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Abstract

Aim: Island biogeography theory states that species richness increases with habitat
diversity and decreases with isolation from source pools. However, ecological theory
must incorporate effects of human activity to explain contemporary patterns of bio-
diversity. We contemporized island biogeography theory by conceptualizing island
trajectories of how species richness changes over time with accelerating land devel-
opment and economic trade, which increase extinction and immigration rates, re-
spectively. With this contemporized theory, we then articulate and empirically assess
expected relationships of native, introduced and total species richness with natural
and anthropogenic metrics of habitat diversity and isolation from source pools.
Location: Greater Caribbean region.

Time period: Database finalized in 2020.

Methods: We built a database of 1,042 native and introduced reptiles and amphibians
(herps) for 840 Caribbean islands. For each island, we calculated natural and anthro-
pogenic metrics of island habitat diversity and isolation from source pools and used
linear model averaging to assess the expected relationships under the contemporized
theory for 15 major herp clades.

Results: Natural habitat diversity metrics exhibited positive relationships with native
and introduced species richness, strengthening total species richness-area relation-
ships across herp clades. Geographic isolation exhibited negative relationships with
native and positive relationships with introduced species richness, weakening total
species richness-isolation relationships. Economic area, based on developed land, and
economic isolation, based on maritime trade, exhibited negative relationships with
native species richness, but positive and negative relationships, respectively, with in-
troduced species richness. Total species richness relationships with these two anthro-
pogenic metrics were strongest in clades with many introduced species.

Main conclusions: A contemporized island biogeography theory that includes the ef-
fects of land development and economic trade on species extinction and immigra-
tion explained current Caribbean herp species richness patterns. As human activity
continues to accelerate, the contemporized theory we articulate here will increasingly

predict island biogeography of the Anthropocene.
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1 | INTRODUCTION

In island biogeography theory (IBT), extinction is defined as the loss
of species from islands, while immigration is the dispersal of species
to islands, and both operate to determine the species richness of is-
lands (MacArthur & Wilson, 1963; Whittaker et al., 2008). Two main
island characteristics, habitat diversity and isolation from source
pools of species, determine extinction and immigration rates and
thus drive species richness (Valente et al., 2020). While many ad-
vancements describing island biogeography have been made over
the years to increase the predictive ability of IBT, the relationships of
species richness with habitat diversity and isolation have come to the
forefront, providing a framework for many other theories related to
island biogeography (Losos & Ricklefs, 2009). The most used metrics
to represent habitat diversity and isolation are geographic area and
isolation, and as such, IBT provides theoretical expectations for how
island species richness relates to these characteristics, explaining
the ubiquitous positive species-area and negative species-isolation
relationships. MacArthur and Wilson (1967, p. 8), while initially de-
scribing their equilibrium theory of island biogeography (ETIB), in-
tended geographic area as a proxy metric for habitat diversity, such
that larger islands have higher habitat diversity, and this higher hab-
itat diversity provides a higher carrying capacity that supports more
species (Ricklefs & Lovette, 1999). Still, area does have a causal ef-
fect on species richness since larger islands are able to support larger
populations reducing the probability species will go extinct (Kadmon
& Allouche, 2007; MacArthur & Wilson, 1967). Similarly, geographic
isolation was used as a proxy metric for isolation from source spe-
cies pools, representing natural dispersal pathways from the main-
land and larger islands, such that higher geographic isolation results
in lower immigration rates (Losos & Ricklefs, 2009; MacArthur &
Wilson, 1963; Valente et al., 2020). Therefore, geographically iso-
lated islands are naturally unsaturated with species and below their
carrying capacities set by area-defined habitat diversity.

The general dynamic model (GDM; Whittaker et al., 2008)
extended the ETIB to include how immigration (and colonization
with the establishment of species), speciation and extinction rates
change with habitat diversity over the lifetime of oceanic islands
(i.e., island geological ontogeny). The GDM focuses on how two
metrics of habitat diversity, geographic area and topographic com-
plexity, vary as oceanic islands - islands formed by volcanic activity
- emerge and recede over their lifetimes (Borregaard et al., 2017;
Whittaker et al., 2008). Islands accumulate the most species soon
after emergence when habitats are unsaturated allowing for new
species to immigrate and higher rates of colonization as new spe-
cies establish (Steinbauer et al., 2013). Immigration then begins to
slow as species fill the island reducing the number of new species
in the species pool, and in situ speciation adds more species filling

the available habitat decreasing the establishment of new species.
Geographic area and topographic complexity increase along with
species richness as islands fully emerge from the ocean (i.e., reach
island maturity and largest area). Peak habitat diversity and species
richness occur slightly after island maturity when erosion begins to
form valleys causing topographic complexity to be maximum. The
increase to this peak habitat diversity represents ample opportunity
for species to diversify or sort into available niche space reducing
the effect of antagonistic species interactions. As islands recede, the
erosion of island area and topographic complexity reduces habitat
diversity, increasing the effect of species interactions on the estab-
lishment of new species and causing the reduction of population
sizes and an increase in the extinction rate (Borregaard et al., 2017
Whittaker et al., 2008). The process described by the GDM is nat-
urally slow, increasing then decreasing species richness over long
geological time-scales, but can be seen as analogous to how human
activity can influence immigration and extinction on islands.

Today, humans have altered island characteristics over much
shorter time-scales than what typically occurs naturally. Humans
transport species across geographic boundaries intentionally or un-
intentionally through trade. As a result, natural patterns of island
isolation from source pools have been altered by economic activ-
ities, allowing species to immigrate across geographic boundaries
from distant locations that are economically connected (Brown
et al., 2021; Seebens et al., 2018). This alteration of island isolation
has greatly accelerated since the relaxation of trade barriers after
WWII and the invention of modern containerization in the 1950s
(Hulme, 2009). Economic activities also change habitat diversity on
islands through the anthropogenic transformation of natural habi-
tats creating unsaturated anthropogenic habitats (i.e., land develop-
ment). Land development, also called land transformation (Hooke
et al., 2012), is largely thought to increase island extinctions as it
intensifies (Wood et al., 2017). However, through species introduc-
tions islands can have higher species richness since most islands are
not completely developed, native species use anthropogenic habitat
(e.g., Jesse et al., 2018), and some extinctions have yet to be realized
(Jackson & Sax, 2010). For example, for Caribbean reptiles and am-
phibians, there have been 41 known extirpation events, with 60 more
that are possible extirpation events, compared to 625 introduction
events (data from this study). A higher human-mediated immigration
rate of species than the extinction rate of native species has also
been observed across islands globally for birds (Li et al., 2020; but
see Sayol et al., 2021) and for plants (Sax et al., 2002).

