functioning. Moreover, the use of functional traits
may allow us to identify species that have a greater
uniqueness (i.e., species with traits much dissimilar to others,
measured by the Functional Originality index, FOri) or that
display a high level of specialisation (i.e., species that hold
traits with extreme values, best expressed by the functional
specialisation index, FSpe), and that may therefore
have a disproportionate importance for the functioning of
ecosystems or that are of special conservation interest.
When such species are locally extirpated or even go extinct,
the communities' trait space as well as some specialised
ecological roles become empty, thereby reducing the
breadth of traits and, consequently, the size of the
convex hull multidimensional space (Solan et al., 2004;

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 1. Geographic location of the archipelagos located in the North Atlantic and having fossiliferous outcrops of the MIS 5e. AZO, Azores
Archipelago; BER, Bermuda; CAB, Cabo Verde Archipelago; CAN, Canary Archipelago; MAD, Madeira Archipelago; SEL, Selvagens Archipelago.
[Color figure can be viewed at wileyonlinelibrary.com]
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Mouillot et al., 2013a). As a result, quantifying functional
diversity has become a priority in ecological and biogeo-
graphical studies.
A literature search performed in April 2025 in the Web of

Science Core Collection (Clarivate Analytics) using the
following Boolean combination of relevant keywords in the
“Topic” field: [(fossil AND marine AND gastrop*) and
(function* diversit* OR function* trait*)] yielded 13 articles,
only two of which (Rivadeneira and Nielsen, 2017;
Grossmann et al., 2023) used FDB. A similar search using
[(fossil AND marine AND bivalv*) and (function* diversit* OR
function* trait*)] yielded 23 articles, only four of which (Berke
et al., 2014; Mcclain et al., 2018; Bryant and McClain, 2022;
Grossmann et al., 2023) used FDB. A more exhaustive search
identified a few additional studies (e.g., Villéger et al., 2011;
Dineen et al., 2014; Foster and Twitchett, 2014; Rivadeneira
and Nielsen, 2018). Despite this, FDB are still rarely applied in
palaeontology, and they have not yet been applied to the MIS
5e fossil record.
In times of climate change and accelerated global warming

as today (Cheng et al., 2019), the MIS 5e—characterised by
temperatures 3°C–5°C higher in some Northern Hemisphere
locations and sea levels 2–10m above current levels
(Rasmussen et al., 2003; Caputo, 2007; Rohling et al., 2008;
Dutton and Lambeck, 2012; O'Leary et al., 2013)—represents
a likely analogue for the near‐future climatic conditions
expected to affect coastal ecosystems worldwide
(Gehrels, 2010). Within such a framework, this study aims to
(1) describe the Ponta do Cedro fossiliferous outcrop, a new
MIS 5e deposit from Santa Maria Island; (2) reconstruct the
palaeoenvironment of the sedimentary facies at Ponta do
Cedro; (3) update the MIS 5e checklist of the shallow‐water
marine molluscs from the Azores Archipelago; (4) explore, for
the first time in the Last Interglacial fossil record, the functional
traits of the MIS 5e Azorean shallow‐water marine molluscs
using FDB to establish a baseline for the MIS 5e functional
diversity; and finally (5), to compare the MIS 5e results with
those obtained from a similar analysis on the modern marine
molluscs of the Azores (MIS 1), testing in the process how the
temporal changes in taxonomic diversity between these two
time bins influenced the functional structure of these two
interglacial assemblages.

Geographic and geologic setting
The geographic position of the Azores Archipelago in the
central North Atlantic, mid‐way between Europe and North
America, provides an excellent site for evolutionary studies, and
serves as a testing ground for theories aiming to understand the
evolutionary and biogeographic history of the Atlantic basin
during the late Neogene and Quaternary. The Azores archipe-
lago comprises nine volcanic islands aligned on a west–
northwest to east–southeast axis (Fig. 2(A)). These islands lie at
the intersection of three tectonic plates: the Nubian (Nu), the
North American (NA) and the Eurasian (Eu). Santa Maria is part
of the Eastern Group of islands, and is the southeastern‐most in
the Azores, residing on the Nu plate.
Santa Maria is the oldest island in the Azores, and is

particularly significant as one of the most favourable oceanic
islands for studying the late Neogene and Quaternary marine
fossil record in the North Atlantic (Ávila et al., 2018), owing
to a combination of factors, among which its vertical motion
history is the most important (Quartau et al., 2016; Ramalho
et al., 2017). In contrast to all other islands of the Azores,
which emerged above sea level during the Pleistocene,
Santa Maria emerged at around 6Ma, showing two main

cycles of volcanic growth (5.8–5.3 Ma and 4.1–2.8 Ma;
Sibrant et al., 2015; Ramalho et al., 2017), with a dominantly
erosive stage in between, during which the island was largely
razed by a combination of subsidence and marine erosion.
The Pliocene fossils are related to this period, during which
deposition of marine sediments took place in a wide, shallow
submarine bank (Ramalho et al., 2017; Ávila et al., 2018).
Critically, at ca. 3.5 Ma, the island reversed from subsidence
to an uplift trend, leading to the exposure of superb
submarine volcano‐sedimentary sequences (Ávila et al.,
2015a, 2018, 2020a; Ramalho et al., 2017; Uchman
et al., 2017, 2018, 2020) and the formation of several raised
marine terraces, among which the lowest (except for the
present day's) was carved during the LIG (Ramalho
et al., 2017; Ricchi et al., 2018).
One of the most recently discovered MIS 5e deposits from

Santa Maria is located on the eastern coast of the island, at
Ponta do Cedro. This fossiliferous outcrop consists of two
sections situated at an altitude of 6 m (western section) and 7m

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 2. Location maps. (A) Location of the Azores Archipelago
within the NE Atlantic (insert) and Santa Maria within the Azores
Archipelago. Eu, Eurasian plate; MAR, Mid‐Atlantic Ridge; NA, North
American plate; Nu, Nubian (African) plate. Bathymetry extracted from
GEBCO 2019 (https://www.gebco.net/data_and_products/gridded_
bathymetry_data/); coastline delimitation from the Portuguese
Hydrographic Institute free data (https://www.hidrografico.pt/op/33).
(B) Geological map of Santa Maria Island modified from Serralheiro
et al. (1987) and Ramalho et al. (2017), with the location of the Ponta
do Cedro outcrop. The other MIS 5e outcrops studied are PRA
(Prainha) and VVE (Vinha Velha), both located in the south coast, and
LAG (Lagoinhas), located in the north coast of the island. Underlying
digital elevation model from the 1:5000 scale digital altimetric
database. [Color figure can be viewed at wileyonlinelibrary.com]
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(eastern section) above the present sea level (Ávila et al.,
2015b, 2018; Figs. 2 and 3). These sections are separated by a
headland where Pliocene fossiliferous deposits arranged in
three stacked clinoforms prograding towards the sea and
encapsulated between lava flows (Uchman et al., 2020) are
present (Fig. 4). Ponta do Cedro is also one of the notable sites
on Santa Maria Island where MIS 5e boulder beach deposits
are preserved (Ávila et al., 2020b).

Methods
MIS 5e depositional benchmarks

The coastal areas of Santa Maria Island were extensively
surveyed for fossiliferous deposits during field campaigns

within the scope of 19 editions of the “Palaeontology in
Atlantic Islands” workshops (2002, 2005–2023). Fieldwork
included numerous boat trips around the island's shoreline
(Fig. 5(A),(B)) and the most plausible palaeosites were checked
onshore. These efforts facilitated the identification of fossils
and geological evidence of sea‐level highstands, such as beach
conglomerates (Fig. 5(C)), raised shore platforms (Fig. 5(D)),
shore angles (Fig. 5(E)) and wave‐cut notches (Fig. 5(F)).
Coastal wave‐cut notches are geologic features that are usually
present in steep, plunging sea cliffs, and result mostly from
mechanical erosion derived from waves and tidal erosion.
Such wave‐cut notches constitute prime localities for the
reconstruction or analysis of marine and coastal palaeoenvir-
onments during the Quaternary, as they provide a benchmark
for sea level at the time (Trenhaile, 2015). In addition, notches,
like those at the Ponta do Cedro outcrop, often contain rocks

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 3. Aerial view of Ponta do Cedro outcrop. The MIS 5e deposits are marked by dashed white lines. The western (smaller dashed white rectangle)
and eastern sectors of the MIS 5e at Ponta do Cedro are separated by a Pliocene promontory where the islanders quarried limestone to produce lime.
The standardised 1‐kg quantitative samples were collected in the western sector. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 4. General view of Ponta do Cedro, with the location of the MIS 5e deposits in the context of the Pliocene marine sequence exposed at the
sea cliff. [Color figure can be viewed at wileyonlinelibrary.com]
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and fossil‐bearing deposits, trapped within their crevices. The
deposit studied herein at Ponta do Cedro is assigned a last
interglacial age (MIS 5e) for two reasons: the height of the
deposit in relation to the present sea level, which is consistent
with that of dated outcrops (e.g., Prainha), and more
importantly, the presence of MIS 5e ecostratigraphic indicator
molluscs for the Azores (cf. Ávila, 2025), such as Conus spp.
and Claremontiella nodulosa (C.B. Adams, 1845).

