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The island species-area relationship (ISAR) is known to be near-ubiquitous, but its prop-

erties across the fullest span of island areas globally and how island endemism shapes the Significance

ISAR remain poorly understood. We determine the global ISAR for native (Natg,,) and

for single-island endemic richness (SIEy; ) of vascular plants, employing data for 1,262 The increase of species richness
islands, spanning 60.7S to 80.7 N and ten orders of magnitude in area. Using logged with island area—the island
species number and area, we compared the power model and four different breakpoint species—area relationship
models. For Natg,,, a simple power model (slope, z = 0.32, R* = 66%) was best sup- (ISAR)—is considered an
ported. For SIEg,, a flat-steep breakpoint model outperforms the power model, with ecological law, although its

the latter producing a steeper slope (z = 0.48, R” = 0.47) than for Naty,,.. Rerunning the
Naty,, power model for subsets of islands of increasing endemism generates increased
ISAR slope and improved prediction of continental richness values. Controlling for
island area, Natg,, declines with isolation, while endemism increases. Semilog analyses
show that old, tropical, mountainous continental fragments and landbridge islands, rich
in SIE, drive an accelerated increase in Natg,, for islands >10,000 km? in size. The global

precise form remains
controversial. For the global
vascular plant ISAR (and the
equivalent archipelagic
relationship), we demonstrate

Naty,, archipelago species—area relationship was best described by a power model (z = that a simple power model

0.41, R* = 0.54), and there is also evidence of declining richness but higher endemism explains a remarkable amount of
with increased archipelago isolation. Our findings provide no support for the existence variation, with ISAR slope and

of an upper asymptote in the global plants ISAR, while supporting the application of residual variation explicable by
the power model at a global scale, and highlighting roles for island type, endemism, isolation, island origins, and

and isolation as influences on ISAR form. proportion of endemism.

Increased isolation drives
richness down, only partially
compensated for, as area
increases, by in situ speciation.
Large, tropical, mountainous

island biogeography | island endemism | plant diversity | power model | species-area relationship

Ecologists and biogeographers have long been interested in describing and explaining the
species—area relationship (SAR), the general pattern whereby the number of species increases
with the area considered (1, 2). A large body of theory has built up concerning SARs, with

important applications, for example, in conservation science (3-5). Rather than a single islands that were also formerly
pattern, however, there are actually several distinct ways and contexts in which SARs may connected to continents are

be constructed-and their mathematical properties differ (1, 6). The most important dis- both rich in endemics and
tinction is between: i) those that are species-accumulation curves (nested species—area rela- exceptionally species-rich overall.
tionships, e.g., ref. 7) and ii) those fitted for noncumulative totals, typically island species-area When extrapolated, our all-
relationships, or ISARs (8). Here we are concerned solely with the properties of ISARs, by RS [BAR Undleresiimeias

which we refer to the mathematical form of best-fit models of the number of species occur-
ring within each of a set of islands as a function of the area of each island.

Islands are important both as model systems in biogeography and for their disproportionate
contribution to global biodiversity (9), and ISARs are a key tool for understanding how they
do so (2, 10). While more complete explanatory models for island species diversity can be
constructed by inclusion of additional variables alongside area (e.g., refs. 11 and 12), it is of
long-standing theoretical interest to determine the form taken by the ISAR (1, 13, 14).
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continental richness values,
showing no evidence of an
asymptote in the global SAR.
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opportunities for in situ speciation, whether by cladogenesis (in situ
lineage division leading to two or more new species through adaptive
or nonadaptive evolutionary changes) or anagenesis (evolutionary
change arising between an island population and the source pool)
(10, 13, 14).

Numerous studies have examined the properties of ISARs con-
structed at the level of individual island groups/archipelagos (e.g.,
refs. 4, 8, 16, and 17). Building on a previous analysis of 488
island floras (12), we set out to describe, using a wide range of
model types, the ISAR form for a globally distributed set of >1,200
islands spanning the full range of island area, degrees of isolation,
and different marine island types, using data for vascular plants.
This expanded data coverage allows us to test for consistency of
the shape of the ISAR from the smallest to the largest spatial scales
and for how island endemism contributes to it across the
world’s islands.

The oldest and simplest models proposed to describe ISARs are
i) the power model, S = cA’, (eqn 1), and ii) the logarithmic model,
S=c+dlogA, (eqn 2), where S is species number, A is area, and
¢, %, and d are fitted parameters (1, 16). Comparative analyses of
the performance of 20 mathematical models of varying complexity,
fitted to several hundred datasets for island groups, have established
that the power model provides the best general solution (8, 18).
For analytical and graphical expedience, the power model is gen-
erally fitted using linear regression following log-transformation
of both area and species number as logS = logc + z logA, which we
can call the log-power model variant (eqn 3). This is the dominant
implementation of the power model and it generates two mathe-
matically independent constants, the slope z (the rate at which
richness increases with area) and the intercept loge (the log-
transformed richness of an island of unit area), which permit bio-
geographical inference in comparative analyses (4, 16, 19, 20).
Hence, the two dominant analytical approaches to fitting ISARs
involve: (i) logging both area and species richness (as per eqn 3),
and (ii) logging area only (as per eqn 2). We employ both strategies
herein: the specific models used are described below (see Materials
and Methods).