Given the strong influence of human activities on island habi-
tat diversity and isolation from source pools (Storch et al., 2021),
IBT may be less effective at predicting contemporary island spe-
cies richness comprised of native and introduced species. Here, we
contemporize IBT by proposing logical ideas concerning how two
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major anthropogenic activities (land development and trade) influ-
ence island species richness based on how habitat diversity and
isolation from source pools influence immigration and extinction
as detailed by the ETIB and GDM (Figure 1). From this, we provide
intuitive relationships between island species richness and natural

FIGURE 1 Contemporized island biogeography theory (IBT)
accounts for (a) global trade and land development, which influence
extinction and immigration rates, and have greatly accelerated
during the contemporary period (grey shading). (b) Under the
equilibrium theory of island biogeography (ETIB), the native
species richness of an island is set by an equilibrium between
natural immigration and extinction (point ‘A’). During the great
acceleration (a), immigration and extinction change causing the
equilibrium to move along a trajectory depending on the relative
acceleration of trade versus land development on the island. The
black arrow shows an expected trajectory through points ‘B’

or B,’ (pre-acceleration) and ‘C’ (contemporary period) to point

‘D’ (future state), which causes species richness to shift through
time. (c) Land development of an island is analogous to the natural
ontology of oceanic islands depicted under the general dynamic
model, an extension of IBT. In the contemporary period (grey
shading), development initially increases habitat diversity, allowing
for an increase in the establishment of introduced species, which
increases due to increased trade (i.e., increased immigration) and
thus causes species richness to rise. As development increases,
habitat diversity and the establishment of introduced species
decrease while extinction rate increases resulting in decreased
species richness. Data plotted in panel (a) are from United

Nations (2011), Federico and Tena-Junguito (2017) and Ellis

et al. (2020), panel (b) was adapted from figs 7 and 8 in MacArthur
and Wilson (1967) and panel (c) was adapted from fig. 4 in
Whittaker et al. (2008)

and anthropogenic island metrics as a framework that researchers
conducting future macroecological study of island theory can use to
frame their own work (Figure 2). These expectations are for native,
introduced and total (summed introduced and native) species rich-
ness and include both direction and relative magnitudes. We then
tested the expectations we produced from the contemporized IBT
with a comprehensive data set we built for Caribbean island her-
petofauna (hereafter: ‘herp’) and found that the expectations were

supported across multiple herp clades.

2 | CONTEMPORIZATION OF ISLAND
BIOGEOGRAPHY THEORY

Over the last two centuries, land development and global trade have
accelerated, rising slowly until the mid-1900s and then greatly accel-
erating throughout the contemporary period (i.e., 1950 to present;
Figure 1a). Termed the ‘Great Acceleration’, this phenomenon dates
the start of the Anthropocene (Steffen et al., 2015), a proposed geo-
logical epoch signified by anthropogenic impact on the Earth's sys-
tems (Lewis & Maslin, 2015). Although other human activities have
also accelerated, land development and trade directly impact island
habitat diversity and isolation from source pools via species intro-
ductions, respectively (Storch et al., 2021). The applicability of IBT
to explain extant native, introduced and total contemporary species
richness in the Anthropocene requires incorporating the effects of
land development and trade on habitat diversity and isolation from
source pools, which reflect how humans influence rates of extinc-
tion and immigration.
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FIGURE 2 Contemporized island biogeography theory (IBT, Figure 1) provides expectations on the strength and direction of
biogeographic relationships in the Anthropocene. The equilibrium theory of island biogeography (ETIB) provides expected relationships
between species richness and two island characteristics - habitat diversity and isolation from source pools (top brackets) - often estimated
as relationships of native richness with geographic area and isolation (blue boxes). Today, islands comprise extant native and introduced
richness (top two rows), and island characteristics can be estimated with natural and anthropogenic island metrics (bottom brackets).
Relationship direction is represented by the direction and fill (gray = positive, white = negative) of the arrow. Relationship strength (arrow
thickness) and the expectations for total (native + introduced) richness (bottom row) are presented under the assumption that introduced
immigration rate exceeds native extinction rate. The metrics (left row and bottom column headings) are not an exhaustive list but are those
we calculated for our data set on Caribbean island herpetofauna to test these contemporary expectations (Figure 4)

To contemporize IBT, we begin by considering the trajectories
of islands experiencing accelerating land development and trade
in the context of the ETIB and GDM (Figure 1). By articulating this
contemporized version of IBT (Figure 1), new expected relationships
between species richness and natural and anthropogenic metrics
emerge (Figure 2), that we then assess in the second part of the
manuscript for Caribbean herps. The expectations from the con-
temporization of IBT (Figure 2) describe the strength and direction
of the relationship. These expectations also act as a framework for
future work using richness data to assess IBT by categorizing com-
mon island characteristics and providing expectations to test (e.g.,
Blackburn et al., 2016; Helmus et al., 2014; Losos & Ricklefs, 2009;
Losos & Schluter, 2000; MacArthur & Wilson, 1963; Moser
et al., 2018; Ricklefs & Lovette, 1999; Rojas-Sandoval et al., 2020;
Valente et al., 2020).

Our contemporization of IBT makes two assumptions. First, we
assume the effect of humans on speciation rate is not relevant to
species richness over contemporary time-scales. Second, we only
provide expectations assuming that immigration through species in-
troductions is greater than native extinction as is observed for many
island clades today (see Sax et al., 2002). This assumption that immi-
gration exceeds extinction has little effect on the expectations for
extant native and introduced richness but can influence the relative
strengths of the relationships. It is most relevant to the expectations
for total species richness, which depends on where islands clades
are along their contemporary trajectory (Figure 1b,c). We explore
these assumptions in the Discussion.

2.1 | Contemporary island trajectories

The ETIB assumes equilibria between immigration and extinction,
but island richness in the Anthropocene is not at equilibrium due
to accelerating rates and amounts of trade and land development
(Figure 1a), which alters immigration and extinction rates. Under the
ETIB, this acceleration of human activity causes equilibrium points
to shift as immigration and extinction rates vary through time.
Thus, islands in the Anthropocene should be conceptualized as fol-
lowing a contemporary trajectory that intersects multiple possible
equilibrium points as trade and land development vary over time
(Figure 1b). By the mid-1900s, most habitable islands had been colo-
nized by humans (Keegan & Diamond, 1987) and had species intro-
ductions due to low levels of trade (natural immigration replaced by
low-trade immigration; shift from equilibrium point ‘A’ to ‘B,’ or ‘B,’
in Figure 1b). Some islands had also experienced increased extinc-
tion due to resource extraction, overexploitation, and other impacts
that occur concurrently with land development (natural extinction
replaced by low-development extinction, shift from point ‘A’ to ‘B’
in Figure 1b). However, other islands by the mid-1900s had much
less land development resulting in the natural extinction rate being
largely maintained (shift from point ‘A’ to ‘B,’ in Figure 1b). Today,
global trade has greatly accelerated, and most islands have under-
gone at least low levels of land development increasing extinction
rate (shift from point ‘B," or ‘B, to ‘C’ in Figure 1b). In the future, a
plausible scenario is that humans will continue to transform island
areas, increasing extinction rates of both native and introduced
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species causing a decline in the equilibrium species richness com-
pared to today (shift from point ‘C’ to ‘D’ in Figure 1b). As land de-
velopment and trade continue to increase in the Anthropocene, the
trajectory will go beyond point ‘D’ potentially further lowering the
species richness equilibrium until both land development and trade
plateau. Under a contemporized IBT, islands are consistently in
transition between equilibrium points without reaching them until
introduction rate matches extinction rate and richness is at low equi-
librium value for those islands with high development and trade (i.e.,
point ‘D’ in Figure 1b). Shifting, never reached equilibria can hap-
pen due to natural environmental and geomorphological changes of
islands, as described by the GDM (Whittaker et al., 2008, 2017), or
through the anthropogenic processes outlined here.