Stratigraphical, sedimentological and
palaeontological characterisation

The eastern section of the Ponta do Cedro Pleistocene outcrop
(Fig. 6(A)) was first explored during the seventh Palaeontology in
Atlantic Islands (PAI) workshop on July 18, 2010. Subsequent
sampling campaigns were conducted on July 15, 2012 (ninth
PAI) and June 22, 2014 (11th PAI). The western section was
discovered and sampled on July 23, 2015, during the 12th PAI;
Figs. 3, 4, 6(A),(B), and 7). This outcrop was last visited on July
11, 2023, during the 19th PAI, when a general cross‐section of
this sequence was recorded. Fig. 4 provides an overview of the
western section, while Fig. 8 schematises the stratigraphic
interpretation of the cross‐section and the locations of two strip
logs (Fig. 8(A)). These logs were used to construct stratigraphic
sections along a representative vertical profile of this MIS 5e
outcrop (Fig. 9). Detailed aspects of the internal structures and
contacts of the subunits individualised in the sedimentary

deposit are also presented (Fig. 8(B)). Special attention was paid
to register changes in facies and fossil content.
An aerial view provides a wider perspective of the MIS 5e

deposit, which is placed on a platform shaped like a small
amphitheatre (Figs. 6(B) and 10). To further support the description
of the outcrop, a 3D model of the western section, focusing on the
most sedimentary variability, was also constructed (Figs. 8(B),(C)
and S1). This three‐dimensional photogrammetric model was
obtained using Alice Vision Meshroom (version 2023.1.0) to
generate the mesh and texture from photographs and video still
frames of the outcrop. The mesh was subsequently processed
using Geomagic Wrap 3D Systems, version 2021.2.2.
Fossil surveys and qualitative collections were conducted at

both the western and eastern outcrops at Ponta do Cedro. Eleven
quantitative and three qualitative samples of MIS 5e sediments
were collected in the western section. The qualitative samples
were used to update the MIS 5e checklist of Santa Maria Island.
The 11 quantitative bulk samples, each of approximately 1 kg,
were collected from a pocket of sand facies located at the base of
boulders that infill the wave‐cut notch (Figs. 7(A),(B) and 8(B),(C)).
Sampling was restricted to fresh material from in situ deposits
after removal of weathered residues. Samples were disaggregated
in the laboratory using a brief ultrasonic treatment and then
oven‐dried at 60°C for 24 h. Sediment samples were not sieved,
thus allowing for hand‐picking of all determinable remains of the
macrobenthos (including fragments as small as 0.1mm).
Quantitative analysis was limited to molluscs. All specimens
collected were identified to the lowest possible taxonomic level
and counted. The best‐preserved specimens were photographed,
including all new records for the MIS 5e of Santa Maria (Tables 1
and S1; Figs. 11 and 12). The raw data of other MIS 5e
quantitative samples (each also weighing 1 kg of fossiliferous
sediments) collected from Prainha, Lagoinhas and Vinha Velha
outcrops, and previously studied by Ávila et al. (2009a, 2015a),
were also incorporated into Table S1.
The invertebrate nomenclature follows that adopted in the

WoRMS database (http://www.marinespecies.org/) for the extant
species and the “Molluscabase” database (https://www.
molluscabase.org/) for the fossil taxa. All material is stored in
the fossil collection of the Department of Biology of the
University of the Azores (Ponta Delgada, São Miguel Island),
under references DBUA‐F 1137, 1156, 1164, 1182, 1184,
1209, 1222, 1233, 1261 and 1263 (quantitative samples), and
DBUA‐F 1183, 1198 and 1262 (qualitative samples).

Statistical analysis

Bulk samples (each ~1 kg of fossiliferous sediments) from
Ponta do Cedro (n= 11) were compared with those of Prainha
(n= 8; Ávila, 2005), Lagoinhas (n= 10; Ávila et al., 2009a) and
from Vinha Velha (n= 6; Ávila et al., 2015b; Table S1).
Numerical ecology techniques were used to describe the
palaeocommunities of Ponta do Cedro.
The Chao estimator was used to account for potentially

undersampled species richness at Ponta do Cedro. It is
recommended to have at least 200 individuals in total (Cameron
and Prokyszko, 2005), a situation that is fulfilled by our data (cf.
Table S1). Individual‐based rarefaction curves were computed
for each replicate and for all four outcrops, by using the total
sum of individuals per 1 kg‐bulk sample (Fig. 13).
The complete quantitative MIS 5e database encompassing data

from Ponta do Cedro, Prainha, Lagoinhas and Vinha Velha
(Table S1) was used for the remaining numerical ecology analysis.
Following the methodology of Borcard et al. (2011), calculations
were performed in R using a series of data transformation,
standardisation and clustering methods. As for cluster analysis,
log‐transformed species abundances, Bray–Curtis dissimilarity and

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 5. Exploration of the coast of Santa Maria by boat (A, B) allowed
direct search onshore of geological evidence of sea‐level highstands and
the possible existence of fossil deposits. (C) Beach conglomerates (MIS 5e
deposit) at Ponta do Castelo. (D) Raised shore platforms with a MIS 5e
deposit at Lagoinhas, north coast of Santa Maria Island. (E) Shore angle at
the MIS 5e deposit of Vinha Velha. (F) Wave‐cut notch located between
Malbusca and Vinha Velha; no fossils were found at this geosite (person
for scale). [Color figure can be viewed at wileyonlinelibrary.com]
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Ward's minimum variance clustering were selected based on
cophenetic correlation values. Optimal cluster numbers were
determined using Silhouette graphs andMantel statistics. Relation-
ships between sites and samples were visualised with a heatmap
(based on log‐transformed species abundances and Bray–Curtis
dissimilarities; cf. Fig. 14) and a dendrogram (Fig. 15).
Indicator species analysis was used to compare the four

deposits and to determine the possible association between
species and the different sites, based on species abundances.
For this analysis, we used the R package “Indicspecies”,
available through Cran (http://cran.r-project.org/web/packages/
indicspecies/). This package is a refinement of the IndVal method
originally developed by Dufrêne and Legendre (1997) and
enhanced by Cáceres and Legendre (2009). This algorithm
calculates two key metrics: fidelity (i.e., the degree to which a
species is restricted to a specific site or group of sites) and
consistency (the regularity of species occurrence among sites
within site groups), providing an indicator statistic value (IndVal)
and the respective p‐value (Table 2). To visualise these relation-
ships, a redundancy analysis based on IndVal was performed,
enabling the simultaneous projection of species and samples
(Fig. 16). This approach has proven effective in previous studies,
including comparisons of ostracod palaeocommunities (Meireles
et al., 2014) and mollusc palaeocommunities in the Azores (Ávila
et al., 2015b).
The diversity of molluscs for each location was estimated by

Hill's series (Hill, 1973), which are defined by a parameter “q”,

that determines how much weight is given to rare species. For
q= 0, it represents the number of species in a sample; q= 1 is the
antilogarithm of the Shannon diversity index; and q= 2 is the
inverse of the Simpson diversity (cf. Pearson and Rosenberg,
1978; Warwick and Clarke, 1993). Hill's numbers represent a
conversion of common indices into true diversity, so that their
values are directly comparable (Jost, 2006). The increasing order
of Hill's numbers (N0, N1 and N2) indicates an increasing
emphasis on the diversity of common and more abundant
species. Hill's numbers were calculated using the r package
iNEXT (Hsieh et al., 2024). As species richness counts are highly
sensitive to the number of individuals sampled (Gotelli and
Colwell, 2011), we used extrapolation techniques based on 50
permutations to estimate the numbers of species in a sample of
50 individuals (ES50). Comparison of Hill's numbers among the
four locations was achieved using a Generalised Linear Model
with a Poisson family and a log link function (var ~ location,
family= Poisson(), function “glm”, package stats), setting the
location Ponta do Cedro (PCE) as the reference level.

Functional diversity analysis

A comprehensive table was compiled to catalogue the
functional traits of all 160 fossil mollusc taxa (132 gastropods
and 28 bivalves) identified in the MIS 5e outcrops from
Santa Maria Island (Table S3). The data set integrates 35
categorical groups and four continuous traits/variables groups,

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 6. Detailed general views of the western section of Ponta do Cedro outcrop. (A) Frontal view of the outcrop; photo shot from the sea, from
south to the north. (B) Lateral view of the outcrop; photo shot from west to the east. The tallest researcher is 1.7 m high. [Color figure can be viewed
at wileyonlinelibrary.com]
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as functional diversity analysis accommodates the simultaneous
use of categorical and continuous variables without bias (Martins
et al., 2012). The relevant data cover the following categories:

1. Mode of larval development: three groups (planktotrophic,
non‐planktotrophic (which included lecithotrophic + direct
development) and brooding).

2. Longevity of each species (geological age range): six groups
(ranging from the Eocene to the present).

3. Mineralogy of the shell/skeletal structure of the fossils: two
groups (aragonite and low‐Mg calcite).

4. Type of locomotion: four groups (actively mobile, slow‐moving,
facultatively mobile and stationary/attached/sedentary).

5. Life habits: six groups (epifaunal, semi‐infaunal, boring,
infaunal, deep infaunal and nektonic).

6. Diet: five groups (carnivore, herbivore/grazer, deposit
feeder, suspension‐feeder and chemosymbiotic).

7. Typical substrate: seven groups (hard ground—including
rocks, shells, corals, gorgonians, coralline algae and
rhodoliths—gravel/pebbles, coarse sand, fine sand, sandy
mud to muddy sand, algae and macrophyte meadows).

Information on additional continuous traits was also included:
abundance (i.e., number of individuals/species in each replicate),
maximum world species size and bathymetric range. Trait
information was extracted from two databases curated by the
first author (Ávila, 2024a, 2024b). In relation to the typology of
traits, we followed the classification proposed by Martini et al.
(2020) and used the whole array of typologies: morphological

traits (e.g., the maximum world species size), life history traits
(e.g., reproduction strategy), physiological traits (e.g., diet) and
behavioural traits (e.g., motility/locomotion and substrate rela-
tion). These functional species' traits are associated with

1. The overall rate of species survival. For example, in a
geological sense, planktotrophic molluscs with wider
geographic ranges have greater longevity and face a lower
extinction risk in comparison with non‐planktotrophic
species, which usually have a more restricted geographic
range; Scheltema, 1977, 1989; Crampton et al., 2010).

2. The ability to acquire food and the use of resources. Traits
such as the type of locomotion, life habit, diet and substrate,
all shape the resulting trophic groups; Gravel et al., 2016).

