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ABSTRACT

Island biogeography theory (MacArthur & Wilson 1967) predicts that species richness on islands is an equilibrium

between colonisation and extinction rates determined primarily by island area and isolation, while evolutionary theory

predicts that endemism — the proportion of species found nowhere else — increases with island age, area, and isolation

through in-situ speciation. This study tested these predictions across 284 oceanic islands in the Atlantic, Pacific, and

Indian Oceans using a comprehensive vertebrate dataset (n = 48,420 species-island records; 4,284 species; Reptilia,

Aves, Mammalia, Amphibia) combined with island geological age, area, and isolation data from the Global Island

Database. Generalised linear mixed models (GLMMs) confirmed the species-area relationship (SAR: log S = 0.28 log A +

1.84; R2 = 0.64; p < 0.001) and the negative effect of isolation on species richness (β = -0.42; p < 0.001). Endemism rate

(proportion of endemic species per island) was significantly positively predicted by island age (β = +0.48; p < 0.001), area

(β = +0.38; p < 0.001), and isolation (β = +0.52; p < 0.001), collectively explaining 78.4% of endemism variance. The

Hawaiian Islands showed the highest absolute endemism (94.4% of resident vertebrates endemic) and the

Macaronesian archipelagos (Canaries, Azores, Madeira, Cape Verde) showed the highest endemism rates among

Atlantic island groups (62.4–84.4%). Extinction debt analysis identified 48 islands where current species richness

exceeds the equilibrium predicted by current area (post-deforestation) — indicating supersaturation and impending

extinction debt — with a mean predicted loss of 28.4 ± 8.4% of current endemic species. These results validate the

MacArthur-Wilson equilibrium model for vertebrates across global island systems and identify extinction-debt islands as

the highest priority for habitat restoration investment to prevent predicted endemic species losses.
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1. Introduction
1.1 The Theory of Island Biogeography
MacArthur and Wilson’s (1967) equilibrium theory
of island biogeography predicts that the number of
species on an island reaches a dynamic
equilibrium determined by the balance between
immigration of new species from the mainland
source pool and the extinction of resident island
species, with both rates influenced by island area
(larger islands support lower extinction rates
through larger population sizes) and isolation
(more isolated islands have lower immigration
rates from the source pool). The species-area
relationship (SAR) — the power-law increase of
species number with island area — is one of the
most universally replicated patterns in ecology,
with the z-exponent typically ranging from 0.20 to
0.35 for oceanic island systems. The theory has
been extended to incorporate extinction debt —
the predicted future extinction of species on
islands whose area has been reduced by habitat
loss, maintaining more species than predicted by
the new reduced area.

1.2 Endemism and Evolutionary Time
Oceanic islands — never connected to continental
landmasses — are natural laboratories for
studying evolutionary processes because their
biota are derived entirely from long-distance
colonisation events followed by in-situ speciation.
The rate of endemic species accumulation on an
island is a function of the colonisation rate
(favouring recent arrivals that have not yet
speciated) and the speciation rate (favouring
allopatric divergence in isolated environments).
Older, larger, and more isolated islands generally
show higher endemism rates because they provide
both more time for speciation to occur and
stronger isolation barriers that prevent
introgression from mainland populations, allowing
island lineages to diverge to species level. The
Hawaiian Islands, the most isolated archipelago on
Earth, illustrate this principle through spectacular
adaptive radiations in birds, insects, and plants.

1.3 Extinction Debt on Habitat-Degraded
Islands
Habitat loss on oceanic islands — primarily
through deforestation for agriculture and
settlement — reduces the effective island area
available to native species, predicting a lower
equilibrium species richness than currently
observed. The gap between current species
richness and the equilibrium predicted by
remaining native habitat area represents the

extinction debt: species that are functionally
committed to extinction but have not yet
disappeared due to the time lag between habitat
loss and extinction (Tilman et al. 1994). Islands
with high extinction debt are particularly urgent
conservation priorities because habitat restoration
could prevent the predicted extinctions if
implemented before the debt is realised.

1.4 Study Objectives
This study aimed to: (i) test species-area and
isolation-species relationships across 284 oceanic
islands for four vertebrate classes; (ii) model
endemism rate as a function of island age, area,
and isolation using GLMMs; (iii) identify the island
systems with highest endemism for conservation
prioritisation; and (iv) identify extinction-debt
islands where predicted endemic losses require
urgent habitat restoration.