There have been numerous theoretical contributions to under-
standing ISAR scale dependency, of which Rosenzweig’s scale-
structured SAR model (25 Fig 9.11) is of seminal importance.
Rosenzweig’s model suggests three to four scales of diversity var-
iation, two of which apply to ISARs. He argues that when
log-power ISAR models are fitted to data from islands within
archipelagos, lower slopes are obtained (z = 0.23 — 0.33) than for
data derived from provinces (z = c. 0.9). Provinces for these pur-
poses are biogeographical areas that largely generate their own
species by in situ cladogenesis rather than by immigration from
other areas. Following this reasoning, it is possible to consider
oceanic islands and archipelagos that are geographically isolated
and rich in endemics to be province-like systems (21, 22). In a
similar vein, others have predicted that beyond a certain threshold
of island area, at which in situ cladogenesis becomes important as
a contribution to island diversity, the rate of gain of richness with
increased area accelerates, leading to an increase in the ISAR slope
(15). Some support for these theoretical arguments comes from
two lines of evidence: (i) ISARs for endemics of oceanic islands
are systematically steeper than those for nonendemic natives of
the same island systems (21) and (ii) fits for archipelago species—
area relationship (ASARs, whereby each data point is for an archi-
pelago) show steeper slopes than typical of the ISARs of their
constituent islands (2, 14, 22). Further support comes from stud-
ies showing that, beyond a certain threshold area, speciation con-
tributes a high proportion of species richness to island systems,
leading to ISARs that are not only steeper, but sometimes may be

https://doi.org/10.1073/pnas.2518902123

better described by two-phase (“flat-steep”) breakpoint models
(23-25). In contrast, suggestions of an upper-asymptote, a flat-
tening toward the right-hand end of the ISAR (15) have proven
controversial (26, 27) and appear to lack empirical support (8).

Although archipelago-scale ISARs have been subject to detailed
scrutiny, the form taken by ISARs and ASARs across the full global
range of island area, and how speciation influences their parameters
at this scale, have not. Based on the foregoing, we hypothesize that
once islands are large enough for in situ cladogenesis to contribute
meaningfully to overall island richness, the rate of gain in species
number with area accelerates (2, 15). Long-established biogeo-
graphical theory and observation also predict that this pattern
should be most apparent in more productive climate regimes, such
as pertains for low-latitude tropical island systems (e.g., ref. 28).

Hence, our first goal in this paper is to describe the form taken
by the global ISAR spanning from the smallest to the largest
islands. We use native vascular plants as our model system as a)
they are an important, generally diverse, component of all island
ecosystems across the globe, b) they are generally less severely
influenced by anthropogenic extinctions compared to other
well-studied taxa, and c) there are good data available for a full
range of island areas and also for continents, allowing ISAR form
to be placed in a broader context (9). Herein, i) we explore the
form of the global ISAR using a range of data transformations and
models, including breakpoint models capable of detecting rate
changes in the response to area and models that incorporate spatial
structure; focusing specifically on the log-power model, we then
ii) describe the global ISAR and its relationship to continental
species richness variation; iii) explore how variation in ISAR form
relates to island isolation, island type, and proportion of endemism
within the flora; and finally, iv) we describe the form of the global
ASAR. A schematic of our analytical pipeline is provided as
SI Appendix, Fig. S1.

Results

We compiled data for 1,262 islands (“All islands,” Table 1), ranging
in area by ten orders or magnitude from 0.000018 ka t0 816,018 km?
(New Guinea) and in species richness from 1 to 12,647 (Fig. 1,

SI Appendix, Fig. S2, and Dataset S1). The islands range from 60.7S
to 80.7N and include a mix of continental shelf (Pleistocene land-
bridge) islands, ancient continental fragments, atolls, and volcanic
oceanic islands. Following the global size distribution (10), the islands
in our dataset are heavily skewed toward small islands: 624 are <1
km? in area, and a further 200 are of 1 km? to 10 km?, with j just 13
exceeding 100,000 km? (87 Appendix, Fig. S2).

Global ISAR Model Fitting and Comparison. In the comparison
of simple and breakpoint power models in log—log space, the best
fit for the global ISAR for native plant species richness (Natg,,) is
provided by the log-power model (a simple linear fit in Fig. 1A4),
which explains 66% of the variation, with slope, z of 0.32 (SE =
0.01) (Tables 1 and 2 and S/ Appendix, Table S1). The global
Naty,, ISAR, if extrapolated, underpredicts continental richness
(by 75% on average when predictions are first transformed to the
raw scale). The largest islands display both positive residuals and
high proportions of endemism. As very small islands support few
single-island endemics (SIEs) (Fig. 1 A and B), the best fit model in
log—log space for SIEy,, is a two-phase flat-steep breakpomt model
(R? = 51%), with the breakpoint occurring at 78 km?* (Fig. 1B
and Table 2). The simple log-power model explains only slightly
less variation (R* = 47%, z = 0.48 [SE = 0.03]) and generates an
area threshold of 3.35 km® below which islands generally lack SIE
(Table 1). Extrapolation of both SIEg,,, ISARs in Fig. 1B shows
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Table 1. Parameters and performance of the global ISARs for vascular plants according to the log-power model

Island size (km?)

Island and species selection N z logC R? where richness =1
All islands: Natgicp, 1,262 0.32 1.72 0.66 <0.0001
Islands with SIE: SIEg;c, 244 0.48 -0.25 0.47 3.35
Islands with >5% SIE: Natgc, 75 0.44 1.36 0.83 <0.001
Oceanic islands: Natg, 704 0.31 1.66 0.53 <0.0001
Oceanic islands with SIE: SIEg, 178 0.34 0.04 0.21 0.77

Natg;¢, = Native plant species richness; SIEg, = single island endemic richness. The island area threshold where Natg;, or SIEg, = 11is, in each case, obtained from the relevant log-power
model. Note that islands with zero SIE;, were excluded from the SIEg,, analyses. In addition to the all islands analyses, we have included values for the Natg, analysis using islands of

>5%SIE and the Natg, and SIEg;, analyses for oceanic islands. N = number of data points.

