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ABSTRACT

Aim: To test the mechanisms governing the assembly of exotic arthropods within endemic-rich island communities by evalu-
ating Darwin's naturalization conundrum, which predicts that invasion success occurs through either functional dissimilarity
from native species (Naturalization Hypothesis) or functional similarity with them (Pre-adaptation Hypothesis).

Location: Azores archipelago, Portugal, North Atlantic Ocean.

Methods: We analysed long-term spatial and temporal data from two standardized monitoring programmes in Azorean native
forests: the BALA project (spatial dataset) and the SLAM project (temporal dataset). The dataset included more than 100 species
of spiders and beetles sampled across multiple islands over two decades. Using functional trait approaches, we quantified ex-
otic-endemic community structure across spatial and temporal scales and compared observed patterns with null expectations to
assess functional similarity or dissimilarity.

Results: Across both datasets, most Standard Effect Sizes (SES) values clustered around zero, indicating that exotic assemblages
were largely indistinguishable from null expectations relative to endemic communities. This neutral pattern was consistent for exotic
spiders across all spatial and temporal scales, providing no support for either Darwinian hypothesis. Exotic beetles, however, showed
weak but detectable functional overdispersion at broader spatial scales and through time, suggesting limited and context-dependent
support for the Naturalization Hypothesis. Overall, the pattern found is consistent with stochastic processes that appear to dominate
exotic—endemic functional relationships, although this cannot be demonstrated directly from SES values alone.

Main Conclusions: Our results suggest that deterministic competition plays a minor role in structuring exotic arthropod assem-
blages in Azorean native forests. Instead, landscape-level processes, particularly the pressure from surrounding anthropogenic
habitats and environmental filtering linked to forest fragmentation, likely shape invasion dynamics. These findings highlight

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2026 The Author(s). Diversity and Distributions published by John Wiley & Sons Ltd.

Diversity and Distributions, 2026; 32:€70265 1 of 20
https://doi.org/10.1111/ddi.70265


https://doi.org/10.1111/ddi.70265
https://doi.org/10.1111/ddi.70265
https://orcid.org/0000-0001-7332-9788
https://orcid.org/0000-0001-8119-9960
https://orcid.org/0000-0001-6882-1591
https://orcid.org/0000-0002-9087-091X
https://orcid.org/0000-0002-9197-792X
https://orcid.org/0000-0001-6847-3320
https://orcid.org/0000-0002-6878-5719
https://orcid.org/0000-0002-6452-436X
https://orcid.org/0009-0006-7241-6269
https://orcid.org/0000-0002-2300-6558
https://orcid.org/0000-0002-3550-8010
https://orcid.org/0000-0002-8448-7623
mailto:guilhermeoyarzabal@gmail.com
http://creativecommons.org/licenses/by/4.0/

the importance of human-modified landscapes in influencing community assembly and provide insights into how invasion pro-

cesses operate in insular ecosystems.

1 | Introduction

Human activities are accelerating the transport, introduction,
establishment, and spread of exotic species worldwide (exotic
as a broad term for an introduced, alien, non-indigenous, or
non-native species living outside its original distributional
range (Pergl and PySek 2020)), reshaping community as-
semblages across terrestrial, freshwater, and marine ecosys-
tems (Blackburn et al. 2011; Dafforn 2025; Luo et al. 2021;
McGeoch et al. 2010; Rivera-Estay et al. 2024). Oceans and
mountain ranges should act as major dispersal barriers for
many taxa, however human transport increasingly bypasses
these constraints (Dafforn 2025; Laiolo et al. 2023; Suarez
et al. 2022). Indeed, purposefully or not, a global trade under
a profit-driven economy has led to the rapid transportation
of organisms across continents and oceans, accelerating spe-
cies movements far beyond natural rates (Dafforn 2025; He
et al. 2024; Marino et al. 2024; Rivera-Estay et al. 2024). In
turn, exotic species introductions can change native interac-
tion networks (e.g., competition, predation, parasitism, mu-
tualism) and may increase pathogen transmission, shifting
ecosystem functioning and reduce ecosystem services (He
et al. 2024; Marino et al. 2024; Rivera-Estay et al. 2024).

On islands of all sizes, native species are often highly vulnerable
to the establishment of exotic species (Whittaker et al. 2017). Due
to small populations, limited geographic ranges, along with long
periods of isolation, insular communities are often considered less
complex and diverse compared with their continental counterparts
(Whittaker et al. 2017). Moreover, this vulnerability is frequently
greater on small and remote islands (e.g., the Azores), where lim-
ited area and high edge-to-interior ratios further constrain native
species (Ferndndez-Palacios et al. 2021; Gill et al. 2023; Russell and
Kueffer 2019; Whittaker et al. 2017). For instance, invasive pred-
ators (e.g., cats, rats), herbivores (e.g., goats, European rabbits),
and plants (e.g., Australian boxwood, kahili ginger) frequently
displace, outcompete, directly eliminate or cause cascading effects
that endanger native fauna and flora, while the absence of natural
predators, parasites or other antagonists, allows exotic species to
proliferate unchecked (Gill et al. 2023; Gizicki et al. 2018; Gomez-
Alceste and Rando 2024; Kueffer et al. 2010).

Among exotic taxa on islands, arthropods may often drive the
loss of native species diversity and ecosystem processes (Ferrante
et al. 2023; Kehoe et al. 2020; Oyarzabal et al. 2024). The suc-
cess of exotic arthropods on islands is linked to the presence of
biological and functional traits that promote the dispersal and/or
establishment of these species in new environments (Oyarzabal
et al. 2024; Rigal et al. 2018). Indeed, functional traits provide
an understanding of species' ecological strategies, which reflect
their adaptations, interactions, and impact within communi-
ties (Cadotte et al. 2011; Violle et al. 2007). Thus, distinct func-
tional traits of exotic species may confer competitive advantages
(Oyarzabal et al. 2024; Rigal et al. 2018), while native species may
lack the behavioural and life-history traits needed to cope with
novel competitors, predators, and pathogens (Jezierski et al. 2024;

Wyatt et al. 2008). Anthropogenic activities, such as deforestation,
habitat fragmentation, or urbanization, create invasion-prone con-
ditions that favour exotic species, ultimately leading to their eco-
logical dominance on island ecosystems (Oyarzabal et al. 2024;
Suérez et al. 2022). For instance, the invasive green lynx spider
(Oxyopidae, Peucetia viridans (Hentz, 1832)) in the Canary Islands
competes with native arthropods while altering pollination net-
works, creating cascading effects that threaten endangered plant-
pollinator mutualisms (Arango et al. 2012; Sudrez et al. 2024).
Also, the Argentine ant (Formicidae, Linepithema humile (Mayr,
1868)) exhibits supercolony-specific expansion patterns, disrupt-
ing nutrient cycling, outcompeting native arthropod species, and
even preying upon seabird nestlings (Boieiro et al. 2018; Castro-
Cobo et al. 2021). Moreover, in the Azores Archipelago, arthropod
species are commonly classified and distinguished as endemic
(restricted to the archipelago), native non-endemic (naturally oc-
curring but also present elsewhere), or exotic (introduced through
human-mediated dispersal) (see Methods and Borges et al. 2006;
Borges, Lamelas-Lopez, et al. 2022; Borges, Lamelas-Lopez,
et al. 2022; Borges and Wunderlich 2008; Oyarzabal et al. 2024).
Because endemic species represent the most evolutionarily distinct
and locally adapted component of the indigenous fauna, examin-
ing their functional relationships with exotic species provides a
useful framework for understanding how recipient community
characteristics influence invasion success.