The GDM articulates a natural species richness trajectory of an
island that varies in habitat diversity and operates on geological time-
scales far greater than the time-scales of human activity (Whittaker
et al., 2008, 2017). To further contemporize IBT, we articulate an is-
land trajectory based on how land development affects habitat diver-
sity (Figure 1c), using the GDM as a reference. Species richness first
increases and then decreases along a land development ontology
(Gainsbury et al., 2022; Marzluff, 2008) similar to how species rich-
ness varies under the GDM with the geological ontology of islands
(Whittaker et al., 2008), but this pattern may vary slightly depending
on ecological and environmental context (see McKinney, 2008). As
development begins, anthropogenic habitat, unsaturated with species,
increases habitat diversity (Marzluff, 2008; McKinney, 2002), which
is filled by immigrating species introduced via trade. As development
continues, anthropogenic habitats become saturated, the accumula-
tion of new species slows since introduced species are less likely to be
anew species or to establish due to increased antagonistic interactions
with the incumbent community, and native extinction rate increases
due to loss of natural habitat. Species interactions are a part, either
implicitly or explicitly, of IBT and can influence immigration and ex-
tinction rates. For instance, intermediate land development can ame-
liorate antagonistic interactions between species by separating them
in niche space or causing the extinction of ecological enemies allowing
for more species to co-occur on an island (Marzluff, 2008) giving rise
to peak species richness at intermediate levels of development along
the land development ontology (Figure 1c). Extinction rate is highest
and the establishment rate of introduced species lowest once most of
the island has been developed giving rise to lower amounts of habitat
diversity on the island due to the loss of natural area and the homog-
enization of habitat associated with high levels of land development
(Western, 2001).

Considering the contemporary island trajectories we described
above, we next articulate contemporized island biogeographic ex-
pectations of the relationships of habitat diversity and isolation
from source pools with contemporary species richness (Figure 2).
Categorizing island metrics based on whether they describe habitat
diversity or island isolation allows for expectations to be developed
for other metrics common to biogeographic studies and highlights not
only the expected relationship of the metric under IBT, but also links
to the processes - immigration, extinction and speciation, and their

interactions-represented by the metric. Note that the contemporary
trajectories we conceptualize here do not directly address geographic
area as an island characteristic because area is often used as a habitat
diversity metric since it allows for a large enough sample of habitats,
which more directly control the presences of species (MacArthur &
Wilson, 1967, p. 8). We assume many islands are close to point ‘C’ in
Figure 1b. However, these islands are likely not at that equilibrium and
are instead in the first half of their land development ontogeny where
immigration rate is higher than extinction rate due to increased trade

but moderate land development (greyed area in Figure 1c).

2.2 | Habitat diversity metrics

The most frequently used natural metric of habitat diversity is geo-
graphic area, which under IBT decreases extinction rates by supporting
more species with larger population sizes (Ricklefs & Lovette, 1999).
Immigration is also higher on larger islands, which are bigger targets for
dispersing species (Lomolino, 1990). Other common natural metrics of
habitat diversity are topographic complexity (Roell et al., 2021); natural
area (amount of natural land cover, Rojas-Sandoval et al., 2020); and
island spread, since when banks (i.e., groups of historically connected
islands) are the unit of analysis, banks with more spatially spread out
islands may have more species (Cabral et al., 2014). Geographic area
has a well-established relationship with multiple other island charac-
teristics that increase species richness (Ricklefs & Lovette, 1999 and ci-
tations within) as well as having its own causal factor increasing species
richness (Kadmon & Allouche, 2007), so geographic area relationships
with species richness should be stronger than the relationships for the
other, more specific, natural habitat diversity metrics. The effect of
area can also be dependent on the presence of speciation and overall
isolation of the island system (Losos & Parent, 2009). IBT is a neutral
theory that assumes native and introduced species are ecologically
equivalent. Thus, natural metrics of habitat diversity are expected to
correlate positively with native, introduced, and total species richness
overall (Figure 2). However, the strength of the relationships of natural
habitat diversity metrics with introduced species richness should be
lower than for native species richness because the introduction of spe-
cies has occurred over a comparatively shorter time-scale.
Anthropogenic metrics for habitat diversity must account for the
amount of geographic area co-opted through land development (i.e.,
economic area) such as agricultural and urban areas (Rojas-Sandoval
et al., 2020). The creation of economic area through land development
reduces the amount of habitat available for native species adapted to
natural habitats leading to smaller population sizes and increased risk
of extinction (Seabloom et al., 2002). Increased economic area also in-
creases the establishment of introduced species because introduced
species are often transported and introduced to novel unsaturated
anthropogenic habitats (Jesse et al., 2018). Therefore, under IBT, the
expected relationships of economic area with extant native species
richness and introduced species richness are negative and positive,
respectively (Figure 2). There also should be a weak, positive relation-
ship with total species richness for clades where the positive effect of

85U8017 SUOWWOD SA eI 3dedt[dde aup) Ad peusenob a1e sajole YO ‘SN JO Sa|NI Joj Akeiqi8UIJUO AB]IA UO (SUOIPUOD-PUE-SWS)LI0O" A8 | 1M ARe.d 1[ul[UO//SANL) SUOIPUOD Pue SWLB | 8U) 89S *[£202/T0/6T] U0 AkeiqiTauliuo A8im ‘Akiqiseeyd Aiseaiun ajdws 1 Aq £29€T GeB/TTTT 0T/I0p/u0o" A3 1M Al 1jeuljuo//SAny Wiy pepeojumod ‘Z ‘€202 ‘852899rT



GLEDITSCH ET AL.

ﬂWl LEY-

economic area on the rate of species immigration through anthropo-
genic introductions is higher than its effect on the native extinction
rate of native species (Figure 2). It is important to note that economic
area likely scales with geographic area since larger islands typically
have larger human populations, so economic area as a proportion
of land cover used for economic purposes may be a better metric to
use rather than just total amount of developed area. Further, islands
with less topographic complexity will also likely have higher economic
area since topographically homogenous areas are often transformed
from natural land cover to that used for economic purposes (Guo
etal, 2018).

2.3 | Isolation from source pools metrics

The most common natural metric of isolation from source pools is ge-
ographic isolation. While there are at least 70 metrics of geographic
isolation (Weigelt & Kreft, 2013), each is assumed to represent natu-
ral dispersal pathways such that more geographically isolated islands
have lower immigration rates from source pools and are thus un-
saturated with native species (MacArthur & Wilson, 1963; Valente
et al., 2020). Extinction is also lower on less isolated islands due to
the rescue effect, such as the recolonization of Caribbean islands by
lizards after hurricanes (Schoener et al., 2001). Since more isolated
islands are unsaturated with species, introduced species are more
likely to establish after introduction (Moser et al., 2018). As a result,
the expected relationships of geographic isolation with extant native
and introduced species richness are negative and positive, respec-
tively (Figure 2; Moser et al., 2018). The geographic isolation effect
should be stronger for native species richness than for introduced
species since introduced species are moved by human activities that
circumvent isolating geographic barriers that reduce natural immi-
gration (e.g., oceans). These effects will result in a weaker negative
relationship of geographic isolation with total species richness com-
pared to native species richness (Figure 2).

