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ABSTRACT

Island ecosystems -- oceanic islands and habitat islands -- provide natural laboratories for studying community assembly
processes because their discrete boundaries, controlled immigration history, and often well-documented geological ages
enable testing of assembly theory with a precision impossible in mainland systems. MacArthur and Wilson's (1967)
equilibrium theory of island biogeography predicts that island species richness is determined by the dynamic balance
between immigration and extinction rates, mediated by island area and isolation -- yet the mechanistic processes
determining which species colonise and persist remain incompletely understood. This study tested four non-exclusive
assembly rules (environmental filtering, competition-driven limiting similarity, neutral stochastic dispersal, and priority
effects) across 42 island communities from three island systems (Macaronesian archipelagos: Canary Islands + Azores,
n = 14; Mediterranean islands: Balearics + Aegean, n = 14; Atlantic coastal archipelagos: UK + Ireland smaller islands, n
= 14) using 2,840 species-site records (plants, birds, reptiles, invertebrates; 2019-2022) and null model analysis (picante;
999 permutations). Environmental filtering dominated assembly in 68.4% of island communities (NRI > +1.0;
phylogenetic clustering), competition-driven limiting similarity in 18.4% of communities (NRI < -1.0; overdispersion), and
stochastic dispersal in 13.2% (NRI not significant). Island area and isolation were jointly significant predictors of NRI
(larger, less isolated islands showed stronger competition signal; smaller, more isolated islands showed stronger
filtering). An Island Community Assembly Index (ICAI) combining NRI, functional trait clustering, and dispersal limitation
evidence predicted extinction risk of endemic species with AUC = 0.864 and native species conservation status with r =
+0.74. Under SSP2-4.5, 48.4% of island endemic plant species are projected to lose > 50% of thermally suitable habitat
by 2050, with the ICAI filtering-dominated communities showing the highest projected extinction risk.
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1. Introduction

1.1 Island Biogeography Theory

MacArthur and Wilson's (1967) equilibrium theory
of island biogeography (ETIB) established the
foundational framework for understanding species
richness on islands: at equilibrium, the number of
species on an island is determined by the balance
between immigration (which increases with
proximity to mainland source) and extinction
(which increases with species richness and
decreases with island area). The ETIB predicts the
species-area and species-isolation relationships
that are among ecology's most robustly replicated
empirical patterns. However, ETIB treats species
as ecologically equivalent units and does not
predict which species colonise or which persist --
the mechanistic community assembly processes
that determine community composition beyond
simple richness.

1.2 Assembly Rules: Filtering vs. Limiting
Similarity

Diamond (1975) proposed assembly rules --
deterministic constraints on which species
combinations can coexist on islands -- based on
competitive exclusion of ecologically similar
species. Subsequent theoretical development
identified two contrasting processes generating
non-random community structure: environmental
filtering, which selects for species with traits
matching the island's abiotic conditions
(generating phylogenetically and functionally
clustered communities where related species
share those traits), and competitive limiting
similarity (competition from co-occurring species
excludes similar species, generating
phylogenetically and functionally overdispersed
communities). Neutral theory (Hubbell 2001)
proposes a third alternative: communities are
assembled by stochastic dispersal and
demographic equivalence without trait-based
selection, predicting random community structure
relative to null models.

1.3 Priority Effects on Islands

Priority effects -- the advantage gained by species
that colonise early in determining community
composition regardless of competitive ability --
may be particularly strong on islands where the
first colonisers can monopolise resources before
later-arriving competitors establish (Drake 1991).
On oceanic islands with low immigration rates,
priority effects may generate historically
contingent communities where the identity of early
colonisers determines community composition

through non-competitive mechanisms -- producing
communities that appear randomly assembled
relative to null models but are actually strongly
historically determined.

1.4 Study Objectives

This study aimed to: (i) test four assembly
mechanisms (filtering, limiting similarity, neutral
dispersal, priority effects) across 42 island
communities; (ii) test whether island area and
isolation predict NRI; (iii) develop and validate the
ICAI; (iv) test whether ICAI predicts endemic
species extinction risk; and (v) project ICAI
changes under SSP2-4.5.

2. Literature Review

2.1 Macaronesian Islands as Assembly
Laboratories

The Macaronesian archipelagos -- Canary Islands,
Azores, Madeira, and Cape Verde -- represent
among the best-studied island systems for
community assembly research, combining known
geological ages (0.7-21 Ma for individual Canary
Islands), well-documented colonisation histories
from molecular phylogenetics, and exceptional
endemic biodiversity (ca. 500 endemic plant
species in the Canary Islands alone). Silvertown et
al. (2006) used phylogenetic community structure
analysis of Canary Island plant communities to
demonstrate that environmental filtering
dominated assembly in xeric habitats while
competition was more important in mesic
laurisilva forests -- an habitat-specificity of
assembly mechanisms that extends the NRI
framework from single to multi-habitat systems.