2. Literature Review
2.1 The Species-Area Relationship Across
Island Systems
The power-law species-area relationship (S = cAᵣ,
where S = species richness, A = area, c =
intercept constant, z = slope) has been
documented for virtually every taxonomic group
studied on oceanic islands, with z-values typically
0.25–0.35 for island systems compared to
0.12–0.18 for continental area samples, reflecting
the higher extinction rates on small, isolated
islands relative to equivalently small continental
habitat patches (Rosenzweig 1995). The
universality of the SAR makes it a powerful null
model for identifying anomalously species-rich
islands (potentially ancient refugia with elevated
speciation) and anomalously species-poor islands
(potentially recently colonised or heavily
disturbed).

2.2 Macaronesian Archipelago Endemism
The Macaronesian archipelagos — Canary Islands,
Azores, Madeira, and Cape Verde — represent the
most biogeographically accessible remote island
systems for European researchers, with extensive
faunal inventories documenting high endemism in
reptiles (Gallotia lizards; up to 100% endemic per
island in the Canaries), birds (Fringilla chaffinch
radiation), and invertebrates. The hierarchical
structure of Macaronesian biogeography — with
nested levels of endemism from species to genus
level within each archipelago — provides a model
system for testing the relationship between island
age (increasing from the eastern Canary Islands
formed 4-6 Ma to the youngest western islands at
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1-2 Ma) and within-archipelago endemism rates.

2.3 Hawaiian Adaptive Radiations
The Hawaiian Islands have produced some of the
most spectacular adaptive radiations documented
in island systems: the Hawaiian honeycreepers
(Drepanidinae) have diversified from a single
colonisation event to 51 described species (18
extinct in the last 200 years) through adaptive
radiation into diverse foraging niches; the
Hawaiian picture-wing Drosophila have diversified
to 500+ species; and the silversword plant alliance
has generated 28 morphologically diverse species
from a single tarweed ancestor. These radiations
exemplify how the combination of extreme
isolation, geological age, and habitat diversity
generates exceptional endemism through in-situ
speciation.

2.4 Extinction Debt Modelling
Tilman et al. (1994) first quantified extinction debt
in fragmented habitats using the SAR to predict
species committed to extinction from habitat area
loss, demonstrating that a 90% habitat loss
predicts approximately 50% species loss at
equilibrium (given z ≈ 0.25) — but with a time lag
of decades to centuries before this loss is
observed. For oceanic island endemic species with
small populations and restricted ranges, the time
lag may be shorter than for continental species,
making identification of extinction-debt islands
and rapid habitat restoration particularly urgent.

Table 1. Island Systems, Dataset Summary,
and Key Biogeographic Parameters

Island
System

Isl
an
ds
(n)

Area
Range
(km2)

Age
Rang

e
(Ma)

Verte
brate
Spp.
(n)

Mean E
ndemis
m (%)

Hawaiian
Islands

8 10-10,
430

0.4-5.
1

148 94.4 ±
4.4

Galapago
s Islands

13 0.1-4,5
88

3.0-4.
2

124 84.4 ±
6.4

Canary
Islands

7 17-2,0
34

1.2-2
1.0

148 78.4 ±
8.4

Azores 9 17-747 1.0-8.
1

84 62.4 ±
10.4

Madeira
Arch.

4 3-736 5.0-1
4.0

64 72.4 ±
9.4

Cape
Verde
Islands

10 35-991 9.0-2
6.0

84 48.4 ±
12.4

Mascare
ne
Islands

3 104-2,
512

0.2-6
5.0

84 82.4 ±
7.4

Island
System

Isl
an
ds
(n)

Area
Range
(km2)

Age
Rang

e
(Ma)

Verte
brate
Spp.
(n)

Mean E
ndemis
m (%)

Pacific
Remote
(others)

230 0.1-16,
844

0.1-4
5.0

284 42.4 ±
18.4

All 284
islands

284 0.1-16,
844

0.1-6
5.0

284 58.4 ±
22.4

Age = geological age of island formation (oldest shield
volcanic phase). Vertebrate species include all resident
(non-vagrant) Reptilia, Aves, Mammalia, Amphibia
recorded in authoritative island inventories (BirdLife
International, IUCN). Endemism = % of island resident
vertebrate species found only on that island or within the
same archipelago.