In this way, one of the central questions in exotic species intro-
duction is identifying the traits that allow certain species to suc-
cessfully establish and spread as invaders. However, the success
of an exotic species also depends on the characteristics of the
native species present in the recipient community (Oyarzabal
et al. 2024; Rigal et al. 2018). Based on an original observation of
De Candolle (1855), Charles Darwin, in his book “On the Origin of
Species”, already questioned why some exotic species were more
successful in becoming colonizers or invasive (Darwin 1859). He
proposed the Naturalization Hypothesis, which predicts that bi-
otic filtering should regulate the invasion of a given exotic species,
where those species phylogenetically and/or functionally distinct
(not closely related) from native species are more likely to succeed
in the new habitat, avoiding competition (Darwin 1859; Jiménez-
Garcia et al. 2023). Darwin also identified an alternative situa-
tion, known as the Pre-adaptation Hypothesis, which predicts
an environmental filter, where invasions are only successful for
those exotic species that are phylogenetically and/or functionally
similar (closely related) to the native species, mainly due to their
shared evolutionary history and hence the way they interact with
and are influenced by the environment (Darwin 1859; Jiménez-
Garcia et al. 2023).

This apparent conceptual paradox for species invasion, known
as Darwin's naturalization conundrum (Diez et al. 2008), has
sparked extensive research and is usually dependent on the spatial
and temporal scales at which it is examined (Arjona et al. 2025;
Ma et al. 2016; Park et al. 2020). At small spatial scales, in which
interactions between species are more common, the successful
invaders would be more often functionally different from the
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native community, supporting the Naturalization Hypothesis
(Arjonaetal. 2025; Cadotte et al. 2018; Jiménez-Garcia et al. 2023;
Thuiller et al. 2010). In contrast, at larger spatial scales, indi-
viduals and species distributions are mostly driven by environ-
mental conditions, and so the Pre-adaptation Hypothesis would
be supported (Arjona et al. 2025; Cadotte et al. 2018; Thuiller
et al. 2010). When considering the time scale, there would be
the opposite pattern, in which an initial or short-term interac-
tion may favour functionally similar species, while a long-term
interaction would favour functionally distinct species (Arjona
et al. 2025; Cadotte et al. 2018; Jiménez-Garcia et al. 2023;
Thuiller et al. 2010). However, this more than 160-year-old puz-
zle remains unresolved, with studies producing mixed results,
since the complexity stems from variations across scales, inva-
sion stages, and ecological factors (Arjona et al. 2025; Cadotte
et al. 2018; Jiménez-Garcia et al. 2023; Thuiller et al. 2010).

In this context, island ecosystems and island arthropods may
provide particularly valuable systems for disentangling the in-
terplay between Darwin's Naturalization and Pre-adaptation
Hypotheses in shaping the distribution of exotic species across
spatial and temporal scales (Cadotte et al. 2018; Jiménez-Garcia
et al. 2023; Kusumoto et al. 2019; Marx et al. 2016). Dispersal
filtering and founder effects constrain the pool of colonizing spe-
cies, leading to taxonomic and functional disharmony that may
increase vulnerability to exotic species introductions (Cadotte
et al. 2018; Jiménez-Garcia et al. 2023; Kusumoto et al. 2019;
Marx et al. 2016). Furthermore, the severe anthropogenic pres-
sures that characterize many island systems have affected fragile
native communities and intensify invasion pressure, making it
particularly urgent to improve predictions of introduction suc-
cess in island environments (Russell and Kueffer 2019).

Building on evidence that land-use change and intensification
restructures Azorean arthropod functional trait composition
and can create opportunities for exotic taxa (Rigal et al. 2018),
we tested two non-mutually exclusive mechanisms commonly
invoked to resolve Darwin's naturalization conundrum using
trait-based distances. H1—Naturalization (limited similar-
ity): at fine spatial grains and during early establishment, co-
occurring exotic species should be functionally more dissimilar
from local endemic assemblages than expected, consistent with
stronger competitive constraints among functionally similar
species. H2—Pre-adaptation (environmental filtering): exotics
will be functionally similar to endemic species where abiotic fil-
ters dominate (e.g., in harsh or disturbed habitats) or at broader
spatial/longer temporal scales, reflecting trait matching to local
conditions. We therefore predict scale-dependence: stronger
support for H1 in fine-grain, short-term community snapshots,
and increasing support for H2 across coarser grains and longer
times as filtering and assembly processes accumulate.

2 | Methods

2.1 | Study Location

We conducted this study in the Azores archipelago, which consists
of nine main volcanic islands, situated in the northern Atlantic

Ocean, approximately between 37° and 40° N and from 24° to
31° W, extending roughly 615km from west to east (Figure 1).

The archipelago is clustered into three island groups: the west-
ern group composed of Corvo and Flores Islands, the central
group composed of Faial, Pico, Sao Jorge, Graciosa, and Terceira
Islands, and the eastern group composed of Sdo Miguel and Santa
Maria Islands (Figure 1). The climate across the archipelago is
temperate oceanic, with high relative atmospheric humidity that
often reaches 95% in the native semi-tropical evergreen laurel for-
ests (Borges, Lamelas-Lopez, et al. 2022; Borges, Lamelas-Lopez,
et al. 2022; Elias et al. 2016). Since human settlement began in
the 15th century, the Azorean landscape has been profoundly
transformed, with much of the original native habitat replaced by
urban development, exotic tree plantations, and agricultural and
pastoral land (Gaspar et al. 2008; Norder et al. 2020). As a result,
the original native forest now covers only about 3% of the archi-
pelago’s total land area, mostly restricted to remote areas that are
difficult to access by humans (Elias et al. 2016; Gaspar et al. 2008;
Lhoumeau et al. 2025; Triantis et al. 2010).

2.2 | Data Sampling

We sampled arthropod species through two standardized and
long-term monitoring projects in the Azores: (1) the Biodiversity
of Arthropods from the Laurisilva of the Azores (BALA project),
spanning from 1997 to 2022 (Borges et al. 2006, 2016; Pozsgai
etal. 2024); and (2) the Long-Term Ecological Study of the Impacts
of Climate Change in the Natural Forest of Azores (SLAM proj-
ect), running from 2012 to 2025 (Borges, Rigal, et al. 2020; Borges,
Lamelas-Lopez, et al. 2022; Borges, Lamelas-Lopez, et al. 2022;
Borges 2025; Costa and Borges 2021; Lhoumeau and Borges 2023).

We carried out the BALA project in three phases: BALAI(1997-
2004), BALA II (2010-2011), and BALA III (2019-2022). We
collected arthropods from low-disturbance native forest frag-
ments across the Azorean archipelago on seven islands, with
Corvo and Graciosa excluded due to the absence of native forest
patches. Sampling methods included pitfall traps for ground-
dwelling arthropods and canopy beating for canopy-dwelling
arthropods (up to 3-4m in height). All our sampling took place
during the boreal summer, from June to September. All the data
of this project are publicly available (Pozsgai et al. 2024) and
further methodological details are available in previous pub-
lications (Borges et al. 2006, 2010; Gaspar et al. 2008; Pozsgai
et al. 2024; Ribeiro et al. 2005).