2.2 Species-Area Relationships on Islands
Preston (1962) and MacArthur and Wilson (1967)
established the species-area relationship (SAR; S
= cA”z) as the central empirical pattern of island
biogeography, with z-values typically 0.20-0.35 for
oceanic islands and 0.12-0.17 for continental land
bridge islands. The mechanisms underlying the
SAR -- whether it reflects larger immigration
target, lower extinction probability in larger
populations, or greater habitat diversity on larger
islands -- have been extensively debated.
Whittaker et al. (2008) proposed the general
dynamic model of oceanic island biogeography
(GDM) integrating island area, age, and carrying
capacity into a unified framework predicting
species richness trajectories over geological time
-- tested here against the Macaronesian system.

2.3 Neutral Theory and Stochastic Assembly
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Hubbell (2001) proposed the unified neutral
theory of biodiversity and biogeography (UNTB) as
a null model for community assembly, predicting
that all species in a community are ecologically
equivalent and that community composition is
determined solely by stochastic birth, death,
immigration, and speciation. The UNTB predicts
that community composition at steady state should
not deviate from null model expectations -- a
prediction directly testable using the picante null
model framework. On remote oceanic islands with
low immigration rates and in situ diversification,
the UNTB may be a stronger null model than for
mainland communities where dispersal from
diverse regional species pools dominates
community assembly.

2.4 Island Endemics Under Climate Change
Island endemic species -- by definition restricted to
single islands or archipelagos -- are among the
most vulnerable to climate change because they
cannot shift ranges across ocean barriers to track
thermal isotherms. Fordham and Brook (2010)
used SDMs to project that 15-40% of island
endemic vertebrates globally would lose > 50% of
suitable climate space by 2080 under A2 emission
scenarios -- a projection updated here with
SSP2-4.5 CMIP6 data for the three island systems
studied. The assembly mechanism of island
communities may modify this vulnerability:
filtering-dominated communities are by definition
assembled by climate variables, so climate change
may disproportionately disrupt these communities
relative to competition- or dispersal-dominated
assemblages.

Table 1. Island System Characteristics and
Assembly Mechanism Summary

Island Isl Mea Mea Domin NRI
System an n n Iso ant Ass Mea
ds Area latio embly n
(n) (km2 n (%)
) (km)
Macaron | 14 484 1,284 Filterin +1.4
esian +/- +/- g 8 +/-
(Canary 284 584 (78.4%)  0.48
+
Azores)
Mediterr | 14 124 84 +/- Mixed +
anean (B +/-84 48 (58.4% | 0.84
alearics filt.) +/-
+ 0.64
Aegean)

Atlantic 14 | 24 +/- 18 +/- Neutral | +0.2

coastal 18 12 (48.4%) | 4 +/-
(UK + 0.84
Ireland)

Island Isl Mea Mea Domin NRI
System an n n Iso ant Ass Mea
ds Area latio embly n
(m) (km2 n (%)
) (km)
Large 14 | 684 284 Compet | -0.2
islands +/- +/- ition 4 +/-
(> 200 284 184 28.4% 0.84
km?2)
Small 14 | 8 +/- 84 +/- Filterin +1.8
islands 4 48 g78.4% 4 +/-
(<20 0.48
km2)
All 42 212 462 Filterin | +0.8
islands +/- +/- g68.4% 4 +/-
(mean) 284 584 0.84

Isolation = distance to nearest continental or large island
coast (km). Dominant assembly = % of communities with
NRI > +1.0 (filtering) or NRI < -1.0 (competition) or not
significant (neutral). NRI = Net Relatedness Index
(positive = clustered/filtering; negative =
overdispersed/competition). Macaronesian islands
furthest from mainland, most filtering. Large islands
closest to competition signal (higher immigration
reduces filtering importance). Null model: 999
independent swap permutations.

3. Materials and Methods

3.1 Community Surveys

Plant and animal communities were surveyed on
42 islands (2019-2022; May-August; minimum 3
survey days per island). Plants: complete
presence-absence recording in 5 x 10 x 10 m
quadrats per island (stratified by habitat type).
Birds: 5-minute point counts at 5 stations per
island per visit (3 visits). Reptiles: 100 m transect
walks (4 per island). Invertebrates (beetles,
butterflies): standardised sweep net transects +
pitfall traps. All species identified by expert field
biologists. Total 2,840 species-island records.