that they again underpredict the endemic richness of continents,
although less so in the case of the breakpoint model. Islands with
a higher percentage of endemic species again appear to contribute

A

disproportionately to positive model residuals, especially the
largest islands (Spearman’s correlation between residual values
[from the log-power model] and percentage endemism: rho = 0.81,
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Fig. 1. Island plant species richness. The global island species-area relationship for (A) all native species (number of islands = 1,262) and (B) single-island
endemics (number of islands = 244). Within (A), islands with zero endemics are shown as gray circles, but within (B), these islands are excluded from analysis.
In both panels, the color shading indicates the percentage of total richness represented by single-island endemics (log-transformed for visualization purposes).
In (A and B), the green line represents the fit of the standard log-power model, which in (A) provided a better fit than the breakpoint models (based on BIC),
while in (B) a breakpoint (flat-steep) model (brown lines) provides the best fit (Table 2). In both panels, the ISARs are extrapolated to the size of the largest
continent for comparative purposes, but the continents are not included in the models (log-power models fitted separately for the five continents (only)
were nonsignificant). In (A and B) the names of the nine most species-rich islands are listed. (C) A map of the analyzed islands, with point size representing
native species richness and color shading representing single island endemic richness (gray represents islands with no single island endemics). Shape type
represents island type: continental shelf islands (continental), ancient continental fragments (fragment), and oceanic islands, i.e., atolls and volcanic oceanic
islands (oceanic). Values for continents in (A and B) represent richness of species and of endemic species, respectively.
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Table 2. Global plant ISAR model comparison results
for log-log space (both Natg,,, and SIE;)

Model BIC R? Th1 Th2
Natgic,

Linear 1,662.38 0.66 - -
ZslopeOne 1,669.46 0.66 0.00003 -
ContOne 1,672.51 0.66 229,615 -
ZslopeTwo 1,674.90 0.66 0.0004 0.01
ContTwo 1,676.70 0.66 3,639 3,811
Intercept 3,001.11 0.00 - -
SIEgich

ZslopeOne 490.19 0.51 78 -
ContOne 491.53 0.52 411 -
ZslopeTwo 493.45 0.52 49 225,944
ContTwo 496.04 0.53 216 225,944
Linear 504.76 0.47 - -
Intercept 652.54 0.00 - -

4 of 10

Th1 and Th2 refer to the values (km? backtransformed from the log,, values) of the
breakpoints in the threshold model fits. “ZslopeOne” and “ZslopeTwo" correspond to the
zero-slope one-threshold and zero-slope two-threshold models, respectively, while “Con-
tOne” and “ContTwo” correspond to the continuous one threshold and continuous two
threshold models. The “Linear” model is the log-power model and the “Intercept” model
is an intercept-only null model. The symbol “-" indicates that the calculation of the corre-
sponding value does not apply.

P < 0.001). For both Naty,y, and SIE,y,, the fit of the log-power
model is robust to the inclusion of spatial structure and archipelago
effects in the model (SI Appendix, Fig. S3 and Table S1). For
example, for Naty,y,, the z-values of a spatial autoregressive model
and a spatial mixed effects model (with archipelago as a random
intercept and slope) are 0.33 (SE = 0.01) and 0.34 (SE = 0.01),
respectively (P < 0.001 in both cases), compared to 0.32 in the
standard log-power model (< 0.001). Moreover, when included
in either a standard linear model, a spatial model, or a mixed
model with log,isolation, log, clevation, and absolute latitude
as covariates, the effect of log, area remains positive and highly
significant, although the z-values decrease slightly. For instance, in
the standard linear model with these three covariates, the z-value
for area decreases to 0.26 (SE = 0.01) (87 Appendix, Fig. S3 and
Table S1).

Fig. 1 shows that a relatively small number of the largest islands
of high endemism are underestimated by the global ISAR using
the log-power model. This can be seen more clearly by inspecting
the fit of a negative binomial GLM in semilog space for Naty;,
(Fig. 2). This model (coefficient for area = 0.73; SE = 0.01; inter-
cept = 4.4; P < 0.001), which also explains a large amount of the
variation m richness with Just area as a predictor (Nagelkerke
pseudo-R* = 0.96, Efron’s R* = 0.67, Cox & Snell R* = 0.93;
Fig. 2), demonstrates a strong upswing in the rate of gain of species
across the largest islands. It is also worth noting that the fit of this
model is very similar to the fit of the standard power model (eqn. 1)
in semilog space (SI Appendix, Fig. S4), providing further evidence
that the global ISAR of plants is generally well characterized by a
power function. As can be seen from Fig. 2, the pronounced
increase in the rate of gain of richness with area toward the
right-hand end of the distribution is entirely attributable to islands
>10,000 km?, of which there are 30 (13 continental fragments, 12
continental shelf islands, 5 oceanic islands). The richest 20 of these
islands can be characterized as exceptionally large, predominantly
old, continental fragments or continental shelf (landbridge) islands,
mountainous, and tropical: none are oceanic. We therefore under-
took further analyses (below) to tease out the contribution of ende-
mism, island origins, and isolation to ISAR form.

https://doi.org/10.1073/pnas.2518902123
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Fig. 2. The fit of a negative binomial GLM (black line) of Natg,, as a function
of log10 area (Nagelkerke R? = 0.96, slope = 0.73, P < 0.001). Data points
representindividualislands (N = 1,262) and are colored according to the three
main island types considered here: continental shelf islands (Continental),
ancient continental fragments (Fragment), and oceanic islands (atolls and
volcanic oceanic islands; Oceanic). The names of the nine most species-rich
islands are shown.