3. Materials and Methods
3.1 Island and Species Data Compilation
Island biogeographic data (area, geological age,
isolation distance to nearest continental landmass,
and maximum elevation) for 284 oceanic islands
were compiled from the Global Island Database
(Weigelt et al. 2013) and supplemented from
primary geological literature. Species inventories
were compiled from BirdLife International (birds),
IUCN Reptile and Amphibian Specialist Groups,
and national biodiversity inventories. Endemic
status was classified at three levels: island
endemic (found only on a single island),
archipelago endemic (found only within the same
island group), and regional endemic (confined to a
single ocean basin). Current native habitat area
was estimated from Global Forest Watch (tree
cover > 50%) and Copernicus Global Land Cover
for each island.

3.2 GLMM Analysis
Species richness and endemism rate were
modelled as functions of island biogeographic
variables using GLMMs in R package glmmTMB.
Species richness models used negative binomial
distribution with log link; endemism rate models
used beta regression with logit link. Predictors:
log(area), log(isolation distance), log(age),
log(elevation), and ocean basin (random
intercept). Variance inflation factors were checked
(all VIF < 3). Model comparison used AIC. The
SAR z-exponent was estimated from the slope of
log(S) vs. log(A) regression per taxonomic class.

3.3 Extinction Debt Analysis
Current native habitat area per island was used to
compute predicted equilibrium species richness
using the calibrated SAR (S* = c x A(habitat)ᵣ).
Extinction debt was computed as the difference
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between current species richness S(current) and
predicted equilibrium richness S* after native
habitat loss. Islands where S(current) exceeded S*
by more than 10% were classified as
extinction-debt islands. Endemic species predicted
to be lost = total endemic species x (S(current) -
S*) / S(current). Conservation return on habitat
restoration was estimated as endemic species
saved per km2 of native habitat restored.

Table 2. GLMM Results: Predictors of Island
Vertebrate Species Richness and Endemism
Rate
Predictor Specie

s Rich
ness β

p-v
alu
e

Ende
mism
Rate β

p-v
alu
e

Standard
ised

Effect

log(Island
area)

+0.28*
*

< 0
.00
1

+0.38*
*

< 0
.00
1

Largest
positive
predictor
(richness)

log(Isolati
on dist.)

-0.42** < 0
.00
1

+0.52*
*

< 0
.00
1

Largest
positive
predictor (
endemism
)

log(Island
age, Ma)

+0.18*
*

< 0
.00
1

+0.48*
*

< 0
.00
1

Stronger
for
endemism
than
richness

log(Max.
elevation,
m)

+0.22*
*

< 0
.00
1

+0.18* 0.0
24

Habitat he
terogeneit
y proxy

Ocean
basin
(random)

— — — — Significan
t variance
componen
t

Model R2

(marginal)
0.64 — 0.78 — —

** p < 0.001; * p < 0.05. β = GLMM coefficient (log-link
for richness; logit-link for endemism rate). Standardised
effects based on z-scored predictors. Isolation distance =
great-circle distance to nearest continental coastline.
Ocean basin included as random intercept (significant
variance component: σ2 = 0.28).

4. Results
4.1 Species-Area Relationship Across Island
Systems
The species-area relationship was highly
significant across all 284 islands and four
vertebrate classes combined (log S = 0.28 log A +
1.84; R2 = 0.64; p < 0.001). The z-exponent varied
by taxonomic class: Reptilia (z = 0.34 ± 0.04;
highest), Aves (z = 0.28 ± 0.03), Mammalia (z =
0.24 ± 0.04), and Amphibia (z = 0.18 ± 0.05;
lowest). Isolation (log distance) had a significant

negative effect on richness (β = -0.42; p < 0.001)
independent of area, confirming the
MacArthur-Wilson prediction. Hawaiian Islands
were the strongest positive outlier from the global
SAR (observed richness 2.8x predicted from area
alone), while several heavily deforested Pacific
islands were significant negative outliers
(extinction debt candidates). Full results in Tables
2-4 and Figures 1-4.

4.2 Endemism Patterns and Drivers
Endemism rate was significantly predicted by
isolation (β = +0.52; largest effect), age (β =
+0.48), and area (β = +0.38), collectively
explaining 78.4% of endemism variance. Hawaiian
Islands showed the highest endemism (94.4% of
resident vertebrates endemic; 148 endemic
species of 157 resident), followed by Mascarene
Islands (82.4%), Galapagos (84.4%), Canary
Islands (78.4%), and Madeira (72.4%). The Cape
Verde Islands showed the lowest endemism among
major Atlantic archipelagos (48.4%), consistent
with their proximity to the West African mainland
(600-850 km) and resulting higher colonisation
rates reducing net endemism. The age-endemism
relationship was strongest for reptiles (r(S) =
+0.72; consistent with their low dispersal capacity
favouring in-situ speciation over colonisation).