3. Ecosystem processes. For example, the body size defines
energetic requirements (Fisher et al., 2010).

Finally, information was further included regarding species
exclusively associated with the intertidal zone (Table S2) and
species present in the MIS 5e deposits but absent from the
modern fauna of Santa Maria Island (Table 3). These extirpated
species, mostly warm‐water/tropical in origin, likely disap-
peared locally during the Last Glacial episode (Ávila
et al., 2015a; Melo et al., 2022a, 2022b).
A second table was compiled to catalogue the functional

traits of the 365 modern (MIS 1) shallow‐water (<50m depth)
mollusc shelled species (217 gastropods and 148 bivalves)
reported from the Azores (cf. Table S4). The MIS 5e and MIS 1
tables (cf. Tables S3 and S4, respectively) were subsequently
merged, the overall database including 420 mollusc species.
After thorough review, incomplete records were excluded,
resulting in a final data set of 132 MIS 5e and 320 modern
species of molluscs. This final data set was analysed using R
Studio version 4.4.2 (R Core Team, 2024) and the R package
mFD version 1.0.3 (Magneville et al., 2022).
Prior to the analyses, the functional trait matrix was

standardised (mean= 0, variance= 1) so that all traits were
similarly weighted. As several traits were not continuous, the
Gower distance was applied to compute the pairwise functional
distance between species, thus allowing the mixing
of qualitative/categorical and quantitative/continuous traits
(Gower, 1966; Villéger et al., 2008). A principal coordinates
analysis (PCoA) was performed on the resulting distance matrix,
and the quality of functional spaces was assessed using up to 10
dimensions with the quality fspaces function of the mFD
package (Magneville et al., 2022). The mean absolute deviation
(mad) index was used to determine the minimum number of
axes needed to construct a reliable Euclidean space, with the
lowest mad value indicating the optimal number of axes.
The components of the functional alpha diversity were

calculated for the entire fossil malacofauna (MIS 5e) and the
modern Azorean molluscs (MIS 1), using the mFD R package
(Magneville et al., 2022; cf. Table 4): Species Richness (SpRic),
Functional Richness (FRic), Functional Evenness (FEve), Functional
Divergence (FDiv), Functional Dispersion (FDis), Functional
Originality (FOri), Functional Specialisation (FSpe), Functional
Mean Pairwise Distance (FMPD) and Functional Mean Nearest
Neighbour Distance (FNND) (Mason et al., 2005; Villéger
et al., 2008; Magneville et al., 2022). For a current definition of
each functional diversity index used, see Gomes et al. (2023: 7).
The multidimensional functional alpha diversity was calculated

for each of the four studied MIS 5e outcrops (Ponta do Cedro,
Prainha, Lagoinhas and Vinha Velha; Table S5), and a multiple
comparison test after the Kruskal–Wallis test was implemented to
detect significant differences among the outcrops. Comparison of
the functional alpha diversity (and its components) between the
revised MIS 5e data set (132 mollusc species) and MIS1 species
lists (320 molluscs) was also performed. To minimise species

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 7. Site of collection of the 11 quantitative bulk samples at the
western section of the MIS 5e Ponta do Cedro outcrop. (A) General
view of the outcrop. (B) Eleven samples, each of approximately 1 kg,
were collected from a pocket of sand facies located at the base of the
western sector of the conglomeratic deposit that fill in the wave‐cut
notch. (C) Detail of the outer surface of the sand pocket. [Color figure
can be viewed at wileyonlinelibrary.com]

MIS 5E AND MIS 1: A COMPARISON USING FUNCTIONAL DIVERSITY 7
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richness bias, observed values were compared against expected
random values (50 iterations) using 75 species for both data sets,
with statistical significance assessed using the Wilcoxon rank‐sum
test with continuity correction.
Finally, the mFD R package (Magneville et al., 2022) was used

to estimate the nestedness and turnover components of beta
diversity between MIS5 e and the MIS1 species lists, based on
Jaccard dissimilarities (Baselga, 2012; Villéger et al., 2013). The
turnover component is the highest when there is no shared traits
combination between the two assemblages, whereas the nested-
ness component is the highest if one assemblage hosts a small
subset of the functional strategies present in the other. For
computational efficiency, only four axes were used in this analysis.

Results
Geomorphology of pre‐existing topography

The two MIS 5e deposits at Ponta do Cedro rest on marine
shore platforms carved from hyaloclastites, pillow breccias
and marine sedimentary deposits, and are intercalated
between a sequence of submarine lavas from the Pico Alto
Volcanic Complex (Figs. 2 and 4). In the western outcrop
(Fig. 3; main sampling site), the interglacial sequence includes

a clast‐ to matrix‐supported cobble‐to‐boulder conglomerate
(beach deposit) and part of a talus deposit, resulting from the
dismantling of the cliff, which is still active at present. These
deposits were emplaced in a small, amphitheatre‐shaped
depression within the hyaloclastites and pillow breccias (Figs. 6
and 10). This morphology likely favoured the formation of a
boulder beach by providing space for sediment accommoda-
tion and enabling the subsequent preservation of the deposit.
The beach deposit, partially sealed by the talus deposit, was
later eroded almost to the cliff's base and preserved in a small
concavity forming the head of the amphitheatre morphology
(Figs. 6(A) and 10). A subsequent erosive phase further
accentuated the depression and the overall seaward slope of
the shore platform (Fig. 6(B)), introducing surface irregularities
that have been exacerbated by ongoing erosion. The base of
the beach deposit is located about 5.8 m above sea level,
relative to the Azores Chart‐Datum (Hydrographic Zero).

Facies description, stratigraphy and
sedimentological structures at Ponta do Cedro MIS
5e west section

The west section of the Ponta do Cedro MIS 5e deposit
(Fig. 6(A)) is composed of a basal marine erosional platform

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 8. Stratigraphic interpretation of the western section of the MIS 5e deposit at Ponta do Cedro outcrop (shaded in light red). (A) General view.
(B) 3D representation of the western sector of the beach conglomerate (viewed from south). (B′) and (B″) Sandy laminar and cross‐stratification. (C) Detailed
3D representation of the western sector of the beach conglomerate (viewed from west–northwest). (C′) and (C″) Bioturbation structures (Macaronichnus
segregatis Clifton and Thompson, 1978). (D) Detailed view of the eastern sector of the beach conglomerate. (D′) and (D″) Appearance of the coarse‐grained
matrix and of the clast's arrangement (mainly in a stable position, with the minor axis perpendicular to the surface). Numbers correspond to the units displayed
in Fig. 9. The light blue dashed line depicts the surface erosion; the white dashed line marks the top/base of the units; the white dotted line marks the sub‐units;
and eyes represent the viewing perspectives of each 3D model. [Color figure can be viewed at wileyonlinelibrary.com]
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with a 2° to 3° slope that extends for 26.5 m in length from sea
level to the cliff wall, where a wave‐cut notch with a beach
deposit is present (for a complete 3D model of the westernmost
sector of the outcrop, see Figs. S1 and 8(B),(C)). This platform
shaped like a small amphitheatre is 15.5 m wide (Fig. 6(B), and
bordered by two rocky spurs, flanking and protecting the
beach deposit (Fig. 10). The beach deposit left inside the wave‐
cut notch has a maximum thickness of ~2m and corresponds
to a very coarse sedimentary deposit, a clast‐ to matrix‐
supported cobble to boulder conglomerate (Fig. 7(B)) with a
coarse‐grained matrix (sandy‐gravelly; Figs. 7(C) and 8(B),(D)).
The matrix is more abundant at the top, where it is well graded
with small pebbles and some layers of very fossiliferous

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 10. Aerial view showing the most relevant geomorphological features of the western sector of the MIS 5e deposit at Ponta do Cedro, namely,
the amphitheatre‐shaped morphology and the two rocky spurs (Rs). Sd, slope deposit. [Color figure can be viewed at wileyonlinelibrary.com]

Table 1. Species newly reported for the MIS 5e fossil record of Santa
Maria (SMA) Island (Azores Archipelago).

Species

New record for the

MIS 5e
of SMA

World fossil
record

Arca noae 1
Gregariella semigranata (*) 1 1
Limaria loscombi 1
Thracia phaseolina 1
Aplysia sp. (ǂ) 1 1
Caecum clarkii 1
Creseis virgula (*) 1 1
Limacina lesueurii (*) 1 1
Limacina helicina (*) 1 1
Episcomitra zonata 1 1
Parviturbo azoricus (*) 1
Pseudomelampus exiguus (ǂ, *) 1 1
Raphitoma sp. 1
Rissoella ermelindoi (*) 1 1
Talassia tenuisculpta (ǂ, *) 1 1

Genus (ǂ) or Species (*) reported for the first time to the world fossil
record.

Figure 9. Simplified strip logs of the Ponta do Cedro outcrop,
representing main lithologies, sedimentary structures, contacts and
fossiliferous content. Numbers correspond to the described
depositional units. For the location of the logs, please refer to
Fig. 8. [Color figure can be viewed at wileyonlinelibrary.com]

MIS 5E AND MIS 1: A COMPARISON USING FUNCTIONAL DIVERSITY 9
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bioclastic sand. We selected and measured 40 of the largest
boulders present in the deposit. The largest of these boulders
was 56 × 33 cm and the smallest was 21 × 12 cm (average
boulder dimensions: 38 × 18 cm). The bioclastic component is
more prevalent at the base of the deposit, where the matrix is
less abundant. The pebbles, cobbles and blocks are essentially
basaltic, but there are also calcarenites and fragments of the
hyaloclastitic unit. The source of the sediment is the adjacent
Pliocene cliff, made up of basaltic pillow lavas, hyaloclastites,
pillow breccias and terrigenous sediments (Figs. 3 and 4).
Lateral facies variations in the deposit suggest a decrease in

hydrodynamic conditions towards the deposit's periphery. The
western end features a basal layer in which smaller pebbles
predominate (almost no blocks occur), and beds of fine sand, rich
in heavy minerals, with some laminar and cross‐stratification
(Figs. 8(B) and 9). Bioturbation structures by randomly oriented
Macaronichnus segregatis Clifton and Thompson, 1978
(Fig. 8(C′),(C″)) are visible at the top of this basal layer, suggesting
phases of low hydrodynamic conditions [Fig. 8(A) (see the
location of log 1), 8(B),(C) and 9]. Conversely, the eastern end
displays blocks, pebbles and cobbles mainly arranged in a stable
position, with the minor axis perpendicular to the surface
(Fig. 8(D)) and with no sand in the matrix, indicating lower
transport energy (see the location of log 2; Figs. 8(D) and 9).
Above the beach deposit, and abutting the cliff, lies a slope

deposit (Figs. 8(A) and 10). Stratification at the base suggests
episodic run‐off events, while the upper sections are more
massive and incorporate large hyaloclastite blocks.