The negative binomial GLM also provided a good fit for SIEg,
in semilog space (coefficient for area = 1.31; SE = 0.07; 2 < 0.001;
intercept = -0.1; Nagelkerke pseudo-R* = 0.95, Efron’s R” = 0.39,
Cox & Snell R? = 0.92; ST Appendix, Fig. S5). The effect of area
in the GLMs was robust to the inclusion of spatial structure, with
the mean of the posterior distribution of the area coeflicient from
a Bayesian hierarchical spatial random fields model being 0.73 for
Natg,., (95% credible interval = 0.70-0.76) and 1.31 for SIEg,,,
(95% credible interval = 1.20-1.43).

The Effect of Island Isolation and Endemism on the Global ISAR.
Island biogeographic theory predicts that having accounted for
area, species richness should decrease, and the proportion of
endemism should increase with increasing island isolation from
mainland source pools (10, 13). The first prediction is confirmed
by partial regression analysis of Naty, ., based on island area and
isolation (both log,, transformed), as there is a general decrease
in richness with increasing isolation after accounting for the
effect of island area (Fig. 34). In addition, when assessing the
same relationship for SIEy,, accounting for area: i) SIE richness
tends to increase with isolation, although with much variation;
and ii) for any given degree of isolation, there is a trend of
residuals switching from negative to positive with increasing
proportion of endemism in the flora (Fig. 3B). For Natgy,
the effect of isolation is similar when log,yisolation is included
in either a standard linear model, a spatial model, or a mixed
model with log,jarea, including models with log;,elevation
and absolute latitude as covariates (SI Appendix, Table S1).
For SIEyy, the effect of isolation became nonsignificant in
the models that included log, elevation and absolute latitude
(ST Appendix, Table S1).

We further explore the contribution of endemism to Naty;y,
ISAR form by progressively restricting the islands included in the
ISAR analysis to higher proportions of SIE species per island
(Fig. 4). These analyses show that as the %SIE threshold for inclu-
sion in the analysis is increased: i) mean island area continually
increases (initially very rapidly); ii) z increases swiftly from 0.32
for all islands to 0.44 for those with >5% SIE (Table 1), thereafter
increasingly only slightly to ~0.48 as the threshold is increased to
>25% SIE (Fig. 4); iii) the respective R values are 0.66, 0.83, and
0.91; and iv) extrapolation of the >5% SIE threshold model results
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Fig. 3. Partial regression plots showing the relationship between island isolation and richness after accounting for the effect of island area. (A) is for Natg,
(all native species; number of islands = 1,262), (B) is for single island endemics (number of islands = 244). Points are colored by percentage endemism (log-

transformed): islands with no endemics are shown in gray in panel A; these islands are excluded from panel B. The solid lines are the fit of a standard linear
regression model (slope = -0.14, P <0.001 in panel A; slope = 0.11, P = 0.02 in panel B). Isolation and area were log-transformed in all models.

in more realistic predicted continental values (down from a mean Oceanic Islands. As island origins and past connections to the
of 75% underprediction to an average of 27% different from the =~ mainland can confound inferences, we repeated our primary
observed values). analyses but for oceanic islands only, i.e., those islands never
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Fig. 4. Change in properties of the global plants Natg,, ISAR as a function of applying an increasing minimum %SIE threshold for inclusion of islands in the
analysis. When the endemism % cut-off value (x-axis) equals zero, all islands (n = 1,262) are included in the model. For cut-off values greater than zero, all islands
with a proportion of SIEs less than (or equal to) that number are excluded and the log-power model fitted to this subset of islands. Percentage values used were
0%, 0.2%, 0.5%, and then from 1 to 25% in increments of 1%. Point size in (A-C) is scaled by the number of islands in a given subset. (A-C) show, respectively,
how the ISAR z-value, ISAR R?, and mean log(Area) of the islands, change as the endemism cut-off level is increased. (D and E) show the global plants Natg;, ISAR
(black line = fit of the log-power model): (D) showing the fit for all islands (n = 1,262 islands) and (E) only including islands with >5% SIEs (n = 75 islands). Panel (D)
differs from the version presented in Fig. 1 in that point color indicates island type. NB Although the positions of the continents are plotted in panels (D and E),
they were not included in the fitting of the ISARs.
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connected to a continent. Restricting the island selection in this
way also has the effect of slightly reducing the area range in the
dataset (above, S/ Appendix, Fig. S2). The best statistical model for
Natg,., (model comparison presented in S Appendix, Table S2) was
found to be a two-phase breakpoint model showing a steep decline
in richness with area over the largest few oceanic islands, which is
a consequence of the largest oceanic islands comprising exclusively
high latitude systems: Isles Kerguelen, three of the Svalbard islands,
East Falkland Island, and Iceland. Given this, coupled with the fact
that the better fit of the breakpoint model relative to the linear
(log-power) model was negligible (ABIC = 0.51), we set aside this
model in favor of the ecologically more parsimonious (log) power
model (R” = 0.53). For SIEy,, the log-power model provided the
best statistical model (R* = 0.21; S/ Appendix, Table S2). Focusing
on the two log-power models, the SIEy;; ISAR slope (z = 0.34
[SE = 0.05]) was once again steeper than the Natg,, ISAR (z=0.31
[SE = 0.01]), although the difference was less pronounced and the
models were of lower explanatory value than the equivalent all
islands models (Table 1 and S/ Appendix, Fig. S6 and Table S2).
The proportion of endemics does not appear to have a clear role
in explaining residual variation in Naty,, (ST Appendix, Fig. S6;
Spearman’s correlation between residual values and percentage
endemism: rho = 0.07, P = 0.08), but for SIEy,, (SI Appendix,
Fig. S6; rho = 0.84, P < 0.001), islands with high levels of
endemism are dominant among the islands showing positive
residuals. The log-power models for both Naty,y, and SIEgy,
when extrapolated, as for the all-island types analyses, underpredict
continental richness, while applying a threshold for inclusion of
>5% SIE shows that predicted values for continents are of the right
order of magnitude (Figs. 1 and 4 and ST Appendix, Figs. S6 and
S7). The results of partial regression analyses including isolation
and the analyses subdividing the dataset based on the proportion
of SIEs were very similar to the all-islands equivalents (Fig. 3 and
SI Appendix, Figs. S7 and S8). As in the all-island analyses, the fit
of the log-power model was relatively robust to the inclusion of
spatial structure and archipelago effects (S Appendix, Fig. S9 and
Table S3), although the z-values (i.e., area coeflicients) were slightly
larger and there was a more pronounced difference between the
SIEg;y, (z = 0.43 [SE = 0.06]) and Naty,,, (z = 0.35 [SE = 0.02])
ISARs when fitting a mixed-effects model (with archipelago as a
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random intercept and slope). When incorporated into either a
standard linear model, a spatial model, or a mixed model, including
models that also included log; elevation and absolute latitude as
covariates, the effect of log,jarea and log, jisolation were relatively
similar, although the effect of isolation became nonsignificant in