Anthropogenic metrics for isolation from source pools must
account for contemporary dispersal pathways that reflect human
economics rather than geography (Capinha et al., 2017; Seebens
et al.,, 2018). Such economic isolation metrics have been based
on trade, tourism, and size of an island's economy (e.g., Capinha
et al.,, 2017; Helmus et al., 2014; Rojas-Sandoval et al., 2020). For
example, since herps are often introduced through shipping cargo
(Kraus, 2009; Perella & Behm, 2020), economic isolation metrics
built on shipping can explain introduced herp species richness well
(e.g., Helmus et al., 2014). Economic isolation also affects native
species richness because introductions can rescue declining native
populations (e.g., Richmond et al., 2021). Therefore, under IBT the
expected relationships of economic isolation with native, intro-
duced and thus total species richness are all negative, with the na-
tive relationship weaker than the other two relationships (Figure 2).
Economic isolation may also scale with geographic area for the
same reasons as economic area. Larger islands tend to have larger

human populations, which increases the demand for trade and thus

decreases the islands economic isolation. Additionally, there is likely
a relationship between topographic complexity and economic isola-
tion since topographic homogenous areas can easily be transformed

to produce goods for trade.

2.4 | Insights

Contemporizing IBT and articulating expected relationships leads
to three insights that speak to broader patterns to be expected as
the world continues through the Anthropocene. First, natural and
anthropogenic characteristics of islands influence native and intro-
duced species richness in different and sometimes opposing ways.
For instance, extant native and introduced species richness should
exhibit positive relationships with geographic area and other habi-
tat diversity metrics, but opposing relationships with economic area
(i.e., native species richness - negative; introduced species richness -
positive). Conversely, native and introduced species richness should
exhibit opposing relationships with geographic isolation (i.e., native
species richness - negative; introduced species richness - positive),
but both should have negative relationships with economic isola-
tion. Second, the applicability of or ability to detect the expected
relationships depends on how much the immigration rate due to in-
troduced species exceeds the extinction rate. Thus, the expected re-
lationships should be easier to detect in clades of species with more
introduced species. Third, as human-mediated species immigration
pushes geographically isolated islands towards their carrying capaci-
ties, a value that may decrease as land development increases (see
Figure 1c), total species richness should exhibit increasingly stronger
relationships with geographic area and weaker relationships with
geographic isolation as species introductions increase. We assessed
these insights and expectations with the contemporary biogeogra-

phy of Caribbean herp species.

3 | METHODS
3.1 | Island bank system

The Caribbean region spans a broad range of island geogra-
phies (Figure 3b) that have produced both high endemism and
the two largest terrestrial vertebrate radiations: the frog genus
Eleutherodactylus and the lizard genus Anolis (Losos & Thorpe, 2004).
Within the Caribbean, there are well-documented herp distribu-
tions (see Supporting Information Methods S1: Section 1) and phy-
logeographic reconstructions of ancient dispersal pathways (Glor
et al., 2005; Hedges et al., 1992; Tucker et al., 2017). Major human
colonization waves occurred c. 5,800-2,500 and c. 1800-500years
ago (Napolitano et al., 2019), followed by European colonization
from 1500-1783 (Altman & Horn, 1991). However, most changes to
island habitats (Hedges et al., 2018) and species diversity occurred
after 1950 (Helmus et al., 2014). Today, herps are frequently intro-
duced to islands (Kraus, 2009; Perella & Behm, 2020) and pervasive
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FIGURE 3 The greater Caribbean
region (a) includes 78 island banks (red
polygons) that exhibit (b) a broad range
(note axis breaks) of geographic area

and isolation (measured as the minimum
distance to any source pool). Source pools
for native Caribbean herpetofauna are
labelled in white on the map

deforestation and land development have changed habitat diversity
(Hedges, 2011). Only 9 of 827 native Caribbean herp species as-
sessed by the International Union for Conservation of Nature (IUCN)
are extinct, but 153 are critically endangered (IUCN, 2021).

We built a database of 840 islands that had herp records (see
next section) grouped into 72 banks (Figure 3a). Banks were based
on historical land connections and underwater topography (GEBCO
Compilation Group, 2020). We analysed island banks because nat-
ural overwater dispersal within banks is much higher than between
banks making banks statistically robust biogeographic units (e.g.,
Helmus et al., 2014). We included Bermuda in our analysis because it
has strong economic ties with Caribbean nations (CARICOM, 2020)
and 75% of its herp species occur in the Caribbean.

3.2 | Island species richness metrics

We performed an extensive literature search of island-level herp
records (see Supporting Information Methods S1: Section 1, searches
completed June 2020). Native status was given to extant species in-
dicated in the literature as being native to anisland. Introduced status
was given to non-native species established on an island indicated
from the literature or if a non-native species had multiple records in
Global Biodiversity Information Facility (GBIF, 2020), which included
data from multiple sources (see Methods Supporting Information

Section 1), that spanned multiple geographic locations and years on
an island. While it is possible that some of these species reported in
the GBIF records could be rare native species not historically known,
given the multiple sources, the extensive research conducted on this
system, and the relatively little addition of new native species from
GBIF, we believe our native database was complete and this scenario
unlikely. We used several sources to standardize species names and
taxonomy including caribherp.org (Hedges, 2020), Reptile Database
(Uetz et al., 2020), Amphibian Species of the World 6.1 (Frost, 2020),
the Integrated Taxonomic Information System (ITIS, accessed June
2020), and GBIF. Our search yielded 1,042 extant species of herps
on 72 banks (Table 1).

Different groups of species (i.e., clades) possess varying evolu-
tionary histories and ecologies that can influence biogeographic pat-
terns (e.g., Skeels et al., 2020) potentially leading to differences in the
applicability of our contemporary expectations (Figure 2). Therefore,
we inferred the consistency of the expectations across multiple tax-
onomic clades to understand the generality of the expectations, and
how they can be influenced by various historical and ecological con-
texts. Species were grouped into clades defined by taxonomic class,
order, suborder, family and genus. We identified 154 reptilian and
42 amphibian clades. Native, introduced, and total species richness
values per bank per clade were calculated (Supporting Information
Appendix S1). Not all clades contained enough species on enough
banks to fit robust regressions. Based on a power analysis of the
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FIGURE 4 General patterns of the contemporary species richness relationships observed for Caribbean island herpetofauna were as
expected under the contemporized island biogeography theory (Figure 2). Bars are the weighted mean of model-averaged coefficients of

15 clades (Table 1) with error bars representing the weighted standard errors to represent a summary of the cross-clade consistency of the
relationships. Grey asterisks are model-averaged coefficients for the all-herps analysis (Table 1) with dashed 95% confidence interval error
bars (Supporting Information Table S3). Grey arrows along the y axis represent the direction of the relationship given by the mean coefficient
for comparison with the expectations in Figure 2

TABLE 1 Sixteen Caribbean amphibian and reptile (herp) clades were used to assess the contemporized island biogeography theory (IBT)
expectations (Figure 2)

Species richness

Clade Abbreviation Taxonomic rank Native Introduced® Total Banks present
All Herpetofauna All Subphylum 1,008 95 1,042 72
Reptilia® Rept Class 793 75 793 72
Squamatab Squa Order 745 64 767 72
Amphibia® Amph Class 241 20 249 46
Neobatrachia® Neob Suborder 240 20 248 46
Iguania® Igia Suborder 244 21 245 69
Serpentes® Serp Suborder 221 17 231 51
Anolis® Anol Genus 191 16 192 65
Eleutherodactylus® Eleu Genus 164 6 165 36
Gekkota® Gekk Suborder 137 15 145 69
Gymnophthalmoidea® Gymo Suborder 54 6 55 46
Typhlopidae® Typh Family 46 3 48 29
Hylidae® Hyli Family 29 5 31 34
Testudines® Test Order 18 10 22 37
Iguanidae® Igae Family 19 4 19 51
Cryptodira® Cryp Suborder 16 9 19 37

Note: Bold indicates how the data were split for an all-herps analysis and an among-clades analysis among lower rank herp clades (Figure 4).
Introduced species richness represents the number of species that were introduced to the Caribbean and native Caribbean species introduced to a
bank(s) other than their native bank(s).