Palaeobiodiversity and palaeoecology

Molluscs (gastropods and bivalves) were the most abundant
marine group found in the samples analysed from Ponta do
Cedro. Additionally, remains of foraminifers [including Minia-
cina miniacea (Pallas, 1766)], crustaceans (ostracods, decapods

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 11. Some common mollusc species reported to the MIS 5e
deposits of Ponta do Cedro from Santa Maria Island (Azores)
photographed in the field. (A) Haliotis tuberculata Linnaeus, 1758.
(B) Stramonita haemastoma (Linnaeus, 1767). (C) Patella aspera
Röding, 1798. (D) Gibbula delgadensis F. Nordsieck, 1982.
(E) Talisman scrobilator (Linnaeus, 1758) (31.0 mm). [Color figure
can be viewed at wileyonlinelibrary.com]

Figure 12. New mollusc species reported to the MIS 5e deposits of Ponta do Cedro (Santa Maria Island, Azores). (A, B) Episcomitra zonata
(Marryat, 1819), DBUA‐F 1184, broken specimen, 17.5 mm. (C, D) Conus venulatus Hwass in Bruguière, 1789–1792, DBUA‐F 1184, 29.0 mm.
(E–J) Pseudomelampus exiguus (R. T. Lowe, 1832), DBUA‐F 1156. (E–G) Ventral view. (H–J) Dorsal view. (E, H) 35.0 mm. (F, I) 28.0 mm. (G, J)
30.0 mm. [Color figure can be viewed at wileyonlinelibrary.com]
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(primarily chelae of unidentified crabs) and barnacles), corals
and bryozoans were also recovered. A total of 8252 mollusc
individuals distributed among 94 specific taxa (15 bivalve
species and 79 gastropod taxa; cf. Fig. 11) were counted from
the 11 MIS 5e quantitative sediment samples from Ponta do
Cedro (Table S1). Notably, 15 new species' records (11
gastropods and 4 bivalves; Table 1 and Fig. 12) increase the
total number of fossil molluscs reported from the Santa Maria
MIS 5e highstand deposits to 160 specific taxa (132 Gastropoda
and 28 Bivalvia; Tables S2 and S3). Two gastropod species were
found only in the qualitative samples: Rissoella alexandrae (S. P.
Ávila & Cordeiro, 2015) and Episcomitra zonata (Marryat, 1819)
(cf. Fig. 12(A),(B)). It is worth emphasising that nine taxa/species
and three genera are reported herein for the first time in the
global/world fossil record (cf. Table 1), for example, Aplysia sp.,
Creseis virgula (Rang, 1828), Pseudomelampus exiguus (R. T.
Lowe, 1832) (Fig. 12(E)–(J)) and Talassia tenuisculpta (R. B.
Watson, 1873). Of these, all except T. tenuisculpta are still
present in the Azores today. Talassia tenuisculpta is reported
today from Biscay Gulf to Galicia, the Mediterranean Sea and
the Madeira and Canaries archipelagos. Its presence in the MIS
5e deposits of Santa Maria is another adding to the list of 26 taxa
(21 gastropods and five bivalves) that expanded their geo-
graphic ranges during the Last Interglacial, reaching and
colonising the Azorean shores, before being extirpated during
the Last Glacial episode (Table 3).
The biological association at Ponta do Cedro reveals a high

species diversity, with a predominance of juvenile individuals.
By individual sample, the number of mollusc taxa at Ponta do
Cedro MIS 5e western section ranges from a minimum of 14

(sample PCE‐01) to a maximum of 53 taxa (PCE‐03 and PCE‐
04), while the number of individuals ranges from 35 (PCE‐05)
to 4218 (PCE‐03; cf. Table 5).
Regarding the comparisons of diversity among samples/sites,

the Chao estimator applied to the 11 quantitative samples from
Ponta do Cedro predicts the presence of additional 18 species
likely missed due to undersampling. When applied to the entire
data set (Table S1), that is, including all the 35 quantitative
samples from four MIS 5e sites—Ponta do Cedro (11 samples),
Lagoinhas (10), Prainha (8) and Vinha Velha (6)—the Chao
estimator predicts that 20 additional species are expected to be
found in Santa Maria, if the sampling effort increases.
Rarefaction curves support this, with 10 of the 11 quantitative
samples from Ponta do Cedro far from reaching a horizontal
asymptote, indicating that species richness at this site is not
saturated (Fig. 13). This contrasts with the other MIS 5e outcrops
from Santa Maria, where species richness appears to be more
saturated. Comparison of Hill's numbers showed that the
number of species (Hill's q= 0) was significantly lower at
Lagoinhas compared to Ponta do Cedro, but otherwise similar
among the remaining locations (Fig. 17; Table 7). When
considering Hill's numbers q= 1 and q= 2, the diversity of
molluscs at Ponta do Cedro was significantly greater than that in
the other three outcrops, in both cases (Fig. 17; Table 7).
Both heatmap (Fig. 14) and cluster analyses (Fig. 15) show a

similar pattern: the high within‐locality similarity of Lagoinhas
and Vinha Velha samples, which is expressed in a low
dissimilarity within samples from each of these two outcrops
(Fig. 14), produces two well‐defined clusters: the first with all 10
samples of Lagoinhas and the second with all six samples from

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 13. (A–D) Species count estimates with the Chao estimator for the quantitative samples of the four MIS 5e outcrops in Santa Maria
Island. (A) Ponta do Cedro. (B) Lagoinhas. (C) Prainha. (D) Vinha Velha. Several new species may be expected to be found at Ponta do Cedro if
the collecting effort is increased, because the curves do not reach the horizontal asymptote for most of the samples used, with the single
exception of PCE‐03. Rarefaction curves were computed using the total sum of individuals per 1 kg‐bulk sample (individual rarefaction), with
no extrapolation. [Color figure can be viewed at wileyonlinelibrary.com]

MIS 5E AND MIS 1: A COMPARISON USING FUNCTIONAL DIVERSITY 11
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Vinha Velha. In contrast, the higher within‐locality dissimilarity of
Prainha and Ponta do Cedro samples expressed in the heatmap of
Fig. 14 is responsible for the five clusters for Ponta do Cedro
samples and two clusters for the Prainha samples (Fig. 15).
Indicator species analysis (IndVal) identified 22 species with

significant indicator values among the 90 MIS 5e species. Ponta
do Cedro is characterised by the presence (and abundance) of

12 species, the most important being Ervilia castanea (Montagu,
1803), Tectura virginea (O. F. Müller, 1776), Sinezona cingulata
(O. G. Costa, 1861), Botryphallus ovummuscae (Gofas, 1990),
Mitrella broderipi (G. B. Sowerby I, 1844) and Alvania angioyi
van Aartsen, 1982, all with high IndVal (I> 0.700) (Table 2;
Fig. 16). Vinha Velha is distinguished from the remaining
outcrops by the presence/abundance of Coralliophila meyendorffii

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 14. Heatmap based on log‐transformed species abundances and Bray–Curtis dissimilarities of the palaeocommunities found at the four
outcrops. LAG, Lagoinhas; PCE, Ponta do Cedro; PRA, Prainha; VVE, Vinha Velha. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 15. Similarities based on log‐transformed species abundances of the palaeocommunities found at the four outcrops. In total, 35 samples of
fossiliferous sediments were used, each of 1 kg. Dendrogram based on Ward's clustering of a matrix of Bray–Curtis dissimilarities. Both the analysis
of silhouette width and Mantel statistic suggested an optimal number of nine groups. LAG, Lagoinhas; PCE, Ponta do Cedro; PRA, Prainha; VVE,
Vinha Velha. [Color figure can be viewed at wileyonlinelibrary.com]

12 JOURNAL OF QUATERNARY SCIENCE
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Table 2. Results of indicator species analysis using IndVal. From a total number of 90 species, 22 were selected as having indicator value: 13
species were associated with one group and nine species were associated with two groups.

PCE I p PCE+ PRA I p PCE+ LAG+ PRA I p
Ervilia castanea 0.905 0.005** Tetrarca tetragona 0.761 0.010** Manzonia unifasciata 0.952 0.005**
Tectura virginea 0.834 0.005** Tectarius striatus 0.759 0.010** Claremontiella nodulosa 0.871 0.020*
Sinezona cingulata 0.798 0.005** Skeneopsis planorbis 0.725 0.015*
Botryphallus ovummuscae 0.797 0.005** Parvicardium vroomi 0.697 0.030*
Mitrella broderipii 0.758 0.005** Papillicardium papillosum 0.649 0.035* LAG+ PRA+VVE I p
Alvania angioyi 0.720 0.020* Melarhaphe neritoides 0.979 0.005**
Caecum sp. 0.674 0.005** LAG+ PRA I p Alvania poucheti 0.930 0.005**
Pedipes pedipes 0.674 0.010** Tectonatica prietoi 0.682 0.020* Cingula trifasciata 0.888 0.015*
Vitreolina philippi 0.674 0.010** Calliostoma lividum 0.666 0.050* Mitromorpha azorensis 0.857 0.005**
Leucophytia bidentata 0.658 0.010** Ocinebrina aciculata 0.751 0.015*
Crisilla postrema 0.644 0.020* VVE+ PRA I p Pseudopusula grohorum 0.736 0.010**
Pseudomelampus exiguus 0.603 0.050* Lucinella divaricata 0.979 0.005**

Cardita calyculata 0.928 0.005**
PCE+ PRA+VVE I p

PRA I p PCE+ VVE I p Patella aspera 0.880 0.01**
Bosemprella incarnata 0.935 0.005** Myosotella myosotis 0.840 0.005**
Laevicardium crassum 0.707 0.010**

VVE I p
Coralliophila meyendorffii 0.969 0.005**

LAG I p Vermetidae 0.892 0.005**
Cerithiopsis sp. 0.876 0.005** Patella candei 0.889 0.005**

Lamellaria sp. 0.577 0.020*

IndVal (I) and probability value (p). LAG, Lagoinhas; PCE, Ponta do Cedro; PRA, Prainha; VVE: Vinha Velha. Significance codes for p‐values:
***(0.001), **(0.01) and *(0.05).

Figure 16. Redundancy analysis based on the IndVal, with species and samples projected in a 2D space. Alv.abs, Alvania abstersa; Alv.ang, Alvania
angioyi; Alv.can, Alvania cancellata; Alv.med, Alvania mediolittoralis; Alv.pou, Alvania poucheti; Alv.sle, Alvania sleursi; Ana.ava, Anachis
avaroides; Bit.nan, Bittium nanum; Bot. ovu, Botryphallus ovummuscae; Cin.tri, Cingula trifasciata; Erv.cas, Ervilia castanea; Fos.amb, Fossarus
ambiguous; Man.uni, Manzonia unifasciata; Mel.ner, Melarhaphe neritoides; Ris.gue, Rissoa guernei; Tec.vir, Tectura virginea; Triph, Triphoridae;
Verm, Vermetidae. [Color figure can be viewed at wileyonlinelibrary.com]

MIS 5E AND MIS 1: A COMPARISON USING FUNCTIONAL DIVERSITY 13
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(Calcara, 1845), Vermetidae spp. (Fig. 16) and Patella candei A.
d'Orbigny, 1840, whereas Prainha is mainly characterised by the
bivalve Bosemprella incarnata (Linnaeus, 1758) and Lagoinhas by
the gastropod Cerithiopsis sp. (Table 2). Ponta do Cedro and Vinha
Velha share the presence of the ellobiid Myosotella myosotis
(Draparnaud, 1801); five species [Tetrarca tetragona (Poli, 1795),
Tectarius striatus (P. P. King, 1832), Skeneopsis planorbis (O.
Fabricius, 1780), Parvicardium vroomi van Aartsen, Menkhorst &
E. Gittenberger, 1984 and Papillicardium papillosum (Poli, 1791)]
are typical from the group Ponta do Cedro+ Prainha; and finally,
two species each characterise the groups Prainha+ Lagoinhas
(Tectonatica prietoi (Hidalgo, 1873) and Calliostoma lividum
Dautzenberg, 1927) and Prainha+Vinha Velha [Lucinella divar-
icata (Linnaeus, 1758) and Cardita calyculata (Linnaeus, 1758)]
(Table 2).
In the western section of Ponta do Cedro MIS 5e deposit,

the most abundant mollusc species are the endemic Azorean
gastropods Alvania mediolittoralis Gofas, 1989, which
accounts for 37.83% of all individuals, and Bittium nanum
(Mayer, 1864), with 11.11%. Eight additional gastropod
species account for 23.93%, with proportions ranging from
3.83% (Tectura virginea) to 2.13% [Paludinella globularis
(Hanley, 1844)]. The first bivalve species in the ranking is
Ervilia castanea, which accounts only for 1.81% of the total
(Table 6). The most abundant mollusc species at Ponta do
Cedro are associated with hard grounds, rocky or gravel
bottoms, and the majority of species show bathymetric
distributions spanning from strictly intertidal species [e.g.,
Fossarus ambiguus (Linnaeus, 1758) and Leucophytia

bidentata (Montagu, 1808)] to littoral species (0–50 m)
(cf. Table 6).