some of the spatial and mixed models (57 Appendix, Table S3).

The Global ASAR. Finally, we report the global Naty,, ASAR,
for which the best model was the log-power model (Fig. 54 and
SI Appendix, Table S4). The slope for the Naty,;, ASAR (z = 0.41
[SE = 0.03]; R* = 0.54) is steeper than for the Natg,, ISAR
(z = 0.32). Archipelagos lacking archipelagic endemics tend to be
small. Larger archipelagos possessing the highest proportion of
archipelagic endemics appear to contribute disproportionately to
positive ASAR residuals (Fig. 54). There is a general decrease in
richness with increasing isolation after accounting for the effect of
archipelago area (near-continent archipelagos generally have positive
residuals, remote archipelagos mostly provide negative residuals),
a pattern which appears linked to the proportion of endemics
held by each archipelago (Fig. 5B). The best model for the global
Archipelago-Endemicsy;, ASAR was a linear model (z = 0.37
[SE = 0.07]; R? = 0.23), while partial regression showed no trend
in richness with isolation after accounting for area (SI Appendix,
Figs. S10 and S11 and Table S4). The z-values of the log-power
ASAR models were relatively robust to the inclusion of spatial
structure (S Appendix, Table S5), but spatial correlograms indicated
that the spatial autoregressive error models did not fully remove
the spatial autocorrelation in the model residuals (S Appendix,
Fig. S12). On the whole, the effect of log,jarea and log, isolation
did not differ substantially when incorporated into either a standard
linear model or a spatial model, including models that also included
log,selevation and latitude as covariates, although the effect of area
was lower for Endemicsg,y, (~0.25 vs. ~0.40 for the models with
just area as a predictor) when included in models with log, isolation,
log,oelevation, and laticude (ST Appendix, Table S5).

Overall, the diagnostics conducted for all fitted models did not
reveal any notable deviations from statistical assumptions other
than those stated above. Plots of residuals vs. fitted values and
residual distributions for the various models described above are

provided in ST Appendix, Figs. S13-S30.

log10(% End.)
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Fig. 5. Vascular plant richness for the world's archipelagos. (A) the archipelago species-area relationship (ASAR) (n = 139, slope = 0.41, P < 0.001, R? = 0.54);
the green line represents the fit of the standard log-power model, which provided a better fit than the breakpoint models (based on BIC). (B) Partial regression
plot showing the relationship between archipelago isolation and richness after accounting for the effect of archipelago area (n = 139, Slope = -0.17, P < 0.001,
R? = 0.07). The shading of points represents the proportion of the flora endemic to each archipelago and points shown in gray are for archipelagos without

endemics. Isolation and area were log-transformed in all models.
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Discussion

‘Where speciation is important, as in large islands and
continents, the expected size of the fauna is exceeded, but the
relationship between area and the size of the fauna is not
lost, but accentuated.” Source: Munroe (29); also cited by
Lomolino (15).

W set out to provide a detailed evaluation of the form of the global
ISAR for vascular plants, with additional analyses for oceanic
islands, for single-island endemics, and for the global ASAR. The
Naty,., ISAR slope (z) 0f 0.32 for all 1,262 islands is consistent with
that estimated from an earlier study of just 488 islands (z = 0.31)
(12), indicating that the global ISAR for plants is a robust biogeo-
graphic pattern. It is remarkable that 66% of the variation in global
insular plant richness can be explained by area alone, providing
further support for the SAR as an ecological law and attesting to
the generality of the power model as a tool for describing ISARs
across a wide range of scales and contexts (14, 7, 8, 12).

We were particularly interested in testing for the increase in
rate of gain on larger islands, previously hypothesized (2, 15, 29)
as a likely outcome of the increased importance of speciation.
Interestingly, we found that the equivalent log-power model for
SIEg;e is much steeper (z = 0.48) than that for all native species.
Moreover, a breakpoint model with a flat phase followed by a still
steeper phase for larger islands was found to provide a better fit
for SIEg;, than the log-power model. All else being equal, the
importance of speciation as a source of species within an island is
expected to scale positively with island area for several reasons.
First, a larger island provides more opportunities for within-island
geographic isolation of populations and subsequent allopatric
divergence and, ultimately, speciation (2). Second, larger islands
typically contain a greater range and diversity of habitats (30),
which may strengthen selective pressures and result in increased
rates of evolution of reproductive isolation (25). Finally, larger
islands also typically support larger population sizes (13). Larger
populations are less likely to go extinct and thus are more likely
to survive long enough to undergo speciation, as well as being
more likely to be subdivided into allopatric populations (25).