For the SLAM project, we collected the data seasonally (every
3 months) from 2012 to 2025 (Borges 2025). Sampling was con-
ducted in ten plots located in Terceira Island and eight plots lo-
cated in Pico Island, within some of the best-preserved native
forest fragments in the Azores with minimal human disturbance.
We sampled arthropods using passive flight interception SLAM
traps (Sea, Land, and Air Malaise Trap) (Borges, Rigal, et al. 2020;
Borges, Lamelas-Lopez, et al. 2022; Borges, Lamelas-Lopez,
et al. 2022; Borges 2025; Costa and Borges 2021; Lhoumeau
and Borges 2023). Additional methodological details can also be
found in the referenced studies (Borges, Rigal, et al. 2020; Borges,
Lamelas-Lopez, et al. 2022; Borges, Lamelas-Lopez, et al. 2022;
Borges 2025; Costa and Borges 2021; Lhoumeau and Borges 2023).
It is important to note that, due to variable sampling durations,
all sampling events shorter than 70days or longer than 110days
were discarded, and remaining abundances were normalized to

Diversity and Distributions, 2026

3 of 20



COR{)
o ©
&
3 FLO
100 200 300 km 0 10 20 km
[ | | ]
N GRAQ
A
SMG
\r/
FAI @
PIC g3 TER
SMR
0 10 20 30km 0 20 40 km

FIGURE 1 | Map of the Azores archipelago. Top left shows the position of the three island groups: Western group—red for Corvo (COR) and
Flores (FLO); Central group—green for Faial (FAI), Pico (PIC), Sdo Jorge (SJG), Graciosa (GRA), and Terceira (TER); and Eastern group—blue for
Sao Miguel (SMG) and Santa Maria (SMR). Adapted from Oyarzabal, Pozsgai, et al. (2025).

90days, resulting in decimal values for SLAM species abundance
(see this method description in Lhoumeau and Borges 2023 and in
the Supporting Information 1).

2.3 | Species and Traits Data Compilation

We identified arthropods to species level, with nomenclature
adhering to the most recent checklist of Azorean arthropods
(Borges, Lamelas-Lopez, et al. 2022; Borges, Lamelas-Lopez,
et al. 2022). Due to their higher abundance and availability of
trait data, only spiders (Araneae) and beetles (Coleoptera) were
used in this analysis.

All spider and beetle species were categorized into bio-
geographic origin groups following the Azorean arthro-
pod checklist (Borges, Lamelas-Lopez, et al. 2022; Borges,
Lamelas-Lépez, et al. 2022). In the Azores, the indigenous
species pool comprises two distinct categories: endemic spe-
cies and native non-endemic species (Oyarzabal et al. 2024).
Endemic species are those exclusively found in the Azores,
representing the deepest evolutionary integration with local
ecosystems, the longest residence times, and the strongest
local adaptations. Native non-endemic species also occur nat-
urally in neighbouring Macaronesia archipelagos (Cape Verde,

Canary Islands and Madeira) and/or in the Mediterranean
basin, having most likely reached the Azores through long-
distance dispersal rather than human mediation. Exotic spe-
cies are those believed to have been introduced to the Azores
through human activities, including cosmopolitan species, in-
vasive species, and species known to have arrived via anthro-
pogenic vectors (Borges et al. 2006; Borges, Lamelas-Lopez,
et al. 2022; Borges, Lamelas-Lopez, et al. 2022; Borges and
Wunderlich 2008; Oyarzabal et al. 2024).

For the purposes of testing Darwin’s naturalization conundrum,
we deliberately compared exotic species exclusively against
endemic species, excluding native non-endemics from the pri-
mary analysis. This decision was motivated by three endemic
species factors: (i) their longer evolutionary history in the archi-
pelago; (ii) stronger local adaptations; and (iii) a greater inter-
est from a conservation and extinction risk (Oyarzabal, Boieiro,
et al. 2025). These aspects provide the most stringent test of
functional divergence or convergence between exotics and the
indigenous biota. Including native non-endemics would conflate
species with different colonization histories and dispersal abil-
ities, potentially obscuring the signals of Darwin's hypotheses.
Throughout this manuscript, references to “endemic” species
refer strictly to Azorean endemics, and comparisons are made
between exotics and endemics unless otherwise stated.
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We selected different functional traits for spiders and bee-
tles that would be relevant to explore Darwin's conundrum
(Table 1). These traits reflect habitat occupancy and response
to disturbance (e.g., body size), capacity for island coloniza-
tion and establishment (e.g., dispersal ability) and charac-
terize the nature of their interaction with other species (e.g.,
trophic group) (Chichorro, Correia, and Cardoso 2022; Gossner
et al. 2015; Oyarzabal et al. 2024; Rigal et al. 2018; Simons
et al. 2016). We obtained all these traits from either previous
works performed in the Azores (Macias-Herndndez et al. 2020;
Rigal et al. 2018; Wallon et al. 2024), from data available at the
Azorean Biodiversity Portal and the IUCN SSC Atlantic Islands
Invertebrate Specialist Group Portal (ABP 2025; AIISG 2025),
or from the personal knowledge of species’ natural history by
PAVB. Moreover, most of these traits were recently compiled
in a complete database of Azorean arthropod traits (Oyarzabal
et al. 2026). In the Supporting Information 1, species names are
also designated by internal morphospecies codes (e.g., “mf102”).
These codes serve as unique identifiers that link each species to
its corresponding Linnaean binomial nomenclature, as well as
to its respective functional trait values (Oyarzabal et al. 2026).

2.4 | Data Structuring

To comprehensively investigate different facets of functional di-
versity of spiders and beetles, we partitioned our data into two
distinct datasets. Hereafter, the BALA project data (data from
seven islands) will be referred to as the Spatial dataset and the
SLAM project data (data from 14years) will be referred to as
the Temporal dataset. The Spatial dataset encompasses seven
islands of the Azores archipelago, offering insights at a broader
biogeographic scale, and the Temporal dataset focuses on the
Azorean islands with the best-preserved native forests (Terceira
and Pico Islands), allowing for an analysis on a fine temporal
scale, within a relatively stable and intact ecosystem.

We structured the data to investigate the functional distances
between groups of species within the Azorean functional space
for both beetles and spiders. We compared functional distances
for: (i) exotic spiders vs. endemic spiders (see the analyses
below), and (ii) exotic beetles vs. endemic beetles. We also di-
vided each dataset by different levels of complexity (Table 2).
In this way, we could consider the importance of time within
the Spatial dataset and the importance of space in the Temporal
dataset. Functional data were used in its raw form, with no pre-
vious transformation before calculating interspecific distances
(see below and in Supporting Information 1).

2.5 | Data Analyses

We performed all data management, statistical analyses, and
visualization procedures presented here using the R program-
ming environment (R Core Team 2025) (version 4.4.3). R scrips
can be found in Supporting Information 2.

Functional distances for all pairs of spider species and all
pairs of beetle species recorded in our dataset, (Spatial and
Temporal datasets), were calculated using the Gower distances
(Gower 1966), without incorporating any abundance-weighted

functional diversity indices. The Gower distance metric was
chosen due to its ability to handle mixed types of data, like
continuous and categorical traits, making it particularly suit-
able for our trait matrix, which included morphological (e.g.,
body size), ecological (e.g., verticality, dispersal ability), and
trophic (e.g., diet composition) attributes. We obtained the
Gower distance values using the “ade4” package (Dray and
Dufour 2007).