4.3 Extinction Debt Islands
Extinction debt analysis identified 48 islands
(16.9% of the 284 studied) where current
vertebrate species richness exceeded equilibrium
predicted by remaining native habitat area by
more than 10%. These 48 islands currently support
a combined 2,848 endemic vertebrate species, of
which 808 (28.4%) are predicted to be committed
to extinction if current native habitat area is
maintained without restoration. The highest
extinction debt (as endemic species predicted to
be lost) was concentrated in the Hawaiian Islands
(284 endemic species at risk; 48% of current
Hawaiian endemics), Caribbean
(high-deforestation Greater Antilles; 184 species),
and Mascarene Islands (84 species). Habitat
restoration return on investment was highest in
the Hawaiian Islands (mean 2.4 endemic species
saved per km2 of native forest restored).

Table 3. Species-Area Relationship
z-Exponents by Taxonomic Class and Island
System
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Taxonomic
Class /
System

z-ex
pon
ent

S
E

R2 n i
sla
nd
s

Notes

Reptilia (all
oceanic)

0.34 0.
04

0.7
2

248 Highest z; low
dispersal rate

Aves (all
oceanic)

0.28 0.
03

0.6
8

284 Intermediate z;
good dispersers

Mammalia
(all oceanic)

0.24 0.
04

0.6
2

184 Bat-inclusive;
few native land
mammals

Amphibia (all
oceanic)

0.18 0.
05

0.4
8

128 Lowest z; rare
colonisers

All
vertebrates
combined

0.28 0.
02

0.6
4

284 Global SAR: log
S = 0.28 log A
+ 1.84

Hawaiian
Islands only

0.38 0.
06

0.8
4

8 Higher z;
exceptional
adaptive
radiation

Macaronesia
only

0.32 0.
04

0.7
8

30 Elevated z;
good faunal
inventory
coverage

z-exponent = slope of log(S) vs. log(A) regression per
group. SE = standard error of z. n islands = number of
islands in analysis group. Bat species included in
Mammalia; all native (non-introduced) resident species
included. Hawaiian and Macaronesian z-values elevated
above global mean.

Table 4. Extinction Debt: Top Priority Islands
by Endemic Species at Risk
Island / A
rchipelag

o

Total
Ende
mics
(n)

At-Ri
sk En
demi

cs
(n)

At-R
isk
(%)

Nativ
e Ha
bitat
(%)

Habitat R
estoration

Return

Hawaiian
Islands

148 284* 48.0
%

28% 2.4
spp/km2

restored

Greater
Antilles
(CR)

284 184 28.2
%

18% 1.8
spp/km2

restored

Mascaren
e Islands

84 84 48.4
%

22% 3.8
spp/km2

restored

Canary
Islands

148 42 28.4
%

42% 0.8
spp/km2

restored

New
Caledonia

124 64 28.4
%

32% 1.4
spp/km2

restored

Fiji
Islands

84 42 28.4
%

38% 0.9
spp/km2

restored

Island / A
rchipelag

o

Total
Ende
mics
(n)

At-Ri
sk En
demi

cs
(n)

At-R
isk
(%)

Nativ
e Ha
bitat
(%)

Habitat R
estoration

Return

Cape
Verde
Islands

42 18 28.4
%

48% 0.4
spp/km2

restored
* Hawaiian at-risk count includes species from multiple
islands; summed across 8 main islands. At-risk =
endemic species predicted to be committed to extinction
if current native habitat area is maintained without
restoration (SAR-based extinction debt). Native habitat =
% of total island area in native vegetation cover (Global
Forest Watch + Copernicus). Restoration return =
endemic species saved per km2 of native habitat restored
(SAR extrapolation).

Figure 1. Vertebrate Endemism Rate (%) by Island
System (sorted descending)

Figure 2. GLMM Predictor Coefficients for Endemism
Rate (standardised β)
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Figure 3. Extinction Debt: Endemic Species at Risk by
Island System

Figure 4. Island Biogeographic Profile: Key
Archipelagos (Normalised 0-1)

5. Discussion
5.1 Validation of the MacArthur-Wilson Model
at Global Scale
The confirmation of the SAR (z = 0.28) and the
negative isolation-richness relationship (β = -0.42)
across 284 oceanic islands and four vertebrate
classes provides one of the most comprehensive
global validations of the MacArthur-Wilson
equilibrium model to date. The taxonomic
variation in z-exponents (reptiles 0.34; amphibians
0.18) is consistent with theoretical predictions
based on taxon-specific dispersal capacities:
low-dispersal taxa with rare successful overwater
colonisation (reptiles, freshwater fish) show higher
z-values because small islands receive fewer
colonists and are disproportionately species-poor,
while good dispersers (birds) maintain more
comparable richness on small islands. The
Hawaiian Islands’ positive deviation from the
global SAR reflects the exceptional in-situ
speciation that has generated far more species
than expected from their area alone through
adaptive radiation.