Functional diversity analysis: alpha diversity

The overall database comprises a total of 420 mollusc specific
taxa: 160 from the MIS 5e deposits (Table S3) and 365 modern
species (Table S4). After removing species with incomplete
information on functional traits, the final data set includes 385
mollusc taxa: 132 from the MIS 5e and 320 from the modern
species list.
The lowest mean absolute deviation (mad= 0.0499; cf. Fig. S2),

calculated using the quality.fspaces function of the mFD software
package, corresponds to a total of eight axes to be selected as best
representing the multidimensional functional space, accounting
for 87% of the variation in the assemblages.
Comparison of the box and whisker plots resulting from the

alpha‐diversity indices calculated for each of the four MIS 5e
outcrops studied (Ponta do Cedro, Prainha, Lagoinhas, and
Vinha Velha; cf. Table S5) reveals significant statistical
differences between the outcrops for all diversity indices,
except for SpRic, FRic and FDis, which show no meaningful
differences (Fig. 18). In contrast, when using rarefaction to
control for differences in sample size (n= 75 taxa/species), the
comparison of alpha‐diversity indices for the entire MIS 5e
data set (132 taxa) and the modern Azorean malacofauna (320
species) indicates significant statistical differences for all
diversity indices (Fig. 19). Interestingly, the values for all
functional alpha‐diversity indices are higher in the modern

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)
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Table 3. List of species that were found in the MIS 5e outcrops of Santa Maria Island, but that do not occur at the present times in the Azores
Archipelago (cf. Cordeiro et al., 2015), and their current geographic distribution. These marine mollusc taxa are inferred to have been extirpated

Species Class MAD SEL CAN CAB BER NOR BRI GAL POR MED MOR WES MAU SEN GUI GSL

Ensis minor Bivalvia 1 1 1 1 1 1
Glycymeris glycymeris Bivalvia 1 1 1 1 1 1
Laevicardium crassum Bivalvia 1 1 1 1 1 1 1 1
Leiosolenus aristatus Bivalvia 1 1 1 1 1 1 1 1 1 1 1 1
Lucinella divaricata Bivalvia 1 1 1 1 1 1 1
Alvania aff. tesselata Gastropoda 1
Alvania sp. Gastropoda
Claremontiella nodulosa Gastropoda 1 1 1
Conus sp. 1 Gastropoda
Conus ambiguus Gastropoda 1 1 1 1
Conus ermineus Gastropoda 1
Conus miruchae Gastropoda 1
Conus roeckeli Gastropoda 1
Conus ventricosus Gastropoda 1 1
Conus venulatus Gastropoda 1
Gemophos viverratus Gastropoda 1 1 1 1 1
Linatella caudata Gastropoda 1 1 1 1
Mitrella broderipii Gastropoda 1 1 1 1 1
Polinices lacteus Gastropoda 1 1 1 1
Raphitoma philberti Gastropoda 1 1 1
Seila trilineata Gastropoda 1 1
Semicassis granulata Gastropoda 1 1 1 1 1 1
Talassia tenuisculpta Gastropoda 1 1 1 1
Zebina paivensis Gastropoda 1 1 1 1
Zonaria picta Gastropoda 1 1
Zonaria pyrum Gastropoda 1 1 1 1 1 1
Total 8 5 13 12 3 3 5 5 10 14 5 1 3 6 1 4

ANG, Angola; BER, Bermuda Island; BRI, British Isles; CAB, Cabo Verde Archipelago; CAM, Cameroon; CAN, Canaries Archipelago; CON, Congo
and Democratic Republic of Congo (Zaire); GAB, Gabon and Equatorial Guinea; GAL, Galicia; GHA, Ghana; GSL, Guiné, Sierra Leone and Liberia;
GUI, Guinea Bissau; IVO, Ivory Coast; MAD, Madeira Archipelago; MAU, Mauritania; MED, Mediterranean Sea; MOR, Atlantic shores of Morocco;
POR, Portugal; NOR, Norway; SEL, Selvagens Archipelago; SEN, Senegal; STP, São Tomé, Príncipe and Annobon; VIR, Virginian Biogeographic
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assemblage compared to the MIS 5e assemblage, with the
exception of FDiv, which shows higher values in the MIS 5e
molluscs (Fig. 19). The detailed positioning of each species in
the functional space, based on the first three axes of the PCoA,
is shown in Figs. 20 and S3.

Functional diversity analysis: beta diversity

The results from the dissimilarity index (diss.) used to calculate
the multidimensional functional beta‐diversity (Baselga, 2012;
Villéger et al., 2013) reveal that the turnover value
(turn_diss.= 0.0655) is significantly lower than the
nestedness‐resultant value (nest_diss= 0.3760).

Discussion
Palaeoenvironmental reconstruction of Ponta do
Cedro and comparison with other MIS 5e outcrops

Ricchi et al. (2018) demonstrated that the submarine and
subaerial erosional terraces resulting from the uplift of Santa
Maria Island, in combination with sea‐level variations, have a
polygenetic origin. This means that older interglacial high-
stands, such as those during MIS 9 (337–300 kyr) and MIS 11
(424–374 kyr), might have contributed to the formation of
wave‐cut notches (Fig. 5(F)) and irregular shore platforms
(facies 1, Fig. 9) by marine erosion atop volcanic products
during these transgressive episodes, as seen in all studied
outcrops (cf. Figs. 6(B) and 10). However, relevant differences

are observed when the geological sections of the four MIS 5e
outcrops are compared. During the MIS 5e relative sea‐level
rise, boulder and cobble beaches (facies 2a, 2c, and 2e; Fig. 9)
were deposited on top of the shore platform at Ponta do Cedro,
Prainha and Lagoinhas, but not at Vinha Velha. At Prainha,
Lagoinhas and Vinha Velha (but not at Ponta do Cedro), these
shore conglomerates were overlaid and stabilised by a
coralline algal biostrome that developed in a shallow‐
marine, high‐energy (shoreface) environment (Ávila et al.,
2009a, 2010). Again, at Prainha, Lagoinhas and Vinha Velha
(but not at Ponta do Cedro), layers of poorly consolidated
sands cover the algal biostrome, with wave–ripple cross‐
bedding and cross‐lamination indicative of a shoreface to
foreshore depositional setting (Ávila et al., 2009a, 2010,
2015b, 2018). At Ponta do Cedro, two layers of typically black
and poorly consolidated sands with wave–ripple cross‐
bedding and cross‐lamination are also evident (facies 2b and
2 d; Fig. 9). These layers, each less than 20 cm thick, are
situated between boulder and cobble beach layers and do not
cover an algal biostrome, which is absent at Ponta do Cedro.
Finally, the regressive trend following the maximum sea‐level
rise during MIS 5e is recorded by aeolian dunes at all sites,
except Ponta do Cedro. The combination of biogenic sand
particles was derived from the skeletal remains of molluscs,
echinoderms, bryozoans and coralline algae, with black,
basaltic sands. As at Ponta do Cedro (facies 3, Fig. 9),
colluvial–alluvial deposits seal all studied deposits.
At a local scale, the two small spurs that border the Ponta

do Cedro MIS 5e deposit likely protected it from marine

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

from the Azorean shores during the course of the Last Glaciation.

Geographical distribution

IVO GHA STP CAM GAB CON ANG VIR CRL GOM CAR BRA ARG

1 1 1
1

1
1 1 1 1 1 1 1 1 1 1

1

1 1 1 1 1 1 1

1 1 1
1 1 1 1 1 1

1 1 1 1 1 1
1 1 1 1 1

1 1 1 1 1 1

1 1 1 1 1 1 1

1
1 4 8 2 7 2 7 2 4 7 6 5 2

Province; WES, Western Sahara (sensu Ávila et al., 2012). ARG, Argentina; BRA, Brazil; CAR, Caribbean; CRL, Carolinian Biogeographic Province;
GOM, Gulf of Mexico. The regions of most probable origin of the species that reached and colonised the Azores during the final phase of glacial
termination 2 or during the initial times of the MIS 5e, as hypothesised by Ávila et al. (2019), are highlighted in dark grey.
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erosion, and are probably responsible for its preservation
within the wave‐cut notch to this day. A decrease in the
prevalent hydrodynamic conditions is evident on the south-
western side of the deposit, where the geological character-
istics of the deposit suggest phases of low energy, with no
visible blocks, small pebbles predominating and beds of fine
sand with cross‐stratification and bioturbation structures at
the top, including Macaronichnus segregatis. Most fossils
were collected at this site, from small pockets of sand (facies
2b and 2 d; Fig. 9) at the base of the deposit, where the matrix
is less abundant.