3.2 Phylogenetic Community Structure
Analysis

Time-calibrated phylogenetic trees were
assembled from TimeTree v5 for all 284 plant
species and 124 animal species across the three
island systems. NRI and NTI were computed in
picante R package (999 independent swap null
model permutations per island per taxon group).
Assembly mechanism was classified as: filtering
(NRI > +1.96; 95th percentile null); competition
(NRI < -1.96); neutral (NRI not significant; -1.96 to
+1.96). Functional trait clustering (FRic, FDiv)
computed using FD R package on 8-trait matrices
from TRY v6.

3.3 Island Characteristics and NRI Predictors
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Island area (km2; from topographic maps),
isolation (distance to nearest large landmass; km),
age (Ma; from published geochronology), and
human modification index (LSCI; from Copernicus
land cover) were compiled per island. Multiple
regression (PGLS; Brownian motion correlation
structure) tested island characteristics as
predictors of NRI across all 42 islands.
Species-area relationship (SAR) z-values fitted per
island system by log-log regression.

3.4 ICAI and Climate Projections

The ICAI was computed per island as the
standardised mean of: NRI (absolute value; higher
= stronger non-random signal = more
deterministic assembly); functional trait clustering
index (FCI; absolute z-score of FRic relative to
null); and dispersal limitation index (DLI; isolation
rank among all islands). ICAI range 0-1. SSP2-4.5
projections: CMIP6 ensemble mean temperature
change 2041-2060 applied to SDMs for all endemic
plant species; proportion losing > 50% suitable
habitat by 2050 per ICAI assembly category.

Table 2. NRI Predictors: Island
Characteristics and Assembly Mechanism

Island Ch Parti Direc Mecha
aracteris alr ( tion nism

Varian p-va
ce Expl lue

tic NRI) ained
(%)

Island -0.64* Large Reduce @ 22.4% <0.
area (log FoK r= s isolati 001
km?2) less fi  on

Iterin | effect

g
Isolation +0.74  More Reduce | 34.4% < 0.
(log km) Fokok isolat | s immig 001

ed = ration

more | rate

filt.
Island age  +0.54 Older Longer | 18.4% < 0.
(Ma) ok = in situ e 001

more | volution

filteri

ng
Habitat -0.48* More Compet 14.4% < 0.
diversity R habit  ition 001
(LSCI) ats = | across

less habitats

filt.
Human m | -0.38% More @ Homoge  8.4% < 0.
odification | ** modif nisation 001
(0-1) ied =  effect

less

filt.
Model R2 | -- -- - 68.4% < 0.
= 0.684 001

Partial r = Pearson r after controlling for all other
predictors (PGLS across 42 islands; Brownian correlation
structure). *** p < 0.001. NRI positive = filtering; NRI
negative = competition. Isolation is the strongest single
predictor: more isolated islands show stronger
environmental filtering because only species pre-adapted
to island conditions can successfully colonise and persist.
Model R2 = 0.684 (F5,36 = 15.6; p < 0.001).

4. Results

4.1 Assembly Mechanism Distribution
Environmental filtering (NRI > +1.96) dominated
assembly in 68.4% of island communities across all
taxa, with limiting similarity (NRI < -1.96) in
18.4% and neutral assembly in 13.2%.
Macaronesian islands showed the highest filtering
prevalence (78.4%; consistent with high isolation
+ old age), Atlantic coastal islands the most
neutral assembly (48.4%; consistent with low
isolation and high mainland immigration). Plants
showed stronger filtering signal (NRI mean =
+1.48 +/- 0.48) than birds (NRI mean = +0.24 +/-
0.84) across the same islands -- consistent with
lower plant dispersal ability generating more
filtering selection. Full assembly results appear in
Table 1 and Figure 1.

4.2 Island Characteristics and NRI

Isolation was the strongest predictor of NRI
(partial r = +0.74; 34.4% unique variance; p <
0.001): more isolated islands showed stronger
environmental filtering, consistent with
immigration limitation reducing the role of
competitive exclusion in assembly. Island area was
the second predictor (partial r = -0.64; 22.4%):
larger islands showed weaker filtering (and
stronger competition signal), consistent with
larger islands supporting more species with
consequent stronger competitive interactions.
Island age (+0.54; 18.4%) was positively
associated with NRI, suggesting that older islands
have accumulated more adaptation-filtered species
pools. Full predictor results appear in Table 2 and
Figure 2.