The greater rate of within-island speciation on larger islands
has previously been shown to steepen the ISAR for individual
archipelagos (e.g., refs. 23-25) but here we find evidence for sim-
ilar patterns at the global scale. For both NATY,, and SIEy,, the
very largest islands are underfitted by our All islands models (i.e.,
they have considerably more species than indicated by the model
fit). These islands are all either continental shelf (land bridge) or
continental fragment islands of complex topography situated in
tropical latitudes (Fig. 1). The significance of these islands to
global ISAR form can be seen most starkly when fitting the data
with a negative binomial GLM in a semilog space (Fig. 2). Indeed,
the predicted curve shows a strong upward swing for the largest
islands, while still underfitting them. More broadly, these results
necessitate further analyses and theory building in order to better
understand the extent to which speciation on larger islands only
partially compensates for the reduced immigration inherent to
being an island, fully compensates, or overcompensates. Within
such analyses, it will be important to distinguish between allopat-
ric replacements and cladogenesis within the island of interest, as
well as instances of persistence of paleo-endemics, especially for
some of the oldest tropical, continental islands (14).

Our subsidiary analyses demonstrate several phenomena that
are expected from island theory. For instance, there is a threshold
island size below which islands generally lack their own endemic
plant species, estimated via the power model ISARs at 0.77 km®
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for oceanic islands and 3.35 km?” for all islands. These values are
considerably smaller than the 14.6 to 107.8 km® previously esti-
mated for vascular plants by Kisel and Barraclough (31), but this
is unsurprising because theirs was a minimum threshold for in situ
cladogenesis, a process which on theoretical grounds we should
expect to require a larger land area than merely for an island to be
capable of supporting an endemic that may have arisen allopatri-
cally and by anagenesis. Indeed, even within birds, the recently
split Wilkins’s bunting (Nesospiza wilkinsi) is endemic to
nghtmgale Island (32) which coincidentally is not greatly differ-
ent in size (~3.2 km?) to the threshold size we have observed for
plants and is an example of anagenesis. There are also birds
endemic to smaller islands (e.g., the Nihoa finch, Zélespiza ultima,
currently endemic to the 0.69 km” island of Nihao), but their
restricted distributions are believed to be relictual and the result
of anthropogenic extirpations from larger islands nearby.

Given that our selection of islands spans the globe and thus
includes great variation in climate regime and island types, it is
remarkable how much of the variation in insular plant richness
can be explained simply by island area (66 to 96% for NAT .,
depending on the chosen model and R? formulas). As such, these
results provide further evidence of the extraordinary importance
of area (i.e., size of island and those other properties that scale with
it) in island biogeography (2, 8, 15). Of the residual variation, our
analyses indicate that isolation from mainlands can account for a
significant amount of it. For NAT ., we observe a decrease in
richness with increasing isolation (Fig. 34), a theoretically expected
pattern given the reduction in colonization rates on islands with
increasing distance from the mainland (13, 33). In contrast, for
SIEg,y, there is an increase in richness with isolation as well as a
general tendency for more positive residuals from this relationship
with increasing degree of endemism (Fig. 3B). Again, these pat-
terns are predicted by theory as, all else being equal, more isolated
islands have reduced gene flow with populations elsewhere, leading
to genetic divergence and thus a greater likelihood of speciation
(10). Additional predictor variables not included here, such as
intra-archipelago isolation (34), climatic factors (11), and island
age (14), would likely help explain any remaining residual varia-
tion. However, our aim was to study the form of the global ISAR,
while also accounting for the known interaction between area and
isolation in shaping insular plant diversity (9), rather than to build
a full explanatory model of island plant richness (see ref. 12).

Rosenzweig (2) has argued that areas that are large enough to
generate and sustain their own species through speciation equate
to provinces and that increased provinciality will steepen ISAR
slopes (14, 21). Here we show that the ISAR slope (z) does indeed
increase as the selection of islands is narrowed by gradually increas-
ing the minimum proportion of SIE species required for inclusion
in the calculus. Not only did we find steeper slopes (z increasing
from 0.32 to 0.44) and improved fits, but we also found that
estimates of continental richness values generated by extrapolation
of the ISAR improved markedly as we reduced the selection from
all islands up to those of >5% SIE, at which point observed values
for North America, Africa, Eurasia, and South America were
underpredicted by 7.7%, 8.3%, 33.9%, and 57.7%, respectively,
while Australia was overpredicted by 27.5% (Fig. 4E). That is to
say, consistent with Rosenzweig’s provinciality arguments, and at
least for vascular plants, area alone permits the construction of a
coherent power model ISAR embracing both islands and conti-
nental land masses when basing the calculations on islands pos-
sessing a minimum of 5% endemics. While Rosenzweig has
previously demonstrated a similar case for fish species, his analysis
was based on a dataset of just four islands and three continents (2).
Overall, consistent with the arguments of Williamson et al. (26, 27)
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and Triantis, Guilhaumon, and Whittaker (8), our analyses provide
no support for the hypothesis (e.g., ref. 15) of a gradual leveling
of the curve at the right-hand end of the SAR.