PRepresents clades that are comprised of only reptiles.

‘Represents clades that are comprised of only amphibians.
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fit of the all-herps model, 15 clades (Table 1) had at least one spe-
cies on enough banks (> 14 banks) to have statistical power of .8 (see

Supporting Information Methods S1: Section 2).

3.3 | Island bank metrics

We calculated four common natural habitat diversity metrics: geo-
graphic area, island spread, topographical complexity, and natural
area; and one anthropogenic metric: economic area (Supporting
Information Table S1). Geographic area was the sum of contem-
porary land area of each island in each bank from the Global
Administrative Areas shapefile (version 3.6, GADM, 2012). Island
spread was one minus the total bank land area divided by bank ex-
tent estimated as the area of the minimum convex polygon around
the islands (Figure 3a). Topographical complexity was the standard
deviation of terrestrial elevation (Amatulli et al., 2018) of each bank
from Shuttle Radar Topography Mission digital elevation data (90-m
resolution; version 4, Jarvis et al., 2008). Natural area and economic
area (Supporting Information Table S1) were the total proportion of
bank area covered by natural or economic land cover types in the
Annual International Geosphere-Biosphere Programme classifica-
tion layer of the Moderate Resolution Imaging Spectrometer land
cover type yearly global 500m data (Fried| & Sulla-Menashe, 2015).
Natural area included all forest, grassland, wetland, savanna and
shrubland land cover types. Economic area included all cropland and
urban land cover types. The ‘cropland/natural vegetation mosaics’
type was split evenly between the two metrics. Bare ground and
permanent water cover types were excluded.

We calculated a natural and an anthropogenic metric of
source pool isolation: geographic isolation and economic isolation
(Supporting Information Table S1). Mainland South and Central
America plus the continental islands Cuba and Hispaniola have acted
as natural source pools for all Caribbean herps (Ali & Hedges, 2021;
Glor et al., 2005; Hedges et al., 1992). We used the minimum dis-
tance from the geographic centroid of a bank to the shoreline of
the nearest mainland or continental island source (Figure 3) as geo-
graphic isolation (Weigelt & Kreft, 2013; see Supporting Information
Methods S1: Section 3 for comparison to other isolation metrics).
We estimated economic isolation from individual ship dockings at
ports in the greater Caribbean region in March, June, September
and December of 1979, 1991, 2003 and 2015 for cargo, cruise and
passenger ships (Lloyd's, 2020). We took the inverse of one plus the
summed total number of ship visits from outside a bank to docks
within each bank across all months, years, and ship types as our eco-
nomic isolation metric.

We included human population density as an eighth island metric
(Supporting Information Table S1) as is common for other contempo-
rary studies (e.g., Blackburn et al., 2016; Capinha et al., 2017). Bank
population density was estimated as the number of people living on
a bank averaged over every 5years from 2000 to 2015 (Population
Count version 4, CIESIN, 2018) divided by bank area. Under IBT,
human population metrics are proxy metrics for the mechanisms by

which humans influence species richness - altering habitats for eco-
nomic gain and moving species via economic connections - which
are better represented by explicit metrics. Thus, our expectation for
population density is that it will have negligible effects on species
richness when economic area and economic isolation are included
in the models.

3.4 | Statistical analyses

To assess the contemporary expectations (Figure 2), we regressed na-
tive, introduced and total species richness of each bank on the eight
bank metrics for all herps combined and each of the 15 clades sepa-
rately (Table 1). Species richness and bank area were natural log trans-
formed and geographic isolation square root transformed. All variables
were standardized by mean centring and dividing by the standard
deviation to make coefficients comparable. Models of every predic-
tor combination were fit, the models that accounted for 95% of the
cumulative model weight were averaged, and the 95% confidence in-
tervals of the model-averaged coefficients were determined (Burnham
& Anderson, 2003). Since collinearity among explanatory variables can
create problems when model averaging, we standardized the coeffi-
cients of the models to be averaged by their partial standard deviation
(Cade, 2015). The contemporary expectations were supported if the
direction and relative magnitudes matched, and the 95% confidence
interval did not encompass zero. To summarize the relationships across
the clades, we calculated coefficient averages and standard errors
weighted by the model's Cohen's 2 (i.e., the effect size for the ex-
planatory power of the model) excluding the all-herp model. These 16
models (all herps + 15 clades) were robust; most pairwise correlations
of the predictor variables were less than .5, variance inflation factors
were less than 3 (Supporting Information Table S2), all model residuals
exhibited low heteroskedasticity, and errors approximated normality
(see Supporting Information Methods S1: Section 4).

All data used in analyses are available in Supporting Information
Appendix S1 and Table S1 and through Dryad (Gleditsch et al., 2022).

4 | RESULTS

The contemporary expectations (Figure 2) were supported by our
analyses of Caribbean herp island biogeography with geographic
area and isolation still having strong influence over island species
richness (Figure 4, Supporting Information Table S4). The natural
habitat diversity metrics had positive effects, and geographic area
consistently had the largest effect compared to all other island
metrics for all but the introduced species richness metrics. The
positive effects of area on native and introduced species richness
combined to produce a stronger, positive effect on total species
richness, as total species richness is native plus introduced species
richness. Topographic complexity had strong positive effects on
native and total species richness, but its effect on introduced spe-
cies richness was weak and did not strengthen the effect on total
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species richness like with geographic area. This is likely because the
magnitudes of its effect on introduced species richness were more
variable among clades than geographic area (Supporting Information
Table S4). Similarly, island spread and natural area had positive ef-
fects on all three species richness metrics with the strongest effect
being natural area on introduced species richness, but these effects
were relatively weak and inconsistent among clades. For geographic
isolation, as expected there were generally strong negative native
species richness relationships, strong positive introduced species
relationships, and the species-isolation relationships for total spe-
cies richness were negative but weaker than native species richness
(Figure 4, Supporting Information Table S4).

Economic area and economic isolation both explained total
species richness as expected, but their effects were weaker than
geographic area and isolation (Figure 4, Supporting Information
Table S4). Economic area had consistently strong positive effects on
introduced species richness, weak negative effects on native spe-
cies richness, and little effect on total species richness. Economic
isolation had strong negative effects on introduced species richness,
weaker negative effects on total species richness, and even weaker
negative effects on native species richness. Human population den-
sity was a poor explanatory metric of contemporary species rich-
ness compared to economic area and isolation (Figure 4, Supporting
Information Table S4).

Across clades, the strongest, consistent relationships observed
were the classic species-area and -isolation relationships with na-
tive species richness (Figure 4). Geographic area positively affected
native species richness for all but the five least species-rich clades
(Figure 5a, Table 1), and there were negative species-isolation rela-
tionships for all but two clades (Figure 5e). For introduced species
richness, positive geographic isolation relationships were found for
three amphibian clades and three reptilian clades (Figure 5e). For
clades with a large proportion of introduced species, there was no
effect of geographic isolation on total species richness (Figure 5e),
but the effect of geographic area was still strong (Figure 5a). For
the other natural metrics, topographic complexity had consistently
strong positive effects for native and total, but not introduced, spe-
cies richness (Figure 5c). Even though there was a positive overall ef-
fect of island spread and natural area on species richness (Figure 3),
these effects were small across the clades and mostly had confi-
dence intervals encompassing zero (Figure 5b,d).