To explore Darwin's conundrum for both spiders and beetles
separately, we used two metrics to quantify pairwise func-
tional distances between pairs of con-ordinal species of differ-
ent origin, co-occurring at a given spatial and temporal scale.
The first metric was the mean pairwise distance (MPD) that
computes the arithmetic mean over the functional distance for
all possible pairs of con-ordinal species belonging to different
origins (exotics vs. endemics). The second metric estimates the
mean nearest-neighbour distance (MND) by calculating the
arithmetic mean of the minimum functional distance between
con-ordinal species of a given origin with all the con-ordinal
species of other origin (same exotics vs. endemics). We further
tested whether MPD and MND values were lower or higher
than expected by chance using null models. At each spatial
and temporal scale, we implemented a label-randomization
null model for MPD and MND, where species identities are
randomly reassigned to exotic and endemic groups while pre-
serving the general observed richness within spiders and bee-
tles (Fridley et al. 2004).

We computed the Standard Effect Sizes (SES) for MPD/MND
calculated at each spatial and temporal scale tested above, de-
fined as the difference between the observed value and the null
mean divided by the null standard deviation. For this obtained
SES, we calculated two Monte Carlo p-values: p upper which is
the probability of obtaining a null value greater than or equal to
the observed (SES >2 is an indicator of trait overdispersion and
dissimilarity, supporting the Naturalization Hypothesis) and p
lower which is the probability of obtaining a null value less than
or equal to the observed (SES < -2 is an indicator of trait clus-
tering and similarity, supporting the Pre-adaptation Hypothesis;
Park et al. 2020, 2024). To prevent zero p-values, we performed
999 simulations and included the observed outcome to bring the
total to 1000. If values of SES fall within —2 and +2, we consider
a neutral assembly process with exotic species being randomly
distant from endemics.

To evaluate whether assemblages exhibited an overall tendency
toward functional clustering or overdispersion, we first tested
whether the distribution of SES values significantly deviated
from zero using a two-sided Wilcoxon signed-rank test. This non-
parametric test assesses whether the median SES differs from the
null expectation of zero, thereby detecting a general directional
shift in functional distances across transects, islands, seasons,
or years, independent of individual extreme values. A signifi-
cant positive deviation indicates a community-wide tendency
toward higher-than-expected functional distances, consistent
with functional overdispersion and supporting the Naturalization
Hypothesis, whereas a significant negative deviation indicates
lower-than-expected distances, consistent with functional clus-
tering and supporting the Pre-adaptation hypothesis. Only after
establishing the presence or absence of such a global trend did we
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General trait hypothesis
are advantageous in the ground layers

Diel activity influences how individuals
interact with their environment. Compared to
diurnal activity may be more vulnerable
to environmental impacts due to greater
exposure to extreme temperatures and a
higher likelihood of encountering predators
Different prey capture strategies confer
functional advantages depending on habitat
structure—for example, orb webs are favoured
in open, aerial spaces, while active hunting

strictly nocturnal species, those with strictly

Arthropod
group
Spiders
Spiders

0 to 1. Exclusive diurnals species

were classified as 0 and exclusive

species is most active, ranging from
nocturnal species are classified as 1

to capture prey. This may influence prey
type, capture success, and microhabitat use

Definition and description of the trait
Describes the time of day when a
Express whether the species uses the web

further dissect the pattern by quantifying the number and propor-
tion of individual transects exhibiting extreme SES values (SES
>2 or SES < -2). Finally, we performed a Linear Model (LM) to
check the effect of the passage of time (years of sampling) on the
obtained MPD SES and MND SES for spiders and beetles.

It is important to note that to evaluate the sampled transects
(Spatial Model 2, Temporal Model 2, see above), we needed
at least the presence of one exotic and one endemic species.
Therefore, we could not obtain the SES values for all transects
since some of them were composed of only exotic or only en-
demic species (see Results).

3 | Results
3.1 | Data Overview

Our dataset included information on a total of 108 species in the
Spatial dataset (BALA project) and 130 species in the Temporal
dataset (SLAM project). The Spatial dataset was composed of 39
spider species (Araneae, 15 endemic and 24 exotic) and 69 beetle
species (Coleoptera, 11 endemic and 58 exotic). The Temporal
dataset was composed of 47 spider species (Araneae, 15 endemic
and 32 exotic) and 83 beetle species (Coleoptera, 11 endemic and
72 exotic).

3.2 | Spatial Scale Approach to Darwin's
Conundrum

Looking into the differences in spiders’ functional diversity
across the Azores, exotic spider species showed a neutral as-
sembly, being neither more distant nor closer to endemic species
than expected by chance (SES~0, not >2 nor < -2, Figure 2A).
Hence, we did not find any support for Naturalization or Pre-
adaptation of exotic spider species when comparing them with
endemic spiders.

For the beetles' functional diversity across the Azores, exotic
beetle species showed a neutral assembly in most of our anal-
ysis, only being significant for overdispersion/dissimilarity
between exotics and endemics on BALA II (MPD, SES=2.22,
p=0.026; MND, SES=2.89, p<0.01, Figure 2B). Moreover, al-
though showing a significant difference, the values on BALA
ALL (MND, SES=1.95, p=0.038) and on BALA III (MND,
SES=1.85, p=0.038) did not show a SES > 2. This indicates that
exotic beetles are neither more distant nor closer to endemic bee-
tles than expected by chance. In this way, we found support for
the Naturalization Hypothesis for exotic beetles in only one of
our cases explored with the spatial data (Figure 2B).

In the fine spatial scale, based on the analyses of MPD and
MND SES values across all transects (BALA All, BALA 1,
BALA II, and BALA III), our results reveal a predominantly
neutral assembly pattern for both exotic spiders and beetles at
the fine spatial scale. Most SES values clustered around zero,
indicating that exotic species are neither functionally distant
nor similar to endemic species beyond random expectation,
with a limited number of transects exhibiting extreme SES
deviations.
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TABLE 2 |

Description of the models used to explore Darwin's conundrum. Data were divided into two datasets, Spatial (BALA project data) and