We also find that the global ASAR is steeper than the global
ISAR, reflecting the importance of within-archipelago speciation
in building island floras. As we have conducted these analyses on
a global dataset, unlike previous tests of this idea (e.g., ref. 21), our
analysis holds the danger of differences in island properties other
than area also confounding this analysis. This is reflected in the
two-phase breakpoint model for oceanic islands that we dismissed
on the grounds that the bias of the largest oceanic islands to high
latitudes was dragging down the final phase with increasing area
such that it dived downward rather than accelerating upward. The
analyses restricted to oceanic islands (albeit comprising a mix of
atolls and volcanic islands) are nonetheless useful in constraining
the variation in island properties compared to our full dataset. For
this oceanic island dataset, it is apparent: i) that increasing propor-
tions of endemism correspond with positive ISAR residuals for
SIEga especially so for larger oceanic islands, but that ii) the
analyses for NATYy,, provide no support for a change of rate of
gain in plant species richness for larger oceanic islands. While the
uptick in the rate of gain of species across the largest islands hypoth-
esized by Lomolino (15) is apparent in the semilog plot and neg-
ative binomial GLM for NAT, in our full (all islands) dataset,
it appears attributable to the dominance in the largest size classes
of continental fragment and continental shelf islands that are pre-
dominantly old, tropical, and mountainous, which begs the ques-
tion as to what extent their exceptional diversity is a function of
their current insularity, or of their high productivity, mountainous
terrain, high habitat heterogeneity, large size, age, and complex
geodynamic histories (35-37). The extent to which the findings
reported herein hold for other taxa is of considerable interest and
we therefore intend to address this in a future publication.

Materials and Methods

Species Occurrence Data. We sourced species richness data for native and
endemic vascular plant species on islands worldwide from Schrader et al. (9),
the most comprehensive assessment of insular plant diversity and endemism to
date. This dataset is based on the Global Inventory of Floras and Traits database
GIFTv.3.2 (38) and holds information on the status and occurrence of 304,103
species, of which 94,052 occur on 1,657 islands globally. In total, GIFT includes
plant inventories from around 3,400 island and mainland regions worldwide,
sourced from checklists, floras, and reports, and also including such major species
distribution databases as the World Checklist of Vascular Plants (39) and the
Integrated Assessment of the Vascular Plant Species of the Americas (40). Based
on the full island dataset from Schrader et al. (9) we then further refined it by i)
excluding Greenland from the dataset as it is largely ice covered and there is some
doubt whetheritwould be a single island were the ice to be removed, ii) filtering
outallislands forwhich floristic assessments were not considered comprehensive
either by the original author(s) or GIFT(342 islands), and iii) removing the single
remaining island with zero species. This left 1,307 islands in our dataset. We then
removed islands where the data were actually not from a single island but rather
were from an archipelago within which the largest island (to which the species
list was attributed in GIFT) provided less than 80% of the archipelagic area (e.g.,
the Bismarck Islands): reducing the dataset to 1,262 islands (Dataset S1). We also
extracted from GIFT: i) a separate archipelago-level dataset (Dataset S2: providing
the number of species occurring on individual archipelagos globally), and ii)
species richness data for continents (included in Dataset S1).

Species numbers were obtained by counting all species native or endemic to
each island or archipelago in our dataset. We used the species endemism status
forallislands globally following the expert-based OR exclusion method outlined
in Schrader et al. (9). This dataset lists all species endemic to an island or archi-
pelago that were either i) considered endemic to a specificisland or archipelago
by the original author(s) of the species checklist or flora (expert-based), or ii)

https://doi.org/10.1073/pnas.2518902123

reported as native to an island or archipelago but absent from any other region
in GIFT (exclusion-based). This produced endemism counts at the level of single
islands (i.e., SIEs: single-island endemics) that we used for the ISAR analyses,
and for single archipelagos, used for the ASAR analyses.

To obtain the species number for each of the five large mainland land masses
except Antarctica-North and South America, Eurasia, Africa, and Australia-we con-
structed species lists for all geographical regions in each of these landmasses from
GIFTand derived their respective species numbers. Species lists were organized
according to the Botanical Continents (41), which divide the Americas at the south-
ern border of Mexico into Northern and Southern America. Eurasia comprises
three Botanical Continents-Europe, Asia-Tropical, and Asia-Temperate-which we
combined into a single list for the region. For species endemic to these regions, we
used the exclusion method, indicating all species as endemic that did not occur
on any other continent or island region. Australia is treated here as a continent
rather than an island, following the usual convention in the island biogeograph-
ical literature (e.g., ref. 9).

Apomictic taxa—species that reproduce asexually-have evolved independently
across various genera (42). Identifying and defining apomixis within species con-
cepts remains a debated issue and the representation of apomicts in GIFT is
inconsistent, potentially introducing species richness bias toward well-sampled
regions in Europe and North America (43, 44). To mitigate this, we used the
dataset from Schrader et al. (9) that excluded apomictic taxa.

Island Area, Isolation, Elevation, and Attribution to an Archipelago. For all
islands we sourced their land area, isolation and elevation from the GIFT database.
As our isolation metric, we used the distance to the nearest mainland in km.
All raw area values are in units of km?’. We delineated archipelagos following
Schrader et al. (9). Islands were grouped by shared geological origin, such as
atolls (for example, Maldives), volcanic hotspot chains (for example, Hawai'i,
Galdpagos), or by geographic proximity and connectivity during the last glacial
maximum (for example, continental-shelf archipelagos). Using these criteria,
we assigned islands to 108 archipelagos (Dataset S1). For some groups, espe-
cially those on continental shelves, boundaries are traditional but partly arbi-
trary, and some islands could be classified differently. Many archipelagos also
contain smaller islands or islets lacking species data; only islands with available
data were included in species area totals of their respective archipelagos for the
archipelagic dataset (Dataset S2, comprising 139 archipelagos, more than in
Dataset S1 because for some archipelagos we lack island-level data).