Clades with the highest number of introduced species generally
exhibited the strongest introduced species richness relationships
with economic area and isolation (Figure 6). Economic area had a
positive effect on introduced species richness for seven reptile
clades (Figure 6a) and six of these clades had greater than ten in-
troduced species (Table 1). Economic isolation had negative effects
on the introduced species richness of six clades, and all had more
than ten introduced species (Figure 6b) and were among the larg-
est clades in our study (Table 1). Relationships between introduced
species richness and the anthropogenic metrics were generally
stronger than relationships with native and total species richness.
Economic area had very weak negative or no effect on native and

total species richness across the clades (Figure 6a). Economic iso-
lation decreased total species richness for the two largest reptilian
clades and Serpentes, and native species richness decreased with
increased economic isolation for Squamata (Figure 6b). Human pop-
ulation density had a strong effect on only two clade assemblages
(Figure 6c¢).

5 | DISCUSSION

The Anthropocene is defined by the way human activity has
impacted natural processes, and classic ecological theory needs to
incorporate this activity to explain contemporary biodiversity pat-
terns (Figure 1). We articulated multiple expectations based on
island biogeography theory (IBT) for how natural and anthropogenic
metrics of habitat diversity and isolation from source pools influ-
ence contemporary species richness (Figure 2). By categorizing the
expectations by what they describe, we provide a framework for fu-
ture development of expectations for other metrics that describe
habitat diversity and isolation and to better link how humans have
influenced immigration, extinction and speciation, as well as their
interactions. Our analysis of contemporary Caribbean herp island
biogeography (Figure 3) generally supports the expectations, un-
covering, for example, the classic positive species-area and negative
species-isolation relationships for native species richness, positive
geographic area and isolation relationships for introduced species
richness, and matching expected relationships between total (native
+ introduced) species richness and anthropogenic metrics of eco-
nomic area and isolation (Figure 4). With these results, we show how
IBT explains contemporary island biogeography when incorporating
anthropogenic metrics related to how humans alter habitat diver-
sity and isolation from source pools in lieu of general human-impact
metrics such as human population density, which in our analyses had
little effect.

As expected, native and introduced Caribbean herp species rich-
ness had positive area relationships, while native species richness
had negative and introduced species richness had positive relation-
ships with geographic isolation. As a result, total species richness
overall had stronger and weaker relationships with geographic
area and isolation, respectively, compared to native species rich-
ness (Figure 4). This supports the conclusion that isolated, unsat-
urated islands should accrue the most introduced species (Moser
et al., 2018). For five clades, introductions have completely nullified
any effect of geographic isolation on total richness (Figure 5e). Thus,
if human-mediated immigration of introduced species continues to
exceed native species extinction like it currently does for Caribbean
herps, we should see an intensifying of the changes in the relation-
ships we observed due to an increasing effect of economic trade
on immigration. Specifically, the geographic species-area rela-
tionship should become increasingly stronger, and the geographic
species-isolation relationship should become increasingly weaker.
Interestingly, for some Caribbean herp clades, human-caused ex-
tinctions may have reduced native species-area relationships. Native
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FIGURE 5 The contemporary framework as it relates to natural island metrics was relatively consistent across taxonomic clades with
some variation in select amphibian (circles) and reptilian (triangles) clades. Shown are the model-averaged coefficients for (a) geographic
area, (b) island spread, (c) topographical complexity, (d) natural area and (e) geographic isolation from the averaged multiple regression
models of species richness. The introduced, native and total (red, yellow and grey, respectively) species assemblages of each clade were
modelled separately. Error bars represent the 95% confidence intervals of the model-averaged estimates. Filled points indicate estimates
whose confidence intervals do not encompass zero while unfilled points indicate estimates whose confidence intervals encompass zero.
Vertical grey lines group the clades into common herpetological groupings (i.e., frogs, snakes, lizards and turtles; denoted by illustrations
along the x axis). However, it is important to note that the Neobatrachia (Neob) clade also has toads within it. See Table 1 for clade name

abbreviations.

species-area relationships were weak for turtles (i.e., Testudines and
Cryptodira) and clades with large-bodied lizards (i.e., Iguanidae and
Gymnophthalmoidea). Turtles and large-bodied lizards had many ex-
tinctions in the Late Quaternary (Slavenko et al., 2016), which may
have caused their native species-area relationships to be reduced
as seen for Caribbean bats (Valente et al., 2017). For turtles though,
species introductions may be restoring the relationship. Turtles in
contrast to the large-bodied lizards have several species introduced
to many islands, and as a result, the total species richness-area rela-
tionship for turtles is strong (Figure 5).

The effect of topographic complexity on speciation rate
is central to the GDM (Whittaker et al., 2008), and may reflect
aspects of habitat diversity that positively affect extant native
species richness more than introduced species richness. Besides
geographic area, the natural habitat diversity metric with the

strongest positive effect was topographic complexity, but this ef-
fect was much weaker for introduced than native Caribbean herp
species richness (Figures 4 and 5). Topographic complexity pro-
motes native species diversity in a number of systems (Badgley
et al., 2017; Roell et al., 2021) and may provide refugia from an-
thropogenic disturbance, and thus decrease native extinction rate.
In contrast, a strong relationship with introduced species richness
may not be expected as we proposed (Figure 2) because humans
often perform economic activities that create anthropogenic
habitat in topographically homogeneous lowland areas (F. Guo
et al., 2018). Habitat diversity metrics based on area, particularly
economic area, should better reflect the amount of habitat used
by introduced species, such as anthropogenic habitat, that exists
compared to metrics based on topographic complexity. Indeed,
we found a strong positive relationship between economic area
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FIGURE 6 The contemporary framework as it relates to anthropogenic island metrics for reptile (triangles) and amphibians (circles) was
consistently observed across taxonomic clades with at least 10 species introduced outside their native range (blue stars). Shown are the
model-averaged coefficients for (a) economic area, (b) economic isolation, (c) population density from the averaged multiple regression
models of species richness. The introduced (red), native (yellow) and total (grey) species assemblages of each clade were modelled
separately. Error bars represent the 95% confidence intervals of the model-averaged estimates. Filled points indicate estimates whose
confidence intervals do not encompass zero while unfilled points indicate estimates whose confidence intervals encompass zero. Vertical
grey lines group the clades into common herpetological groupings (i.e., frogs and toads, snakes, lizards and turtles; denoted by illustrations

along the x axis). See Table 1 for clade name abbreviations.

and introduced richness overall (Figure 4) driven by those clades
with the most introduced species (Figure 6a). Thus, topographic
complexity should show a much stronger relationship with native
species richness, and economic area should explain introduced
species richness more than topographic complexity. Importantly,
when determining metrics for island biogeographic analyses care
should be taken to select variables that have meaningful ecolog-
ical interpretations and to limit multicollinearity in models. This
is important to ensure that the anthropogenic effects on species
richness can be determined without being confounded by natural
metrics that also influence human activities. More work is needed
to understand the contemporary expectations of various natural
and anthropogenic habitat diversity metrics and define new met-
rics. For example, ever increasing global technological capabilities
have given rise to high-resolution remote sensing data that can
be used to better delineate habitat types, measure productivity,
and model vegetation-based habitat diversity and species distri-
butions (Randin et al., 2020).