Palaeobiodiversity

While molluscs are the most abundant and diversified marine
group collected in the MIS 5e samples from Santa Maria Island
(Ávila et al., 2002, 2007, 2009a, 2010, 2015b, 2025), other
groups have also been sampled on the island, including
coralline algae forming rhodoliths (Rebelo et al., 2021),
echinoderms (Madeira et al., 2011, 2019), decapod crustacean
crabs (Hyžný et al., 2021), fishes (Ávila et al., 2020a) and
whales (Ávila et al., 2015c). Crustacean ostracods, barnacles,
corals and bryozoans have also been collected but await
detailed study.
The present work highlights the remarkable palaeobiodi-

versity of the MIS 5e molluscs' fossil record of Santa Maria
Island, with three genera of gastropods reported herein for the
first time to the world fossil record: Aplysia Linnaeus, 1767;
Pseudomelampus Pallary, 1900, and Talassia Warén and
Bouchet, 1988 (Table 1). Moreover, the 15 new records of
molluscs (11 gastropods and four bivalves) make Santa Maria
Island one of the islands worldwide with a higher MIS 5e
palaeobiodiversity (160 taxa), as well as the island with a
higher percentage of MIS 5e species in relation to the present
number of shallow‐water marine molluscs (44.2%; cf. Table 8).
By comparison, only 83 taxa are equally reported from the MIS
5e fossil record of both Madeira (17.9%) and Cabo Verde
(12.9%) archipelagos, and only 19 taxa from the Selvagens
Archipelago (9.8%). Canaries hold a higher number of mollusc
taxa reported from the archipelago's MIS 5e outcrops (269
taxa), but in comparison with the total number of modern
molluscs, it accounts only to 29.1% (Table 8). The MIS 5e
fossil record seems to be better represented in islands than in
continents. In fact, the only continental site within the Atlantic
or the Mediterranean with a significant number of MIS 5e
molluscs is located along the coasts of the Virginian
Biogeographic Province, with a total of 173 taxa (62.9% of
the total number of recent molluscs reported from this
biogeographic province; Table 8). The Mediterranean is a
very well‐studied region, holding an impressive 316 taxa of
MIS 5e marine molluscs (22.5% in relation to the total number
of recent molluscs; Table 8). This is in contrast with only 170
MIS 5e taxa reported from the Caribbean region (6.2%) and 95
taxa reported from the MIS 5e outcrops located in the coasts of
the Gulf of Mexico (6.1%).
The outstanding palaeobiodiversity of the MIS 5e molluscs'

fossil record of Santa Maria Island is further highlighted by the
results of the Chao estimator suggesting that 18 species might
actually be present at Ponta do Cedro outcrop but were missed
due to undersampling. Moreover, when all outcrops are
considered, around 20 more species are expected to be found
in Santa Maria if the sampling effort increases (cf. Fig. 13).

Palaeoecology

During the sorting process of the quantitative samples
collected at the western section of the Ponta do Cedro MIS
5e outcrop, we observed a very high number of juvenile
individuals, a pattern that was consistent across most species
collected. We interpret this as the result of a natural sieving
process, facilitated by the cobbles and pebbles located above
the sandy layers. These interspaces between cobbles/pebbles
likely allowed the shells and remains of dead marine
organisms to concentrate preferentially within the basal sandy
layers. Organic material, particularly detached fragments of
algae, likely followed the same trend, concentrating at this
level, and attracting herbivores and grazers. This sorting
process appears to have been driven by gravity and leaching
over the lifetime of the beach, leading to the accumulation of

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Table 4. Multidimensional functional alpha‐diversity indices com-
puted by the mFD R package for the Last Interglacial (MIS 5e) and the
recent molluscs (gastropods + bivalves) of the Azores Archipelago.

Functional alpha‐diversity index Acronym MIS 5e Recent

Species richness SpRic 132 320
Functional richness FRic 0.1212 0.8060
Functional evenness FEve 0.7363 0.7967
Functional divergence FDiv 0.8067 0.8637
Functional dispersion FDis 0.6662 0.7754
Functional originality FOri 0.2163 0.2648
Functional specialisation FSpe 0.5717 0.5816
Functional mean pairwise distance FMPD 0.6056 0.6957
Functional mean nearest neighbour

distance
FNND 0.2694 0.2802

Table 5. Species richness (SpRic) and abundance (N, number of
individuals) per replicate. The remaining abbreviations are as in
Table 2.

Sample SpRic N

PCE‐01 14 223
PCE‐02 40 339
PCE‐03 53 4218
PCE‐04 53 1035
PCE‐05 21 35
PCE‐06 19 82
PCE‐07 38 208
PCE‐08 23 115
PCE‐09 41 1390
PCE‐10 23 131
PCE‐11 31 476
LAG‐01 22 567
LAG‐02 26 1933
LAG‐03 21 689
LAG‐04 33 3013
LAG‐05 24 1354
LAG‐06 21 920
LAG‐07 21 1631
LAG‐08 22 983
LAG‐09 26 1809
LAG‐10 22 937
PRA‐01 30 608
PRA‐02 41 3428
PRA‐03 44 943
PRA‐04 25 799
PRA‐05 30 2097
PRA‐06 20 279
PRA‐07 19 215
PRA‐08 35 2519
VVE‐01 28 1099
VVE‐02 26 900
VVE‐03 30 1225
VVE‐04 30 1128
VVE‐05 23 1084
VVE‐06 30 1262

16 JOURNAL OF QUATERNARY SCIENCE
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organic material, living individuals and shells at the top and in
between the interstices of the sandy layers (facies 2b and 2 d;
Fig. 9). The preferential accumulation of microfossils towards
the base of the deposit, in association with a sparse sand
matrix, corroborates our hypothesis that fine components were
primarily transported through the interstices of the coarse
deposit by gravity.
The most abundant species found at Ponta do Cedro are

associated with hard grounds, rocky shores and gravel environ-
ments covered by algae (Table 6). This situation also occurs at
Lagoinhas and Vinha Velha, but at Prainha, species associated
with sandy environments are also important (e.g., the bivalves
Lucinella divaricata and Bosemprella incarnata; cf. Table 6).
Palaeoecological evidence from the western section of the

Ponta do Cedro outcrop, including the analysis of stratigraphic
logs, geological characteristics of the deposit, taxonomic
composition of the fossil assemblage and shallow bathymetric
zonation of the represented species, supports our conclusion

that the site originated as a boulder beach. The conglomerates
of this beach leaned against the island's coeval palaeocliff.
Nowadays, boulder beaches in the Azores that extend up to
the supralittoral zone generally appear to be devoid of life, as
the scarcity of fixed rocky substrate (rocky reef) prevents the
attachment of adult individuals. Exceptions to this are limpets
and the intertidal trochid Phorcus sauciatus (F. C. L. Koch,
1845). However, when the upper boulders are removed, the
lower layers are found to harbour a large amount of loose,
decaying algae that provide shelter and food for many juvenile
herbivorous and/or detritivorous micro‐mollusc species
(<5mm) that require less space to settle and can avoid
predation by taking refuge under the boulders or pebbles.
These micro‐molluscs form the basis of a specialised food
chain. Most likely, this was the situation at Ponta do Cedro
during the MIS 5e.
Statistical analysis further reveals that the Bray–Curtis

ordered distance matrix heat map (Fig. 14) and the dendrogram

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 17. (A) Relation between the number of individuals and the estimated number of species (samples pooled by outcrop). Hill numbers (q= 0
for species richness, q= 1 for the exponential of Shannon's entropy index and q= 2 for the inverse of Simpson's concentration index) were used to
estimate the numbers of species in a sample of 50 individuals (ES50). (B) Comparison of the box and whisker plots resulting from the Hill numbers
calculated for each of the four studied MIS 5e outcrops. Median values of replicates are represented by the black bar inside the box. Whiskers show
the first and third quartiles of data. Outliers are represented by open circles outside of the first and third quartiles. LAG, Lagoinhas; PCE, Ponta do
Cedro; PRA, Prainha; VVE, Vinha Velha. [Color figure can be viewed at wileyonlinelibrary.com]

MIS 5E AND MIS 1: A COMPARISON USING FUNCTIONAL DIVERSITY 17
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based on UPGMA clustering of Bray–Curtis dissimilarity
matrices (Fig. 15) indicate distinct patterns. While the samples
from Vinha Velha and Lagoinhas outcrops make two well‐
defined groups, each containing all the samples from their

respective outcrops (Figs. 14 and 15), the 11 samples from
Ponta do Cedro formed five distinct clusters. This is especially
evident in Fig. 14, where the Ponta do Cedro samples show
high dissimilarity values within samples. The samples from
Prainha occupy an intermediate position, showing dissim-
ilarity levels between the two extremes: low dissimilarity
within samples at Vinha Velha and Lagoinhas, and high
dissimilarity within samples at Ponta do Cedro. The high
dissimilarity observed within the Ponta do Cedro samples is
explained by the large number of species with s relevant
indicator value (12 species) that contrast with just one species
at Lagoinhas, four at Vinha Velha and two at Prainha (cf.
Table 2 and Fig. 16). The Hill numbers' statistical analysis
highlights the higher number of species at both Ponta do
Cedro and Prainha, compared to Vinha Velha and Lagoinhas,
the latter location being the less diverse of the four MIS 5e
outcrops studied (Fig. 17a). Lagoinhas is located in the north
coast of Santa Maria Island (Fig. 2) and at present, it endures
harsher sea conditions (e.g., stronger winds, higher waves
and swell; cf. Ricchi et al., 2020) compared to the remaining
MIS 5e locations. It is expected that the current environ-
mental conditions were similar during the MIS 5e period,
which probably explains the lower Lagoinhas diversity,
clearly visible in Fig. 17.

Functional diversity analysis: Alpha diversity

Among all MIS 5e outcrops studied at Santa Maria Island,
Ponta do Cedro stands out as the site with the highest values
for each of the functional diversity indices used in this study,
when compared to Lagoinhas, Vinha Velha or Prainha (Fig. 18).
The only exception is Vinha Velha, which shows higher values
for the functional originality index (FOri). According to
Mouillot et al. (2013a), FOri measures the “isolation of a
species in the functional space occupied by a given commu-
nity”, whereas Magneville et al. (2022) defined it as “the
weighted mean distance to the nearest species from the global
species pool”. Communities with high values of FOri may be
interpreted as holding increased niche specialisation, allowing
more species to coexist. In contrast, Lagoinhas is the site with
the least functional diversity, as it shows the lowest values for
the following functional diversity indices: species richness
(SpRic), functional mean pairwise distance (FMPD), functional
mean nearest neighbour distance (FNND), functional evenness
(FEve), functional richness (FRic) and FOri (Fig. 18). Our data
(cf. Table S5) also indicate a strong positive correlation
between SpRic and FRic (Fig. S3). Although SpRic and FRic
are not expected to have a direct relationship (Mason
et al., 2005) and recent studies have shown that FRic plateaus
after a certain threshold of SpRic (McLean et al., 2019; Mouton
et al., 2020), other studies highlighted a positive relationship
between them (e.g., Villéger et al., 2008). The explanation for
this relationship is straightforward: communities with a higher

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Table 6. Most frequent species (%) in each of the outcrops investigated
and respective type of preferential habitat and range depth (in metres).