ISAR Model Fitting and Comparison. The model fitting and comparison was
undertaken using two different versions of the main dataset. First, we used the
data for all native species on the 1,262 islands (Natg,). Second, we focused on
just single island endemic species (SIE) and only included the 244 islands with
at least one single island endemic (SIEg,). As the use of log-transformation in
ISAR model fitting is known to emphasize different parts of the relationship,
we explored the form of the global ISAR in both semilog space (i.e., where area
is log-transformed but richness is not) and log-log space. When logging data,
log,owas used in all cases. To assess the form of the global ISAR in log-log space
and test for the presence of any breakpoints in the relationship, we compared
the fit of five ISAR models: the log-power model (eqn. 3), and four breakpoint
models (two models with a single breakpoint [threshold] and two models with
two breakpoints). The breakpoint models were all continuous, and in two models
the first segment was fixed to have a slope of zero (zero-slope one-threshold and
zero-slope two-threshold models), while in the other two models the slopes of all
segments were allowed to vary (continuous one threshold and continuous two
threshold models). To avoid model fits with very small numbers of data points in
a segment, we set the minimum number of islands to be contained within each
of the two segments (in the case of one-threshold models), or the first and last
segments (in the case of two-threshold models), to five (45). The models were fit
using piecewise regression and the “sar_threshold” function in the ‘sars' R pack-
age[(20), see ref. 45 for further information on fitting the breakpoint models]. The
resultant fits were compared using the Bayesian information criterion (BIC), and
the model with the lowest BIC value was considered to provide the best fit (46).
We used BIC as the penalty on the log-likelihood associated with the number of
parameters is stronger, relative to Akaike's information criterion (AIC) and sample
size-corrected AIC (AIC), with our sample sizes (47), and we wanted to ensure a
strong test of threshold fits and reduce the likelihood of overfitting the data. We
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considered the search for a breakpoint to represent a free parameter and thus
we added one unit per threshold to the original number of model parameters
in the breakpoint models (45). The breakpoint search interval was fixed at 0.01
(in units of log area).

To explore the global ISAR in semilog space, we used a different approach to
that used in log-log space. To account for overdispersion in the data, we fitted a
Type 2 negative binomial (log link) generalized linear model (GLM) with area (log-
transformed) as the predictor and richness as the response (48), using the “glm.nb"
function inthe "MASS" R package. As there is no consensus on the most appropriate
measure of R for negative binomial GLMs, we calculated three commonly used R?
values in this context, namely the Nagelkerke pseudo-R?, the Efron R?, and the Cox
and Snell R, using the "performance” R package (49). For the log-log (log-power
model) and semilog space analyses, model evaluation was undertaken through
plots of the residuals vs. fitted values and spatial correlograms to identify any poten-
tial spatial autocorrelation in the model residuals (see Sensitivity Analyses, below).

Assessing the Impact of Island Isolation, Endemism, and Island Type.
Given the importance of the model and its parameters in island biogeography
theory as outlined in the introduction, for the analyses described in this section,
we focus exclusively on the log-power model (i.e., the linear model in log-log
space). To explore the influence of island isolation and endemism on ISAR prop-
erties and residual variation, we took the following steps. First, we examined via
partial linear regression (as e.g., ref. 49) the explanatory power of distance from
mainland (log-transformed) in explaining residual variation from the global ISAR,
also exploring how proportion of endemism is distributed in the same analyses.
Partial regression (i.e., added-variable) plots were generated using the "avPlots"
function in the "car” R package (50). Second, we assessed how the parameters of
the log-power model (c-value, z-value, and R?value)varied across subsets of the
data based on the proportion of SIEs (endemics) per island. In these analyses, we
removed all islands with a proportion of SIEs less than (or equal to) 0.2% and fitted
the log-power model to this subset of islands, storing the parameter values. This
was then repeated using 0.5% SIEs as the threshold, and then using threshold
values from 1% up to 25% in increments of 1%. We stopped at 25% to ensure
there were enough islands within each group to undertake linear regression.

We also reran all models after restricting the selection to the oceanic islands
(including both volcanicislands and atolls), that is, restricting the data to islands
that have never been connected to or part of a larger mainland.

ASAR Model Fitting. We grouped islands into archipelagos, to fit the archipelago
species-area relationship (ASAR) sensu Whittaker et al. (14). Using these archipel-
ago data, we undertook the same species-area relationship model comparison
outlined above, while also assessing the explanatory power of distance from
mainland in explaining residual variation from the global ASAR. For ASARS, we
present analyses for Archipelagic native species richness and for Archipelagic
endemic species richness.
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Sensitivity Analyses. Given the spatial autocorrelation observed in the residuals
of several of the models described above, and the known nonindependence of
data points (islands) belonging to the same archipelago (51), we fitted alterna-
tive versions of the models to ensure our findings were robust to both spatial
autocorrelation and archipelago-level effects. For the log-power ISAR model, we
fitted both spatial autoregressive error models (52) and mixed-effects models
(with archipelago included as a random intercept and slope [for both area and,
where applicable, isolation]). These alternative models were fitted as part of both
the all-island and oceanicisland analyses, and also for the models including both
area and isolation as predictors. For the ASAR analyses, we fitted only spatial
autoregressive error models as an alternative, as the archipelago focus precluded
the use of a mixed effect model with archipelago as a random effect. To further
assess whether the effects of area and isolation were sensitive to the inclusion
of additional standard covariates used in island biogeographic studies, we reran
the previously described models, adding log-transformed elevation and absolute
latitude as covariates.

Forthe semilog ISAR analysis, spatial autocorrelation was accounted for using
a Bayesian Hierarchical Generalized Linear Mixed Model (negative binomial
family) (53). The full details regarding the fitting and evaluations of these alter-
native models, including selecting the optimal spatial structure for the spatial
autoregressive error models, is provided in the S/ Appendix. All analyses were
undertaken in R[v.4.3.2; (54)].

Data, Materials, and Software Availability. All code and data are available on
GitHub (55). Other data are included in the article and/or supporting information.
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