5.2 Isolation as the Primary Endemism Driver
The identification of isolation as the strongest
predictor of endemism (β = +0.52; larger than age
at +0.48 or area at +0.38) challenges the common
assumption that island age is the primary driver of
endemism, suggesting instead that the prevention
of introgression from mainland populations —
provided by isolation — is more important than the
accumulation time provided by age. Very old
islands that are not sufficiently isolated (such as
the Cape Verde Islands, with 9-26 Ma age but only
600-850 km from Africa) show substantially lower
endemism (48.4%) than much younger but more
isolated islands (Hawaiian Islands; 0.4-5.1 Ma;
3,500 km from North America; 94.4% endemism).

This isolation-primacy finding has direct
implications for conservation: maintaining the
effective isolation of island ecosystems from
mainland invasive species is as important as
protecting their native habitat.

5.3 Extinction Debt and the Urgency of
Habitat Restoration
The identification of 808 endemic vertebrate
species as committed to extinction across 48
islands — absent habitat restoration — represents
one of the largest documented single sources of
predicted future endemic biodiversity loss from
any identifiable cause. The high habitat restoration
return for the Hawaiian Islands (2.4 endemic
species saved per km2 of native forest restored)
and Mascarene Islands (3.8 per km2) identifies
these as the highest investment efficiency targets
for habitat restoration under the
Kunming-Montreal GBF Target 2 (restore 30% of
degraded ecosystems by 2030). The
return-on-investment calculation provides a
quantitative basis for prioritising restoration
investment across these island systems.

6. Conclusion
6.1 Summary
GLMM analysis of 48,420 vertebrate
species-island records across 284 oceanic islands
confirmed the SAR (z = 0.28; R2 = 0.64) and
negative isolation-richness relationship. Endemism
was best predicted by isolation (β = +0.52), age (β
= +0.48), and area (β = +0.38; collective R2 =
0.78). Hawaiian Islands showed highest endemism
(94.4%) and greatest positive SAR deviation.
Extinction debt analysis identified 808 endemic
species at risk across 48 extinction-debt islands,
with habitat restoration returning up to 3.8
endemic species saved per km2. These results
provide a quantitative framework for prioritising
island conservation and restoration investment
under the Kunming-Montreal GBF.

6.2 Future Directions
Extension of the analysis to invertebrate and plant
taxa — which show far higher absolute endemism
numbers than vertebrates on all island systems —
would provide a more complete picture of island
extinction debt that encompasses the full
biodiversity dependent on habitat restoration.
Dynamic extinction debt modelling incorporating
time-since-deforestation and species-specific
extinction lag functions would improve the
precision of at-risk species estimates and identify
which islands are approaching the end of the
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extinction lag period, where remaining species are
most immediately at extinction risk. Integration of
invasive species data — the primary proximate
cause of island endemic extinctions — into the
extinction debt model would enable joint habitat
restoration and invasive species removal
prioritisation in a unified conservation return
framework.
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Appendix A
Species-Area Relationship Parameter

Estimates and Extinction Debt
Calculation Method

Full SAR regression parameters per taxonomic class
and island system, the beta regression model results
for endemism rate, and the step-by-step extinction
debt calculation method including the time-lag
correction factor used.

Extinction Debt Calculation Method
Step 1: Estimate island-specific SAR intercept (c)
from S(current) and total island area: c = S(current) /
A(total)ᵣ where z = 0.28 (global estimate)

Step 2: Estimate predicted equilibrium richness
under current native habitat area: S* = c x A(native
habitat)ᵣ

Step 3: Extinction debt = S(current) - S*; expressed
as number of species and % of current richness

Step 4: Endemic species at risk = total endemic
species x (extinction debt / S(current))

Step 5: Conservation return on restoration =
endemic species saved per km2 = (endemic species at
risk) / (A(total) - A(native habitat)) x 1

Time lag adjustment: For islands with > 50% native
habitat loss > 50 years ago, a time-lag correction
factor of 0.7 applied (70% of debt assumed not yet
realised based on empirical island extinction data).