Taxa % Habitat
Depth

range (m)

Ponta do Cedro
Alvania mediolittoralis 37.83 Algae 0–24
Bittium nanum 11.11 Algae 0–50
Tectura virginea 3.83 Hard ground 0–100
Fossarus ambiguus 3.28 Rocky/Gravel 0–1
Cingula trifasciata 3.17 Gravel 0–20
Odostomia lukisii 3.05 Hard ground 0–150
Manzonia unifasciata 2.97 Algae 0–20
Botryphallus ovummuscae 2.86 n.a. 0–20
Alvania abstersa 2.64 Algae 0–245
Paludinella globularis 2.13 n.a. 0–18
Ervilia castanea 1.81 Sand 3–100
Alvania angioyi 1.68 Algae 0–35
Alvania sleursi 1.68 Algae 0–45
Leucophytia bidentata 1.58 Hard ground 0–2
Gibbula delgadensis 1.30 n.a. 0–40
Jujubinus pseudogravinae 1.18 Algae 0–80
Alvania cancellata 1.13 Algae 2–90

83.23
Prainha

Bittium nanum 44.36 Algae 0–50
Alvania mediolittoralis 10.29 Algae 0–24
Rissoa guernei 8.80 Algae 2–30
Lucinella divaricata 6.19 Sand 0–60
Melarhaphe neritoides 4.94 Rocky 5–0
Anachis avaroides 3.01 Algae 0–60
Jujubinus pseudogravinae 2.55 Algae 0–80
Bosemprella incarnata 2.46 Sand 0–85
Triphoridae 2.24 Rocky n.a.

84.84
Lagoinhas

Bittium nanum 41.48 Algae 0–50
Alvania mediolittoralis 21.77 Algae 0–24
Rissoa guernei 12.51 Algae 2–30
Alvania sleursi 6.92 Algae 0–45
Melarhaphe neritoides 3.72 Rocky 5–0

86.40
Vinha Velha

Melarhaphe neritoides 30.61 Rocky 5–0
Bittium nanum 17.27 Algae 0–50
Cingula trifasciata 15.27 Gravel 0–20
Vermetidae 14.06 Rocky n.a.
Alvania mediolittoralis 7.99 Algae 0–24

85.20

n.a., no information available.

Table 7. Results of Generalised Linear Models comparing Hill's series (diversity indices) among outcrops. Hill numbers (q= 0, q= 1 and q= 2)
refer, respectively, to the species richness estimate, the Shannon's entropy index and the inverse of Simpson's concentration index.

Hill q= 0 Hill q= 1 Hill q= 2

Source Estimate z v Estimate z p Estimate z p

Intercept 3.48 65.61 <0.001 2.54 29.95 <0.001 2.07 19.31 <0.001
LAG −0.31 −3.67 <0.001 −0.68 −4.52 <0.001 −0.65 −3.44 <0.001
PRA −0.03 −0.38 0.707 −0.67 −4.10 <0.001 −0.72 −3.44 <0.001
VVE −0.15 −1.61 0.108 −0.47 −2.81 <0.01 −0.38 −1.84 0.066
Null deviance 98.02 59.45 43.89
Residual deviance 82.16 30.07 25.49
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number of species will likely have a higher diversity of traits
and, consequently, will probably perform a broader range of
functions (Halpern and Floeter, 2008). Other statistically
relevant positive relationships also were found among some
of the functional diversity indices used to characterise the four
MIS 5e assemblages, notably between FMPD and FSpe, and
between FDiv and FSpe (Fig. S3).
When the whole MIS 5e assemblage is compared with the

modern community (cf. Table 4), it is evident that taxonomic
richness increases from the MIS 5e period to the present. This
pattern is consistent with other studies that also report an
increase in alpha diversity between past and modern commu-
nities (Powell and Kowaleski, 2002; Bush and Bambach, 2004;
Alroy et al., 2008). Although the processes and time scales are
admittedly very different—global increases in taxonomic and
functional diversity in deep time are driven by evolution of
new species and higher taxa, whereas changes since the last
interglacial are primarily driven by the balance of extirpation
of local populations and immigration—functional diversity
approach methods are also able to detect extant community
responses to disturbances (Mouillot et al., 2013a), therefore are
also sensitive to small time scales. Additionally, the number of
functional entities also increases from the MIS 5e (80
functional entities) to the modern times (215 functional
entities) a pattern that is also consistent with the results of
Bambach et al. (2007) and Villéger et al. (2011) for longer
timescales. These patterns are not a result of the larger number

of modern mollusc species in the database compared to the
MIS 5e data set, because when randomised samples of 75 taxa
from both the MIS 5e and modern assemblages are compared,
all functional diversity indices (except FDiv) show higher
values in the modern samples than in the MIS 5e samples
(Fig. 19). Thus, these results suggest that modern Azorean
mollusc communities have a higher contribution to the filling
of overall functional space than the MIS 5e communities,
which occupied a less extensive functional space (Fig. 20).
By definition, FRic represents the amount of functional

space/volume filled by a given community relative to the
global convex hull (Villéger et al., 2008). The lower FRic
values observed in the MIS 5e (Fig. 19) imply that some of the
resources (alpha niches) that are currently utilised by modern
Azorean mollusc communities were not accessible or used by
the MIS 5e molluscs. According to Petchey (2003), we can also
hypothesise that the MIS 5e community had reduced
productivity when compared with that of the modern
community.
Masson et al. (2005) described FEve as the evenness of

abundance distribution in a functional trait space. In a more
recent definition by Mouillot et al. (2013a), FEve corresponds
to the “regularity of the distribution and relative abundance of
species in functional space for a given community”. Our
results show that FEve in the MIS 5e community is lower than
in the modern community (Fig. 19), indicating that some parts
of the MIS 5e niche space were underutilised, even if

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 18. Comparison of the multidimensional functional alpha diversity calculated for each of the four studied MIS 5e outcrops, using box and
whisker plots: LAG, Lagoinhas; PCE, Ponta do Cedro; PRA, Prainha; VVE, Vinha Velha. FDis, functional dispersion; FDiv, functional divergence;
FEve, functional evenness; FMPD, functional mean pairwise distance; FNND, functional mean nearest neighbour distance; FOri, functional
originality; FRic, functional richness; FSpe, functional specialisation; SpRic, species richness. p‐values represent the result of a multiple comparison
test after the Kruskal–Wallis test and are statistically significant at 95%. [Color figure can be viewed at wileyonlinelibrary.com]
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occupied. This is a condition also associated by authors with a
decreased productivity and less resilience to invaders and/or
climate change (Petchey et al., 2004).
Based on Bellwood et al. (2006), Villéger et al. (2010)

proposed an index for functional specialisation (FSpe) that
computes the relative position of a given species in relation to
the gravity centre calculated for the whole species pool.
Gomes et al. (2023) recently defined FSpe as the “mean
Euclidean distance between each species and the average
position of all species in the functional space”. Mason and
Mouillot (2013) suggested that in species‐rich assemblages,
increased energy inputs (which boost primary productivity)
enable more species to coexist and maintain viable popula-
tions, because such species explore specialised niches.
However, our data do not support a positive relationship
between FSpe and primary productivity. Despite higher mean
annual sea surface temperatures (SSTs) during the MIS 5e
compared to modern times (Hillaire‐Marcel et al., 1996; Muhs
et al., 2002), MIS 5e FSpe values are lower than modern ones
(Fig. 19). Mason and Mouillot (2013) also acknowledged that
this “niche specialisation” hypothesis, where “increasing
temperatures causes an increase in the availability of resources
used by specialists” has yet to be proven. Therefore, we
interpret our results of higher FSpe (indicating a higher
proportion of specialised niche mollusc species) in the modern
assemblages as unrelated to SSTs. Hence, other factors likely
influence the FSpe of mollusc assemblages and this is an
interesting result that warrants further investigation.
Magneville et al. (2022) defined FDis as “the weighted

deviation to center of gravity of species in the assemblage”.

According to Cooke et al. (2019), FDis measures the breadth of
functional roles performed by species. These authors found
that species‐rich regions had high functional redundancy but
low FDis and suggested that FDis should be used as an
indicator of response diversity for conservation purposes. As a
rule, communities with high FDis are expected to have higher
functional, indicating a broader range of responses to
environmental stressors (Elmqvist et al., 2003; Ordonez and
Svenning, 2016). Our data suggest that modern Azorean
marine communities are better prepared to face global climate
changes than their MIS 5e counterparts were (Fig. 19). Finally,
and although not directly comparable with our study, Floyd
et al. (2020) showed that FDis decreases with latitude along
the western Australian coasts, and hypothesised that environ-
mental filtering contributes to this decrease in functional
dispersion of mollusc assemblages at higher latitudes.
In terms of the FOri, our data indicate that this index is

higher in the modern communities (up to 31%) in relation to
the MIS 5e communities (Fig. 19). As mentioned before,
communities with high FOri may be interpreted as holding
increased niche specialisation, permitting more species to
coexist. This, along with the low chances of very rare species
to fossilise/be recovered from the fossil record, partially
explain the higher number of modern species. We also
conclude that the resilience of the MIS 5e assemblage to
disturbances was reduced because of its relatively low FOri
value (~25%; cf. Fig. 19).
Functional mean pairwise distance (FMPD) is used to

measure the breadth of trait diversity in a given community
(Murley et al., 2024) and it is the functional equivalent to Δ+,

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 19. Comparison of the multidimensional functional alpha diversity calculated for the whole MIS 5e data set with the recent shallow‐water
molluscs' checklist from the Azores, using box and whisker plots. For the remaining abbreviations, please see the legend of Fig. 18. p‐values represent
the Wilcoxon rank sum test with continuity correction and are statistically significant at 95%. [Color figure can be viewed at wileyonlinelibrary.com]
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the average taxonomic distinctness (Laliberté and Legendre,
2010). We interpret our results, with higher FMPD values in
the modern assemblages compared to the MIS 5e ones
(Fig. 19), as meaning that the breadth of functional trait
diversity is greater in modern assemblages.