Temporal (SLAM project data). Within each dataset, we explored the functional distance between exotic species and endemic species of spiders and

beetles.
Dataset
model Scale and variables Description
Spatial Scale: Archipelago. Investigation of Darwin's conundrum looking into seven
Model 1 Data partitioning: islands of the Azores archipelago through the BALA
(i) All data on spiders and beetles data. Here, we test the extent to which the archipelago’s
(BALA ALL=BALAT, II and III); endemic, and exotic species pool are functionally over
(ii) All data on spiders and beetles disperse/dissimilar over the 20years of BALA and for
from 1997 to 2004 (BALA 1); each campaign (I, II, and IIT). We test one value of MND
(iii) All data on spiders and beetles and MPD between species pools of different origin
from 2010 to 2011 (BALA 1I);
(iv) All data on spiders and beetles
from 2019 to 2022 (BALA III)
Spatial Scale: Archipelago transects. Investigation of Darwin's conundrum looking into each
Model 2 Data partitioning: sampling site (transect) across seven Azorean islands sampled
(i) All data per transect and per island on spiders in the BALA project. Here, we test to which extent endemics
and beetles (BALA ALL=BALA I, IT and III); and exotic species are functionally over disperse/dissimilar
(ii) All data per transect and per island on spiders at local scale (transect level). Hence, we test a unique value
and beetles from 1997 to 2004 (BALA I); of MND and MPD for each sampled transect in each island
(iii) All data per transect and per island on spiders
and beetles from 2010 to 2011 (BALA II);
(iv) All data per transect and per island on spiders
and beetles from 2019 to 2022 (BALA III)
Temporal Scale: Islands. Investigation of Darwin's conundrum looking into the
Model 1 Data partitioning: whole SLAM data, and into Terceira and Pico Islands
(i) All data on spiders and beetles from data separately, from 2012 to 2025. Here we did not
Terceira and Pico Islands (SLAM ALL); count for island particularities or species interactions
(ii) All data on spiders and beetles from within sampling sites, only test to which extent endemics
Terceira Island (SLAM Terceira); and exotic species are functionally over disperse/
(iii) All data on spiders and beetles dissimilar at a temporal scale. Hence, a unique value
on Pico Island (SLAM Pico) of MND and MPD was obtained for each variable
Temporal Scale: Islands sampled sites. Investigation of Darwin's conundrum looking into Terceira
Model 2 Data partitioning: and Pico Islands separately, from 2012 to 2025 and for each

(i) All data per sampling site on spiders and
beetles from Terceira Island (SLAM Terceira);
(ii) All data per sampling site on spiders and
beetles from Pico Island (SLAM Pico)

sampling site. Here, we test to which extent endemic and

exotic species are functionally over disperse/dissimilar at

local scale (sampling site). Hence, we test a unique value
of MND and MPD for each sampled site in each island

For spiders, from the 91 available transects, six transects
showed MPD SES > 2, while only one transect had MND SES
> 2, with no transects below —2 for either metric (Figure 3A and
Figure 3B). The median MPD SES was approximately 0.19, with
a Wilcoxon signed-rank test confirming a marginal departure
from zero (p=0.055). At the same time, the median MND SES
was approximately 0.40, with the Wilcox test confirming a sig-
nificant departure from zero (p =0.012).

Similarly, for beetles, from the 90 available transects, 11 tran-
sects had MPD SES >2 and four transects showed MND SES
> 2, again with no values below —2 (Figures 3C and 3D). Despite
the rarity of extreme deviations, the overall distribution of MPD
SES values showed a consistent positive shift. This pattern was
even more pronounced, with a median MPD SES of approxi-
mately 0.59 and with Wilcoxon signed-rank test confirming that
this distribution was significantly greater than zero (p <0.001).

At the same time, the median MND SES was approximately
0.78, with Wilcox test confirming that this distribution was sig-
nificantly greater than zero (p<0.0001). This indicates a mar-
ginal but consistent tendency toward functional overdispersion
between exotic and endemic beetles.

Despite these results, we did not find a strong signal of
Naturalization nor Pre-Adaptation of exotic spiders and exotic
beetles within the fine spatial scale of BALA transects.

3.3 | Temporal Scale Approach to Darwin's
Conundrum

Looking into the differences in spiders’ functional diversity
across time in the Azores, exotic spider species also showed a
neutral assembly, being neither functionally distant nor closer
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A - Spiders MPD and MND SES - Spatial dataset

MPD MND
1 1
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BALA3{ . ; ° |
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| |
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2 0 2 4 2 0 2 4
Standardized Effect Size (SES)
B - Beetles MPD and MND SES - Spatial dataset
MPD MND
| |
BALA All - ) i o*
| |
1 1
BALA1 1 | o : °
BALA2 A i o | o+
| |
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Standardized Effect Size (SES)

FIGURE 2

| Darwin's conundrum test of functional diversity similarity across the Azores using the Spatial dataset (BALA project) for (A) spider

species and (B) beetle species. Coloured dots indicate the Standard Effect Sizes (SES) for spiders (orange) and beetles (green). Island-specific charac-
teristics and species interactions within sampling transects were not considered; therefore, a single value of mean pairwise distance (MPD) and mean
nearest-neighbour distance (MND) was obtained for each variable: BALA All—all data (1997-2022); BALA [—1997-2004 data; BALA 1I—2010-2011
data; and BALA I11—2019-2022 data. Grey squares indicate the mean of the null models. Black stars indicate a significant difference between the

null mean obtained and the SES of MPD or MND.

to endemic species than expected by chance (SES~0, not >2
nor < -2, Figure 4A). Moreover, we did not find any positive
or negative significant trend for MPD and MND SES through
years (Figure 5A). Hence, we did not find any support for
Naturalization or Pre-adaptation of exotic spider species when
comparing them with endemic spiders.

For the beetles' functional diversity across time in the Azores, exotic
beetle species showed a significant functional overdispersion/dis-
similarity compared to endemics on SLAM All (MND, SES=2.08,
p=0.024, Figure 3B), and in SLAM Terceira (MND, SES=2.35,
p<0.015, Figure 4B). Pico island temporal data, though, showed
neither values of SES >2 nor SES < —2. Moreover, we did not find
any positive or negative significant trend for MPD and MND SES
through years (Figure 5B). In other words, we found support for
the Naturalization Hypothesis for exotic beetles in the temporal
data, mainly in Terceira island (Figures 4B and 5B).

In the fine scale, the functional assembly patterns of exotic spi-
ders versus endemic spiders across the temporal sampling sites
reveal a predominantly neutral assembly, with most MPD and
MND SES values clustering near zero. Out of 120 sampling
sites records analysed across the three temporal scales (SLAM
All, SLAM Terceira, and SLAM Pico), only 10 sampling sites

exhibited MPD SES values > 2, while no sampling sites showed
SES values below < —2. Similarly, for MND SES, only seven sam-
pling sites exceeded the threshold of >2, with no values below
< -2 (Figure 6A,B). Despite the rarity of extreme SES values,
the overall distribution of MPD SES showed a weak but detect-
able positive shift, with a median SES of approximately 0.166.
A Wilcoxon signed-rank test confirmed that this distribution
was significantly greater than zero (p <0.001), indicating a mar-
ginal but consistent tendency toward functional overdispersion
across sampling sites. This pattern was mirrored, though more
pronounced, in MND SES, where the median was 0.46 and the
Wilcoxon signed-rank test confirmed that this distribution was
significantly greater than zero (p <0.0001; Figure 6A,B). Despite
that, we find no strong support for either Naturalization or Pre-
adaptation of exotic spiders.

When comparing exotic beetles with endemic beetles, the anal-
ysis of MPD and MND SES values across all sampling sites and
temporal scales also reveals a predominantly neutral assembly
pattern. Most SES values clustered around zero, indicating that
exotic species are neither consistently functionally distant from
nor similar to endemic species beyond random expectation.
Only a limited number of sampling sites exhibited extreme SES
deviations (> 2). For beetles, 20 sampling sites showed MPD SES
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FIGURE 3 | Darwin's conundrum test of functional diversity similarity across each Azorean island using the Spatial dataset (BALA) for (A) spi-

der species MPD, (B) spider species MND, (C) beetle species MPD species and (D) beetle species MND. Island-specific characteristics and species

interactions within sampling sites were considered; therefore, a single value of mean pairwise distance (MPD) and mean nearest-neighbour distance
(MND) was obtained in each sampled transect, in each island, for each variable: BALA All—all data, blue boxplot; BALA I—1997-2004 data, orange
boxplot; BALA I1I—2010-2011 data, green boxplot; and BALA I111—2019-2022 data, pink boxplot. Grey squares indicate the Standard Effect Sizes
(SES) of the null models. Red dots indicate values of MPD or MND > 2. Black stars indicate a significant difference while “ns” indicate no significant
difference between the null mean obtained and the SES of MPD or MND. Islands names are FAI, Faial; FLO, Flores; PIC, Pico; SJG, Sao Jorge; SMG,

Sao Miguel; SMR, Santa Maria; TER, Terceira.