Economic isolation is now an important driver of contemporary
island biogeography. Overall, economic isolation had strong nega-
tive relationships with introduced Caribbean herp species richness
and weaker negative relationships with native and total species

richness (Figure 4) as expected (Figure 2); and across clades, the
strength of the negative relationships was dependent on the number
of introduced species per clade (Table 1, Figure 6b). However, eco-
nomic isolation for some clades and islands species groups may be
idiosyncratic and based on historical context such as past pet trade
or cultural practices (e.g., Agoramoorthy & Hsu, 2007; Garcia-Diaz
et al., 2015), which is even more critical for dispersal limited species
(Gertzen et al., 2008; Magellan, 2019) and calls for alternate mea-
sures of economic isolation. Predictive models of how non-native
species are introduced have been developed using trade networks
(e.g., Seebens et al., 2016), and these same trade networks can
be used to develop economic isolation metrics based on network
theory.

The cultural history of aregion can influence the biogeographic pat-
terns observed in the contemporary time period (Valente et al., 2017).
Even though most introduction events have occurred since the 1950s
(Figure 7), there were still introductions before the 1950s. Though
information is lacking about introductions prior to European set-
tlement, early in the European history before the peak of the slave
trade between 1750-1800, introductions in the Caribbean accumu-
lated approximately 1 species every 50years (0.02 sp/year) and this
rate increased with the slave trade (0.38 sp/year) and the increasing
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FIGURE 7 The acceleration of species introductions in the
Caribbean. (a) The accumulated number of introduction events
(black points and black line; left y axis) and the decadal introduction
rate (red points and red line; right y axis) as determined by dividing
the number of introduction events that occurred in a decade by
10years are shown from 1500 through 2018. (b) The accumulated
number of species that have been introduced outside their native
range for the first time (black points and black line; left y axis) and
the decadal rate of the first introduction of species (red points and
red line; right y axis). The shaded box in both (a) and (b) denotes
the contemporary period that is of focus for this study. Insets in
both (a) and (b) show the relationships before the year 1900 and
the period of peak slave trade (1750-1800, dotted box), slave
emancipation (1834, blue dashed line), and the creation of the
Panama railroad (1855, orange dashed line). Along the x axes are
the estimated break points (with 95% confidence intervals) from a
segmented regression for both the accumulated events (black) and
decadal rate (red)

connectivity of the islands with the movement of freed slaves (early
1800s; rate during = 0.16 sp/year). The rate of introductions then fur-
ther increased with the creation of trade connections with Asia through
the Panama railroad and canal (year 1914; rate during period = 0.55 sp/
year). One particular case that is important for the current study is that
of the widespread gecko Hemidactylus mabouia, which is thought to

have been introduced during the slave trade (Perella & Behm, 2020).
However, the contemporary rate is between 2.1 and 11.0 sp/year and
the rate at which H. mabouia has been introduced has also increased
substantially (Perella & Behm, 2020). Thus, while it is possible that in-
troduction events prior to the 1950s can influence a clade's relationship
with our economic isolation metric, this influence is likely minimal com-
pared to the effect of contemporary introductions. It is the increasing
effect of human activity on immigration and extinction (Figures 1 and
7) that necessitates the use of contemporary island trajectories for un-
derstanding island biogeographic patterns in the Anthropocene.

We limited our analyses to clades of herps of the greater
Caribbean where we calculated island biogeographic relationships
in two separate analyses (Figure 4): analyses on all Caribbean herp
species (our all-herps analysis) and analyses among clades of those
species (our 15 clade analyses). This approach is more powerful
at finding general patterns than analyses focused on only a single
clade (e.g., Helmus et al., 2014). A caveat to our comprehensive ap-
proach is that the clades we analysed do not allow for completely
independent tests. Clades were not phylogenetically independent
and varied in species overlap. Presently, macroecologists lack ro-
bust statistical methods to look at biogeographic patterns across
nested clades at varying phylogenetic extents, and therefore, new
statistical methods are needed to account for the phylogenetically
nested structure when testing contemporary IBT relationships and
how they change across evolutionary and historic time-scales (see
Graham et al., 2018). Additionally, further research is needed to de-
termine if theorized relationships (Figure 2) hold for other groups
of species in various archipelagos with varying geographic contexts.
Research into the specific relationships between diversity and an-
thropogenic factors and their form (e.g., linear, nonlinear, log-linear)
is also needed to understand the mechanisms that produce them,
how they change along an island's trajectory, and how they influence
the observed natural relationships. For example, the log-log species-
area relationship for Caribbean Anolis lizards is now more linear than
it once was due to the anthropogenic introduction of species, which
has increased island saturation (Helmus et al., 2014). Additionally,
it has been observed that for highly isolated archipelagos, species-
area relationships are often steeper than for less isolated archipel-
agos (Triantis et al., 2012), and now with introduced species these
archipelagos may be less isolated leading to shallower relationships
(Guo et al., 2021).

We have articulated the most common expected contemporary
IBT relationships for extant native, introduced and total richness,
but more work is needed to develop expectations for genetic and
functional diversity and extinct species richness. Genetic variation
may increase with intermediate levels of human activity on islands
due to admixture during species introductions (Kolbe et al., 2008).
Additionally, functional diversity may also increase with interme-
diate human activity due to anthropogenic evolutionary pressures
on species leading to phenotypic shifts and potentially specia-
tion (Littleford-Colquhoun et al., 2017; Thomas, 2015; Thompson
et al., 2018). The contemporization of island biogeography theory
will greatly benefit from the inclusion of data on species interactions
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to better understand the roles niche-based diversification, adapta-
tion, and coexistence play in determining patterns of diversity in
the context of anthropogenic impacts. Extirpations and extinctions
are an increasingly common result of anthropogenic activity. In
the Caribbean herp systems we studied, known extirpations and
extinctions are rare, but are likely to increase. While extirpations
and extinctions are often poorly documented on islands, especially
in premodern times, the impact of past human activity may still
be apparent in contemporary estimates of biodiversity (Valente
et al., 2017). Although more research is needed into the influence
that the amount of introduced species has on contemporary island
biogeographic relationships, the higher number of introduced spe-
cies in the species composition of clades that we studied caused
weaker relationships with natural metrics and stronger relationships
with anthropogenic metrics. Therefore, as extinctions continue to
increase and species continue to be introduced, we expect increas-
ing rates of turnover in species composition thereby accelerating
the replacement of geographic island characteristics with economic
characteristics in determining contemporary biogeography. How
geographic and economic island characteristics influence species
extinctions will be crucial for theorizing how island biogeography

will continue to change in the Anthropocene.

AUTHOR CONTRIBUTIONS

All authors conceived of the ideas for the manuscript; JMG, MRH
and JEB collected data; JMG analysed the data; JMG wrote the first
draft; MRH, JEB, JE and WAMJ contributed to draft revisions. JE,
MRH and JEB received funding for the project.