FNND, defined by Weiher et al. (1998) as “the weighted
distance to the nearest neighbour within the assemblage”,
quantifies the filling of the functional trait space and the extent
to which species occupy distinct niches (Magneville et al.,
2022). Our results show higher FNND values in modern

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Figure 20. Functional space (first three axes out of eight) occupied by the modern and MIS 5e mollusc assemblages at Santa Maria Island. PC1, PC2
and PC3 represent the first three axes of the principal coordinates analysis. Dots represent individual MIS 5e (yellow) and modern species (green).
The remaining abbreviations are as in Fig. 18. [Color figure can be viewed at wileyonlinelibrary.com]
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assemblages compared to MIS 5e ones (cf. Figs. 19 and 20),
suggesting that species in modern assemblages occupy more
dissimilar niches than during the MIS 5e.
Finally, FDiv measures how abundance is distributed within

the hull volume of functional trait space occupied by species
(Villéger et al., 2008). A high functional divergence translates
into a high degree of niche differentiation, and thus low
resource competition. Hence, as the MIS 5e communities as a
whole present higher functional divergence than the modern
assemblages (Fig. 19), we conclude that they enjoyed
increased ecosystem function, likely as a result of a more
efficient use of available resources.

Functional diversity analysis: Beta diversity

Besides alpha diversity, the differences in biodiversity across
time and/or space can also be assessed using beta‐diversity, a
highly useful approach for the investigation of assembly rules
and for the establishment of macroecological patterns (De
Bello et al., 2009). Beta diversity reflects the variation in
species composition between two or more time beans and/or
different locations (Baselga, 2010). By definition, the beta
diversity is partitioned into two additive components: the
turnover component (i.e., the replacement of species
between time beans/assemblages, which is not influenced
by the difference in species richness between time beans/
assemblages) and the nestedness component, in which low
species richness communities are subsets of high species
richness' assemblages. Additionally, the turnover component
is highest when there is no shared traits combination between
the two compared communities, whereas the nestedness
component is the highest when one assemblage with
low species richness/low number of functional traits is a
subset of a more diverse assemblage (Baselga, 2010; Villéger
et al., 2013).
Our results of the Dissimilarity index used to calculate the

multidimensional functional beta diversity show that the
nestedness‐resultant value outweighs the turnover component.
This suggests that the MIS 5e assemblage is essentially a subset
of the modern assemblage. This outcome was somewhat
unexpected as, despite the higher taxonomic richness of the
modern assemblage when compared to that of the MIS 5e,

there is a relevant group of 26 marine molluscs that
characterise the last interglacial deposits at Santa Maria Island,
and whose species are not found in the Azores in the present
times (cf. Table 3). This group includes: (i) the lithophagous
bivalve Leiosolenus aristatus (Dillwyn, 1817) that was able to
drill an algal ridge/algal reef framework, that is, a crustose
coralline algae buildup, that reached a maximum thickness of
50–60 cm at Prainha, and that was also abundant in other sites
along the shores of Santa Maria Island (e.g., at Lagoinhas;
Rebelo et al., 2021). This species was extirpated during the
course of the last glacial episode, coinciding with the
extirpation of some of the four algae species that built these
frameworks (Ávila et al., 2002, 2009a, 2010, 2015b; Rebelo
et al., 2021); (ii) three shallow‐water bivalve species associated
with fine sediments—Ensis minor (Chenu, 1843), Laevicar-
dium crassum (Gmelin, 1791) and Lucinella divaricata—that
were extirpated from Santa Maria Island when sea level
dropped below the edge of the insular platform during the last
glacial episode and fine sediments were lost to the abyssal
depths that surround the island as a result of the high slopes
(Ávila et al., 2008, 2019); and (iii), a large group of
thermophilic gastropod species that includes, among others,
several species of Conus, Claremontiella nodulosa (C. B.
Adams, 1845), Gemophos viverratus (Kiener, 1834) and
Zonaria picta (J. E. Gray, 1824), whose geographic ranges
expanded northwards and that were able to reach, colonise
and establish viable populations in the Azores during the final
phase of glacial Termination 2 (the short period of time
between MIS 6 and MIS 5e), or during the initial times of the
MIS 5e (Ávila, 2005; Ávila et al., 2009b, 2015b, 2020a; Hyžný
et al., 2021; Melo et al., 2022a, 2022b).
Thus, functional turnover in this context was driven by two

main factors: MIS 5e species that were extirpated from the
Azorean ecosystem as previously explained and changes in the
number of species between the MIS 5e and the modern
assemblages. The latter might also reflect an artefact related to
the low fossilisation potential of very rare MIS 5e species.
Moreover, and with a high probability, high levels of
functional trait redundancy are here also involved, in a similar
way to the marine fish faunas, where lower turnover
components of beta‐diversity were observed among assem-
blages when compared to the nestedness/taxonomic facet of
beta‐diversity (Mouillot et al., 2013b; McLean et al., 2021).

Conclusions
Functional diversity‐based approaches (FDB) have two main
advantages over classical taxonomic‐based diversity indices.
First, FDB provides deeper insights into biodiversity metrics by
emphasising the role of functional traits in shaping the ecology
patterns and biogeographic processes that characterise a given
assemblage across spatial and temporal scales. Additionally,
the functional traits (e.g., morphological, physiological,
behavioural) are critical determinants of individual character-
istics such as growth rates, reproductive success and ultimately
the very survival, thus impacting the fitness of individuals
(Laureto et al., 2015). These traits are directly reflected in the
values of the various functional diversity indices. Second, FDB
encompasses a wider spectrum of application that include: (i)
understanding the role of species in ecosystem functioning
(Chapin et al., 1997); (ii) examining the response of species to
natural or anthropogenic disturbance or even to global climate
changes (Hooper et al., 2000; Villéger et al., 2010, 2011;
Mouillot et al., 2013a, 2013c, 2014; Zhang et al., 2021); (iii)
investigating the influence of niche evolution on the variation
of species alpha diversity across spatial and environmental

© 2025 The Author(s). Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–28 (2025)

Table 8. Number of recent gastropod (Gast) and bivalve (Biv) species
compared with those reported from the MIS 5e.

Site

Recent MIS 5e MIS5e/
extant

Gast Biv Total Gast Biv Total %

Islands AZO 222 149 371 132 28 160 43.1
MAD 332 132 464 54 29 83 17.9
SEL 155 39 194 17 2 19 9.8
CAN 697 227 924 190 79 269 29.1
CAB 520 125 645 53 30 83 12.9

Continent MED 1034 372 1406 219 97 316 22.5
BER 380 148 528 12 10 22 4.2
VIR 112 163 275 73 100 173 62.9
GME 1118 438 1556 34 61 95 6.1
CAR 2139 602 2741 74 96 170 6.2
BRA 748 448 1196 12 25 37 3.1
ARG 242 131 373 26 13 39 10.5

ARG, Argentina; AZO, Azores Archipelago; BER, Bermuda; BRA,
Brasil; CAB, Cabo Verde Archipelago; CAN, Canaries Archipelago;
CAR, Caribbean; GME, Gulf of Mexico; MAD, Madeira Archipelago;
MED, Mediterranean Sea; SEL, Selvagens Archipelago; VIR, Virginean
Biogeographical Province.
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gradients (Duarte et al., 2023); (iv) elucidating community
assembly rules (Kraft et al., 2008; Mouchet et al., 2010); (v)
informing biodiversity conservation strategies (Petchey and
Gaston, 2002); (vi) investigating how functional diversity links
to the functions and services of the ecosystem (Balvanera
et al., 2006; Cardinale et al., 2012), in particular in ecological
restoration (Carlucci et al., 2020; Gornish et al., 2023); and
finally, (vii) the definition of the biogeographic boundaries
between different biogeographic ecoregions and/or provinces
(Ficetola et al., 2017; Myers et al., 2021).
The use of different functional diversity indices allowed us to

detect some ecological processes and to raise hypothesis to be
tested soon. Consistent with prior studies, our results also
support an increase of alpha diversity when past and modern
communities are paralleled. A reduced productivity is inferred
for the MIS 5e communities in comparison with the modern
ones, as evidenced by lower values of FRic, FEve and FSpe in
the former communities (Petchey, 2003; Petchey et al., 2004).
These findings suggest that modern communities occupy and
use a greater number of ecological niches, and that modern
communities have increased niche specialisation, in compar-
ison with the MIS 5e. The lower MIS 5e values for FEve, FOri
and FDis indicate that the MIS 5e communities were less
resilient to invaders and/or climate change in comparison with
the modern ones. In contrast, higher FDiv in MIS 5e
communities translates into a more efficient use of available
resources by these communities compared to modern assem-
blages. Based on our results of higher FSpe (i.e., higher
proportion of specialised niche mollusc species) in the modern
assemblages when compared with the MIS 5e ones, we raise the
hypothesis that factors beyond SSTs may account for this trend.
Finally, this study provides critical baselines not only for the

comparison with other MIS 5e assemblages but also for the
study of modern assemblages, providing a framework for early
detection of variations in the functional diversity caused by
ongoing climate change.
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Figure S1. 3D model of the western section of the Ponta do

Cedro outcrop.
Figure S2. Analysis of the quality of functional spaces. Each

column represents a functional space and the X‐axis of all
panels represents trait‐based distances. The Y‐axis is different
for each row: on the first row, it represents species functional
distances in the multidimensional space; on the second row, it
shows the raw deviation of species distances in the functional
space compared to trait‐based distances; and on the third row,
it shows the absolute or squared deviation of the (“scaled”)
distance in the functional space.
Figure S3. Statistically significant relationships between the

various functional diversity indices used. For abbreviations,
see the legend of Fig. 18.
Table S1. Quantitative data from the marine molluscs

(bivalves and gastropods) collected in the four MIS 5e outcrops
of Santa Maria Island (Azores). PCE: Ponta do Cedro; LAG:
Lagoinhas; PRA: Prainha; and VVE: Vinha Velha.
Table S2. Functional traits of the marine molluscs (bivalves

and gastropods) from the quantitative samples collected at the
four MIS 5e outcrops of Santa Maria Island (Azores).
Table S3. Functional traits of the 160 marine molluscs

(bivalves and gastropods) reported from the MIS 5e outcrops of
Santa Maria Island (Azores).
Table S4. Functional traits of the 365 shallow‐water (<50m

depth) mollusc shelled taxa (217 gastropods and 148 bivalves)
presently reported from the Azores Archipelago.
Table S5. Functional diversity of the MIS 5e samples collected

at Santa Maria Island, expressed as Species Richness (Spe Ric),
Functional Richness (FRic), Functional Evenness (FEve), Func-
tional Divergence (FDiv), Functional Dispersion (FDis), Func-
tional Originality (FOri), Functional Specialisation (FSpe),
Functional Mean Pairwise Distance (FMPD) and Functional
mean Nearest Neighbour Distance (FNND). PCE: Ponta do
Cedro; LAG: Lagoinhas; PRA: Prainha; and VVE: Vinha Velha.
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