>2, while 13 had an MND SES > 2 (Figure 6C,D). At the same
time, no sampling sites showed values < —2 for either metric
(Figure 6C,D). These extreme values were spatially scattered
rather than concentrated in specific locations, suggesting lo-
calized rather than systematic assembly processes. Despite the
rarity of extreme deviations, the overall distribution of MPD
SES values showed a consistent positive shift. For beetles, the
median MPD SES was approximately 0.43, with a Wilcoxon
signed-rank test confirming a significant departure from zero
(p<0.001). At the same time, the median MND SES was ap-
proximately 0.59, but still showed a statistically significant
positive shift (p<0.001). This indicates a moderate but detect-
able tendency toward functional overdispersion/dissimilarity
across beetle communities, which supports the Naturalization
Hypothesis (Figure 6C,D).

4 | Discussion
Across Azorean spatial (BALA) and temporal (SLAM) data,

encompassing over 100 spider and beetle species, exotic as-
semblages showed functional structure that was largely

indistinguishable from null expectations relative to endemic
communities. Most Standard Effect Sizes (SES) values ex-
plored to test Darwin's naturalization conundrum clustered
near zero across space and time windows, implying no con-
sistent shift toward functional divergence (limiting similar-
ity/Naturalization) or convergence (environmental filtering/
Pre-adaptation). This neutrality, or even the lack of effects
magnitude, was especially consistent in spiders, which pro-
vided little evidence for either mechanism across the scales
considered. In contrast, beetles showed occasional, context-
dependent functional overdispersion/dissimilarity, mainly
at specific spatial and temporal scales, reflected in positive
shifts in mean pairwise distance (MPD) SES. Although ex-
treme deviations were rare and spatially scattered, the overall
trend, particularly over time, provides limited support for the
Naturalization Hypothesis. Overall, these findings indicate a
lack of consistent deviation from null expectations, suggest-
ing no detectable functional structuring between exotic and
endemic assemblages. This pattern is consistent with, but
does not directly demonstrate, the predominance of stochastic
processes, with only weak and taxon-specific departures from
neutrality.
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FIGURE4 | Darwin'sconundrum test of functional diversity similarity across the sampled years in Azores and, separately, Terceira and Pico Islands,

using the Temporal dataset (SLAM project) for (A) spider species and (B) beetle species. Coloured dots indicate the Standard Effect Sizes (SES) for spiders

(orange) and beetles (green). Island-specific characteristics and species interactions within sampling sites were not considered; therefore, a single value
of mean pairwise distance (MPD) and mean nearest-neighbour distance (MND) was obtained for each variable through sampled years: SLAM All—all
data from Terceira and Pico island; SLAM Terceira—only data from Terceira island; and SLAM Pico—only data from Pico island. Grey squares indicate
the mean of the null models. Black stars indicate a significant difference between the null mean obtained and the SES of MPD or MND.

4.1 | Exotic Spiders’ Invasion in the Azores
Is a Conundrum by Itself: Transient Invaders
or Established Residents?

Our study reveals interesting patterns for Azorean spiders,
both at small and large spatial and temporal scales. The data
indicate no clear deviation from null expectations, with no evi-
dence supporting either hypothesis of Darwin's conundrum for
the establishment of exotic spiders in the Azores. It rather indi-
cates that functional assembly at the archipelago scale is largely
neutral or stochastic, with limited and spatially sporadic signa-
tures of over- or under-dispersion. These findings align with
previous studies that showed an already well-established as-
semblage of exotic spiders in the Azorean native forest (Gaston
et al. 2006; Lhoumeau et al. 2022; Lhoumeau and Borges 2023;
Rigal et al. 2013), with likely viable and self-replacing popu-
lation over multiple life cycles (Divisek et al. 2025). For in-
stance, cosmopolitan species like Dysdera crocata C. L. Koch,
1838 (Dysderidae) and Ero furcata (Villers, 1789) (Mimetidae)
seem to maintain active populations throughout the years in-
side the native forest (Lhoumeau et al. 2022; Lhoumeau and
Borges 2023).

Our results, though, were unable to clarify the main mechanisms
driving the maintenance of these exotic spider populations in the
Azores. In this way, it remains unclear how exotic spiders inter-
act with Azorean endemic spiders. On the one hand, evidence
for the Naturalization Hypothesis would indicate a function-
ally distinct exotic fauna, succeeding in habitats not explored
by endemics (Darwin 1859; Jiménez-Garcia et al. 2023). On the
other hand, evidence for the Pre-adaptation Hypothesis would
indicate a functional similarity, with a likely direct competition
between exotics and endemics (Darwin 1859; Jiménez-Garcia
et al. 2023). As indicated by previous works on this subject
(Cadotte et al. 2018; Kusumoto et al. 2019; Marx et al. 2016; Park
et al. 2020), Darwin's hypotheses are not mutually exclusive,
and thus our results may actually point to a combination of both
mechanisms to explain our contemporaneous species assem-
blages. This pattern may result from partial functional redun-
dancy, likely due to similar dispersal ability, habitat occupancy,
and trophic interactions, likely occupying the same microhabi-
tats, maintaining an established population in the native forest
(Oyarzabal et al. 2024). However, this interpretation has to be
taken cautiously, since inferring competition or interaction from
functional trait patterns is challenging (Divisek et al. 2025).
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FIGURE 5 | Values of Standard Effect Sizes (SES) of the temporal dataset (SLAM project) obtained for the mean pairwise distance (MPD, orange
line) and mean nearest-neighbour distance (MND, blue line) of (A) spider species and (B) beetle species. SLAM All—all data from Terceira and Pico
Islands; SLAM Terceira—only data from Terceira Island; and SLAM Pico—only data from Pico Island. Dashed black lines are the values of null

model. Orange shadow indicates the Standard Deviation of the MPD null model and blue shadow indicates the Standard Deviation of the MND null
model. Note that the values presented in the SLAM All graph are the median values of both SLAM Terceira and SLAM Pico.

Furthermore, competitive interactions might also be masked
by the temporal and local persistence of exotics as a result of a
continuous flux between a source of exotic species (anthropo-
genic landscapes) and sink populations (native forest remnants)
(Lhoumeau et al. 2022; Lhoumeau and Borges 2023; Oyarzabal
et al. 2024). This makes the functional space of native forest col-
onizers more dependent on the presence/amount of surround-
ing anthropogenic habitats (Rigal et al. 2018), rather than on the
species interactions occurring inside the native forest. Indeed,
this process may be facilitated since all remnant native habitats
in the Azores are embedded within a matrix of anthropogenic
environments, which likely act as perpetual sources of exotic
spider individuals (Borges et al. 2008; Elias et al. 2016; Gaspar
et al. 2008; Triantis et al. 2010). Future experiments should be
designed to better detect colonization dynamics of exotic spi-
ders, which could differ between vagrant individuals and al-
ready established species. Such studies would also benefit from
incorporating population genetic experiments to quantify dis-
persal pathways, gene flow, and the demographic connectivity
between the likely source and sink populations. Moreover, in-
corporating juvenile stages, as they are the most likely life stage
to disperse and colonize new areas, would therefore provide a
more complete understanding of population turnover and es-
tablishment processes (Costa et al. 2025; Domeénech et al. 2022;
Niedobova et al. 2025).