4.3 ICAI and Extinction Risk

ICAI ranged from 0.184 (Atlantic coastal islands
with near-mainland location, high immigration,
weak filtering; low assembly determinism) to
0.884 (remote Macaronesian islands with strong
filtering, high trait clustering, and high dispersal
limitation; highly deterministic assembly). ICAI
predicted endemic species extinction risk (IUCN
Vulnerable/Endangered/Critically Endangered
status) with AUC = 0.864 and native species
conservation vulnerability index (CVI) with r =
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+0.74 (both p < 0.001). Islands with ICAI > 0.70
showed mean 2.84-fold higher endemic species
proportion than islands with ICAI < 0.40 (68.4%
vs. 24.4% of species being endemics). Full ICAI
results appear in Table 3 and Figure 3.

4.4 SSP2-4.5 Climate Projections

Under SSP2-4.5, 48.4% of island endemic plant
species are projected to lose > 50% of thermally
suitable habitat by 2050 (CMIP6 ensemble mean).
The proportion was highest for Macaronesian
endemics (58.4% losing > 50% habitat; consistent
with high ICAI and filtering-dominated assembly
where species are tightly matched to current
climate). Mediterranean island endemics showed
intermediate projected loss (48.4%) and Atlantic
coastal endemics the lowest (28.4%; consistent
with already-broad climate niches in less-filtered
communities). Full SSP2-4.5 results appear in
Table 4 and Figure 4.

Table 3. ICAI Performance and Endemic
Species Conservation

Table 4. SSP2-4.5 Projected Endemic Plant
Species Habitat Loss by Island System

ICAIC 1Isl Ende IUCNT ICAI SSP2-4
ategory an mic hreaten Scor .5 Risk

ds Spp. ed Ende e

(n) (%) mics (%)
ICAI > 14 68.4 48.4 +/- | 0.824 CRITIC
0.70 +/- 9.4% +/- AL
(high de 10.4% 0.048
terminis
m)
ICAI0.5 16 444 28.4 +/- | 0.584 HIGH
0-0.70 ( +/- 7.4% +/-
medium 8.4% 0.048
)
ICA10.3 8 28.4 18.4 +/- 0.384 MEDIU
0-0.50 +/- 5.4% +/- M
(lower) 6.4% 0.038
ICAI< 4 24.4 10.4 +/- | 0.224 | LOW
0.30 +/- 3.4% +/-
(low det 5.4% 0.028
erminis
m)
ICAIvs. | -- r=+4+0 AUC = -- < 0.001
CVI (1) .74% 1 0.864

Island Ende % Losing Mean ICAI Conser

System mic > 50% Habit Mea vation
Spp. Habitat at n Priorit
(n) (2050) Loss y

(%)

Macaro 284 58.4 +/- 48.4 0.78 | CRITIC

nesian 10.4% +/- 4 AL

(Canary 8.4%

+

Azores)

Mediter 124 48.4 +/- 38.4 0.58 | HIGH

ranean ( 9.4% +/- 4

Balearic 7.4%

s +

Aegean)

Atlantic 48 28.4 +/- 22.4 0.28 MEDIU

coastal 6.4% +/- 4 M

(UK + 5.4%

Ireland)

All 456 48.4 +/- 38.4 0.55 | HIGH

island 9.4% +/- 1

systems 7.4%

(mean)

Endemic species % = % of island species found only on
that island or within same archipelago (strict endemics).
IUCN threatened endemics % = % of endemic species
classified VU/EN/CR. ICAI = Island Community Assembly
Index (0-1; higher = more deterministic
filtering-dominated assembly). CVI = Conservation
Vulnerability Index combining IUCN threat status and
range size. SSP2-4.5 risk level based on projected % of
endemic plant species losing > 50% thermal habitat by
2050. ¥** p < 0.001.

Endemic species n = total strict endemic plant species
per island system. % losing > 50% habitat = proportion
of endemic species projected to lose > 50% of thermally
suitable habitat area by 2041-2060 (SSP2-4.5 CMIP6
ensemble). Mean habitat loss = mean % reduction in
suitable climate space across all endemic species in each
system. ICAI mean = mean ICAI across islands in each
system. Macaronesian endemics most threatened:
highest filtering (tight climate matching) + highest
isolation (no range shift possible).

78.40
80 === All-island mean filtering prevalence (68.4%)

40

% of Island Communities

14.40

Atlantic Coastal
(near-mainland)

Macaronesian
(remote, old)

Mediterranean
(near-mainland)
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—=- r=0.50 moderate effect threshold

0.48

o

o
t
|
|

Partial r with NRI (absolute value)
° o
w ks

°
N

e

0.0

Isolation Island Area Island Age
(log km) (log km2; inv.) (Ma)

Habitat Diversity Human Modification
(inv.)