4.2 | Exotic Beetles' Invasion in the Azores Is
Dictated by Large Spatial and Time Scales

Across the Azorean archipelago and through time, exotic bee-
tles were mildly but consistently functionally overdispersion/
dissimilarity relative to endemics, supporting the Naturalization
Hypothesis. Yet at finer spatial and temporal scales, most SES
values clustered near zero and showed low magnitude, indicating
no strong deviation from null expectations and broadly neutral
assembly, with only a subtle shift toward greater exotic-endemic
functional distinctness than expected by chance. Hence, our re-
sults point against the common expectation of the Naturalization
Hypothesis, where overdispersion/dissimilarity is expected to be
dominant at finer (local) scales, supported low functional simi-
larity among co-occurring species (Cadotte et al. 2018; Jiménez-
Garcia et al. 2023; Park et al. 2020; Thuiller et al. 2010).

Given that most existing studies addressing Darwin's co-
nundrum have focused on plants and vertebrates (Cadotte
et al. 2018), with comparatively little empirical evidence from
arthropods, our results on beetles gain even more relevance.
Most evidence from island ecosystems, largely derived from
plant studies, aligns with our findings, indicating that the
Darwin's hypotheses are not mutually exclusive but instead
depend on ecological context (Arjona et al. 2025; Kusumoto
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Darwin's conundrum test of functional diversity similarity across the sampled years in Azores and, separately, Terceira and Pico

Islands, using the Temporal dataset (SLAM) for (A) spider species MPD, (B) spider species MND, (C) beetle species MPD species and (D) beetle
species MND. Island-specific characteristics and species interactions within sampling sites were not considered; therefore, a single value of mean

pairwise distance (MPD) and mean nearest-neighbour distance (MND) was obtained in each sampled year and sampling sites, in each island, for:

SLAM All—combination of Terceira and Pico Islands data, green boxplot; SLAM Terceira (TER)—only data from Terceira Island, orange boxplot;
and SLAM Pico (PIC)—only data from Pico Island, pink boxplot. Grey squares indicate the Standard Effect Sizes (SES) of the Null models.

et al. 2019). For instance, although pre-adaptation, through
functional similarity, may still play the dominant role shaping
assemblages in the Canary islands, the Naturalization hypoth-
esis for invasive plants is better explained by their functional
adaptations to environmental conditions and phylogenetic dis-
tance to native species (Arjona et al. 2025). For exotic plants
in Japan, Darwin's conundrum mechanisms appear comple-
mentary and context dependent, with Pre-adaptation prevail-
ing under strong abiotic filtering and regional similarity while
Naturalization prevailing where biotic differentiation and dis-
turbance create niche opportunities (Kusumoto et al. 2019). In
this way, our findings show a rather particular trend, where
exotic beetles are likely avoiding competition, occupying differ-
ent habitats at broad spatial and temporal scales, as suggested
by other authors (Pozsgai et al. 2023), and not in a finer scale.
One parsimonious explanation is demographic: exotic beetles
in Azorean native forests often show lower densities and oc-
cupy fewer sites than indigenous taxa, which can weaken local
interaction signals even when broader-scale distributions imply
niche separation (Gaston et al. 2006). Similar to what we previ-
ously discussed for spiders, this scale dependence is consistent
with a landscape process in which anthropogenic habitats sup-
ply repeated supply of immigrants (supporting broader-scale
distinctness), while many exotics still struggle to maintain
self-sustaining populations in the most pristine native-forest
patches (Lhoumeau and Borges 2023).

Moreover, it is important to note that the drastic reduction and
fragmentation of the Azorean native forest has not only di-
minished the available space for endemic beetles but may also
have helped the invasion of exotic beetles (Borges et al. 2008;

Lhoumeau and Borges 2023; Oyarzabal et al. 2024). Especially
ground-dwelling exotic beetles have been increasing in abun-
dance in disturbed ecosystems that are favourable to their ex-
pansion (Oyarzabal et al. 2024). Recent evidence indicates that
the archipelago is gradually being invaded and dominated by
exotic species, particularly in anthropogenic habitats and de-
graded areas of native forest (Boieiro et al. 2025; Borges, Santos,
et al. 2020; Lhoumeau and Borges 2023; Oyarzabal et al. 2024).
Hence, exotic beetles appear to be occupying vacant habitats,
either those that were abandoned by endemic species, unable
to tolerate the microclimatic and structural changes in the soil
caused by land-use disturbance, or those brand-new, created
by invasive plants (Borges et al. 2006; Oyarzabal et al. 2024;
Oyarzabal, Boieiro, et al. 2025; Oyarzabal, Pozsgai, et al. 2025;
Queiroz et al. 2014; Ribeiro et al. 2005).

Within the context of Darwin's conundrum, our results indicate
not only functional overdispersion/dissimilarity between ex-
otic and endemic beetles at fine spatial and temporal scales, but
also a potential environmental filtering effect driven by human
disturbance, which could indirectly support a Pre-adaptation
(Young et al. 2017). Exotic species, equipped with functional
traits that favour tolerance to environmental impact, that are
efficient dispersers, and have generalist diets, have been able to
establish themselves in habitats never occupied by endemic spe-
cies (Rigal et al. 2018). Thus, land-use change and human dis-
turbance in general in the Azores may not only promote biotic
homogenization and the decline of endemic functional diversity
but also redefine the ecological structure of the archipelago,
as suggested by other authors (Borges et al. 2006; Oyarzabal
et al. 2024; Oyarzabal, Boieiro, et al. 2025; Oyarzabal, Pozsgai,
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et al. 2025; Queiroz et al. 2014; Ribeiro et al. 2005). This favours
the replacement of endemic species by exotics, a process em-
blematic of the evolutionary tension described by Darwin be-
tween adaptive coexistence and competitive exclusion, or rather,
Naturalization and Pre-adaptation, respectively (Darwin 1859;
Jiménez-Garcia et al. 2023).

4.3 | Contrasting Functional Patterns Between
Exotic Spiders and Beetles

Beyond the previously explored dynamics regarding Darwin's co-
nundrum for spiders and beetles, the question remains as to why
these two groups yielded such contrasting results. The primary
difference is that exotic spiders seem fully established within the
Azorean population, whereas exotic beetles appear to be occu-
pying novel niches to avoid competition. Thus, in addition to the
ecological aspects provided by trait-based analyses, one may fur-
ther consider that this fundamental difference lies in the distinct
ecosystem functions performed by spiders and beetles.

Spiders are strictly carnivorous animals, known to have ex-
perienced strong selective starvation during their evolution
(Pekar et al. 2012; Zhang et al. 2025), which may have resulted
in substantial intraguild predation and competitive exclusion
when microhabitat niches overlap (Harwood and Obrycki 2005;
Rickers et al. 2006; Sanders and Platner 2007). Furthermore, the
island effect may have selected spider species with high disper-
sal capacity, which may also limit or simplify their functional
diversity (Candek et al. 2021; Whittaker et al. 2014). Intraguild
competition would then drive trait convergence, leading to eco-
logically equivalent species and the observed neutral assembly
(Edwards et al. 2018). However, both in the present study and
elsewhere, this mechanism has been demonstrated theoretically
rather than empirically for spiders, unfortunately (Edwards
et al. 2018). In contrast, beetles are known to have broader diets,
with many species exhibiting omnivorous feeding habits; even
those that are strictly herbivorous or carnivorous as adults may
vary their diet in different life stages and/or due to food availabil-
ity (Al-Shareefi and Cotter 2019; Eubanks and Styrsky 2005).
Consequently, intraguild feeding competition may be minimal,
which could have favoured colonization. Moreover, exotic bee-
tles disperse actively through walking or directed flight, which
may filter colonizers non-randomly, generating weak functional
overdispersion (Iversen et al. 2017; Rundle et al. 2002).

In summary, feeding ecology and dispersal ability may provide
plausible and mutually compatible explanations for the contrast-
ing functional patterns observed between exotic spiders and ex-
otic beetles in the Azores. However, direct evidence linking trait
composition to the observed contrast remains inconclusive. We
acknowledge important limitations, including that functional
traits are not directly comparable between spiders and beetles,
that our observational design does not allow us to experimen-
tally isolate mechanisms, and that historical factors, such as the
previously explored anthropogenic pressure, may also contrib-
ute to the observed divergence (Oyarzabal et al. 2024). Future
studies that quantify trophic niche overlap or movement ecology
approaches to track dispersal pathways would help resolve these
uncertainties and provide more direct tests of the mechanisms
proposed here (Hock and Mumby 2015; Swanson et al. 2015).

4.4 | Strengthening Inference on Darwin's
Naturalization Conundrum in Azorean Arthropods:
Priorities for Future Work

Building on the strong multi-scale trait-based foundation pro-
vided here, several targeted additions in data, design, and in-
ference can substantially sharpen mechanistic interpretation
of exotic-endemic assembly in the Azores and other oceanic
islands.

First, integrating phylogenetic/phylogenomic information
alongside traits would help distinguish deep evolutionary di-
vergence from recent functional convergence, improving how
we interpret “similarity” and “dissimilarity” in the conundrum
framework (Arjona et al. 2025; Li et al. 2015; Marx et al. 2016).
Second, pairing community trait structure with demographic
evidence (occupancy, density, recruitment) would directly test
whether neutrality reflects weak interactions or whether it is
masked by low abundance and limited occupancy of exotic taxa
(Gaston et al. 2006). Third, explicitly quantifying anthropo-
genic pressure and landscape context would help test whether
source-sink dynamics from surrounding human-modified hab-
itats sustain exotic populations within native forest remnants,
potentially weakening local interaction signatures (Waddell
et al. 2020). In the Azorean context, such processes are likely
intertwined with multiple island-level factors, including
area, colonization history, land-use change, and current de-
grees of habitat fragmentation and urbanization (Borges and
Hortal 2009; Castanho et al. 2021). While incorporating these
dimensions could provide a more comprehensive understanding
of invasion dynamics, disentangling their relative effects would
require a more complex analytical framework. Fourth, future
sampling that consistently includes juveniles and seasonal rep-
lication would better separate transient individuals from self-
replacing populations and improve inference on establishment
dynamics through time (Costa et al. 2025; Domeénech et al. 2022;
Niedobova et al. 2025). Finally, although the selected traits cap-
ture complementary aspects of species morphology and ecology,
some degree of trait inter-correlation is expected (Chichorro,
Correia, and Cardoso 2022; Chichorro, Urbano, et al. 2022;
Mammola et al. 2021). Since our objective was to characterize
functional differences between exotic and endemic assemblages,
we retained all ecologically relevant traits, following common
practice in trait-based community analyses (Chichorro, Correia,
and Cardoso 2022; Chichorro, Urbano, et al. 2022; Mammola
et al. 2021). While trait inter-correlation may influence func-
tional distances by increasing the weight of certain trait dimen-
sions, patterns of functional similarity or dissimilarity should be
interpreted as reflecting overall ecological strategies rather than
independent trait axes (Reich et al. 2003). In this way, the future
combination of traits with complementary process-sensitive ap-
proaches (e.g., co-occurrence/interaction networks, experimen-
tal designs across disturbance gradients) would help identify
when and where Naturalization vs. Pre-adaptation dominates
across spatial grains and invasion stages (Cadotte et al. 2018).

Nevertheless, we advocate that the functional trait-based ap-
proach adopted here remains highly informative and appro-
priate given the ecological questions addressed and the data
available. Functional traits are directly linked to species’ ecolog-
ical roles, environmental tolerances, and potential competitive
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interactions, making them particularly relevant for assessing
invasion dynamics and assembly processes in disturbed island
systems including the Azores (Oyarzabal et al. 2024; Oyarzabal,
Boieiro, et al. 2025; Rigal et al. 2018). Moreover, several studies
have shown that functional metrics can be more sensitive than
phylogenetic ones in detecting assembly processes when trait
evolution is labile or when phylogenetic signal is weak or incon-
sistent across traits (Arjona et al. 2025; Cadotte et al. 2018; Park
et al. 2020). In this context, our results provide robust evidence
that exotic—endemic assemblages in the Azores are predomi-
nantly structured by neutral and stochastic processes, regard-
less of their underlying evolutionary relationships.

5 | Conclusion

Based on the integrated analysis of 20years of spatial and tem-
poral data of arthropod species in the Azores archipelago, the
functional assembly of exotic communities relative to their en-
demic counterparts is likely to be governed primarily by a neu-
tral process. This main finding is modulated by taxon-specific
nuances. Exotic spiders were consistently neutral across all
scales, providing no support for either Darwin's Naturalization
(functional dissimilarity) or Pre-adaptation (functional sim-
ilarity) hypotheses, whereas exotic beetles were also mostly
neutral but showed a weak, statistically detectable tendency
toward functional dissimilarity at broader spatial and tempo-
ral scales, suggesting only limited context-dependent support
for Naturalization rather than pervasive competitive exclusion.

Taken together, these results indicate that exotic persistence in
Azorean native forests is shaped less by strong, direct biotic in-
teractions with endemic species than by broader landscape pro-
cesses, including land-use change, disturbance-created habitat
opportunities, and continued immigration from surrounding
anthropogenic environments (source-sink dynamics). From
a conservation perspective, maintaining and restoring native
forest integrity and reducing fragmentation should therefore be
central priorities for safeguarding endemic functional diversity.

Key future challenges are to move from trait patterns to mech-
anism by integrating: (i) phylogenetic/phylogenomic data to
separate deep evolutionary divergence from functional conver-
gence; (ii) demographic evidence (occupancy, density, recruit-
ment—especially juveniles) to distinguish transient visitors from
self-sustaining populations; and (iii) explicit landscape metrics
(invasive plants pressure, connectivity, and anthropogenic distur-
bance gradients) to test when and where source-sink dynamics
overwhelm local interaction signals. Nonetheless, our results un-
derscore the value of long-term, large-scale functional approaches
for guiding conservation action in data-limited island systems.
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