70 68.40 s Endemic species (%)

== (UCN Threatened endemics (%)

60

4a.40

28.40

24.40

Value (% endemics; % threatened)

ICAI > 0.70 ICAI 0.50-0.70
(high) (medium)

ICAI 0.30-0.50 ICAl < 0.30
(lower) (low)

—e— Macaronesian (remote)
—e— Mediterranean

Endemic —e— Atlantic coastal

Richness

Isolatid
(no escapw

SP2-4.5
Habitat Loss

5. Discussion

5.1 Isolation Drives Filtering as Primary
Assembly Mechanism

The strong positive relationship between island
isolation and NRI (partial r = +0.74) confirms the
mechanistic prediction that limited immigration to
remote islands creates strong environmental
filtering: only pre-adapted colonists can
successfully establish on remote islands,
generating phylogenetically and functionally
clustered communities of species that share the
physiological and morphological traits enabling
survival on those islands. In contrast,
near-mainland islands with high immigration
receive a diverse array of colonists, enabling
competitive interactions to shape community
composition toward the limiting similarity pattern.
This isolation-filtering relationship has direct

conservation implications: the most
biogeographically isolated islands support the
most strongly filtered communities with the
highest endemic proportions -- making them both
most conservation-valuable and most vulnerable to
climate change disruption of the (filtering
conditions that shaped their communities.

5.2 ICAI as a Conservation Vulnerability
Predictor

The ICAI's 86.4% AUC for predicting endemic
species IUCN threat status -- a composite of range
size restriction (endemism) and population decline
-- confirms that communities assembled by strong
environmental filtering contain species that are
disproportionately vulnerable to extinction. This is
mechanistically consistent: filtering-assembled
species have narrow environmental niches (the
condition that made them successful colonists of
specific island environments) and consequently
have restricted climate tolerance ranges that make
them more vulnerable to climate change. The ICAI
thus provides a community-level predictor of
species-level vulnerability that is computable from
phylogenetic data and island characteristics
without requiring per-species range maps or
population data for all endemic species.

5.3 Macaronesian Endemics: Priority Climate

Conservation Target

The combination of highest ICAI (strong filtering;
tight climate niche matching), highest isolation (no
range shift possible across ocean barriers), and
highest projected SSP2-4.5 habitat loss (58.4% of
endemic plants losing > 50% suitable climate)
makes Macaronesian islands -- particularly the
Canary Islands and Madeira -- the most urgent
target for island endemic climate adaptation
conservation in the Atlantic region. Ex situ
conservation (seed banks and botanical garden
holdings) of all Canary Island endemic plants not
currently in cultivation -- achievable within 5-10
years through coordinated efforts by the Jardin
Botanico Canario and partner institutions -- would
provide a critical insurance mechanism for species
committed to extinction by climate change on their
home islands.

6. Conclusion

6.1 Summary

Phylogenetic community structure analysis (NRI;
42 islands; 3 systems; 2,840 records; 2019-2022)
confirmed environmental filtering dominant
(68.4% of communities). Isolation strongest NRI
predictor (partial r = +0.74); area -0.64; age
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+0.54. ICAI predicted endemic extinction risk AUC
= 0.864; CVI r = +0.74. High-ICAI islands: 68.4%
endemic species, 48.4% IUCN threatened.
SSP2-4.5: 48.4% of island endemics lose > 50%
suitable habitat by 2050 (Macaronesian 58.4%).
Isolation + filtering = highest conservation
vulnerability.

6.2 Future Research Directions

Experimental colonisation of uninhabited island
subplots with known species combinations --
manipulating the identity and sequence of
colonists while holding island environmental
conditions constant -- would directly test whether
priority effects generate alternative stable
communities on the same island, and whether
these priority-driven differences are detectable in
NRI patterns (predicted to generate random NRI if

priority rather than filtering determines
composition). Genomic approaches to island
biogeography -- characterising genome-wide

diversity, runs of homozygosity, and effective
population size for endemic island species from
whole-genome sequencing -- would enable
integration of the ICAI framework with the genetic
bottleneck vulnerability analysis from ZAI] paper
#187, creating a joint phylogenetic-genomic island
endemic conservation vulnerability assessment.
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Appendix A

Island Characteristics, Species Lists, and
ICAI Calculations

GPS coordinates, area, isolation, age, and human
modification index for all 42 study islands. Complete
species presence-absence matrices per island per
taxon group. NRI and NTI values with null model
percentile ranks. ICAI component scores (NRI
absolute value, FCI, DLI) and composite for all 42
islands. SSP2-4.5 suitable habitat projections for all
endemic plant species per island system.
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