ACKNOWLEDGMENTS

We would like to thank Richard Field, Kostas Triantis and Ronen
Kadmon for their comments on early drafts. We would also like
to thank the members of the Integrative Ecology Lab at Temple
University for their input in the conception and early writing of this
manuscript. JMG, JEB and MRH were funded by Temple University,
and JE and WAMJ were funded by the Netherlands Organization for
Scientific Research (grant number: 858.14.041).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data used for the articleis available in the Supporting Information
and will be archived on the Dryad server (https://doi.org/10.5061/
dryad.vxOkédjtn) and the relevant code available on GitHub (https://
ieco-lab.github.io/caribmacro/).

ORCID
Jason M. Gleditsch
Jocelyn E. Behm

https://orcid.org/0000-0003-0911-3127
https://orcid.org/0000-0003-4220-4741
https://orcid.org/0000-0003-2665-1971
https://orcid.org/0000-0002-2910-8352
https://orcid.org/0000-0003-3977-0507

Jacintha Ellers
Wendy A. M. Jesse
Matthew R. Helmus

REFERENCES

Agoramoorthy, G., & Hsu, M. J. (2007). Ritual releasing of wild animals
threatens island ecology. Human Ecology, 35(2), 251-254. https://
doi.org/10.1007/s10745-006-9068-3

Ali,J.R., &Hedges, S. B.(2021). Colonizing the Caribbean: New geological
data and an updated land-vertebrate colonization record challenge
the GAARIlandia land-bridge hypothesis. Journal of Biogeography,
48(11), 2699-2707. https://doi.org/10.1111/jbi.14234

Altman, 1., & Horn, J. (1991). To make America: European emigration in the
early modern period. University of California Press.

Amatulli, G., Domisch, S., Tuanmu, M.-N., Parmentier, B., Ranipeta,
A., Malczyk, J., & Jetz, W. (2018). A suite of global, cross-scale
topographic variables for environmental and biodiversity mod-
eling. Scientific Data, 5(1), Article 1. https://doi.org/10.1038/
sdata.2018.40

Badgley, C., Smiley, T. M., Terry, R., Davis, E. B., DeSantis, L. R. G., Fox,
D. L., Hopkins, S. S. B., Jezkova, T., Matocq, M. D., Matzke, N.,
McGuire, J. L., Mulch, A., Riddle, B. R., Roth, V. L., Samuels, J. X.,
Stromberg, C. A. E., & Yanites, B. J. (2017). Biodiversity and topo-
graphic complexity: Modern and geohistorical perspectives. Trends
in Ecology & Evolution, 32(3), 211-226. https://doi.org/10.1016/j.
tree.2016.12.010

Blackburn, T. M., Delean, S., Pysek, P., & Cassey, P. (2016). On the island
biogeography of aliens: A global analysis of the richness of plant and
bird species on oceanic islands. Global Ecology and Biogeography,
25(7), 859-868. https://doi.org/10.1111/geb.12339

Borregaard, M. K., Amorim, I. R., Borges, P. A. V., Cabral, J. S., Fernandez-
Palacios, J. M., Field, R., Heaney, L. R., Kreft, H., Matthews, T. J.,
Olesen, J. M., Price, J., Rigal, F., Steinbauer, M. J., Triantis, K. A,,
Valente, L., Weigelt, P., & Whittaker, R. J. (2017). Oceanic island
biogeography through the lens of the general dynamic model:
Assessment and prospect. Biological Reviews, 92(2), 830-853.
https://doi.org/10.1111/brv.12256

Brown, M. E., Oviedo Prieto, R., Corbin, J. D., Ness, J. H., Borroto-Paez,
R., McCay, T. S., & S. Farnsworth, M. (2021). Plant pirates of the
Caribbean: Is Cuba sheltered by its revolutionary economy?
Frontiers in Ecology and the Environment, 19(4), 208-215. https://
doi.org/10.1002/fee.2311

Burnham, K. P, & Anderson, D. R. (2003). Model selection and multi-
model inference: A practical information-theoretic approach. Springer
Science & Business Media.

Cabral, J. S., Weigelt, P, Kissling, W. D., & Kreft, H. (2014).
Biogeographic, climatic and spatial drivers differentially affect a-,
B- and y-diversities on oceanic archipelagos. Proceedings of the
Royal Society B: Biological Sciences, 281(1784), 20133246. https://
doi.org/10.1098/rspb.2013.3246

Cade, B. S. (2015). Model averaging and muddled multimodel in-
ferences. Ecology, 96(9), 2370-2382. https://doi.org/10.1890/
14-1639.1

Capinha, C., Seebens, H., Cassey, P., Garcia-Diaz, P., Lenzner, B., Mang, T.,
Moser, D., Pysek, P., Rédder, D., Scalera, R., Winter, M., Dullinger,
S., & Essl, F. (2017). Diversity, biogeography and the global flows
of alien amphibians and reptiles. Diversity and Distributions, 23(11),
1313-1322. https://doi.org/10.1111/ddi.12617

CARICOM. (2020). CARICOM-Caribbean community. CARICOM. https://
caricom.org/

CIESIN. (2018). Gridded population of the world, version 4 (GPWv4):
Population count, revision 11 [Digital Geospatial Data]. NASA
Socioeconomic Data and Applications Center (SEDAC). https://doi.
org/10.7927/H4JW8BX5

Ellis, E. C., Beusen, A. H. W., & Goldewijk, K. K. (2020). Anthropogenic
biomes: 10,000 BCE to 2015 CE. Land, 9(5), Article 5. https://doi.
org/10.3390/1and9050129

Federico, G., & Tena-Junguito, A. (2017). A tale of two globalizations:
Gains from trade and openness 1800-2010. Review of World

85U8017 SUOWWOD SA eI 3dedt[dde aup) Ad peusenob a1e sajole YO ‘SN JO Sa|NI Joj Akeiqi8UIJUO AB]IA UO (SUOIPUOD-PUE-SWS)LI0O" A8 | 1M ARe.d 1[ul[UO//SANL) SUOIPUOD Pue SWLB | 8U) 89S *[£202/T0/6T] U0 AkeiqiTauliuo A8im ‘Akiqiseeyd Aiseaiun ajdws 1 Aq £29€T GeB/TTTT 0T/I0p/u0o" A3 1M Al 1jeuljuo//SAny Wiy pepeojumod ‘Z ‘€202 ‘852899rT


https://doi.org/10.5061/dryad.vx0k6djtn
https://doi.org/10.5061/dryad.vx0k6djtn
https://ieco-lab.github.io/caribmacro/
https://ieco-lab.github.io/caribmacro/
https://orcid.org/0000-0003-0911-3127
https://orcid.org/0000-0003-0911-3127
https://orcid.org/0000-0003-4220-4741
https://orcid.org/0000-0003-4220-4741
https://orcid.org/0000-0003-2665-1971
https://orcid.org/0000-0003-2665-1971
https://orcid.org/0000-0002-2910-8352
https://orcid.org/0000-0002-2910-8352
https://orcid.org/0000-0003-3977-0507
https://orcid.org/0000-0003-3977-0507
https://doi.org/10.1007/s10745-006-9068-3
https://doi.org/10.1007/s10745-006-9068-3
https://doi.org/10.1111/jbi.14234
https://doi.org/10.1038/sdata.2018.40
https://doi.org/10.1038/sdata.2018.40
https://doi.org/10.1016/j.tree.2016.12.010
https://doi.org/10.1016/j.tree.2016.12.010
https://doi.org/10.1111/geb.12339
https://doi.org/10.1111/brv.12256
https://doi.org/10.1002/fee.2311
https://doi.org/10.1002/fee.2311
https://doi.org/10.1098/rspb.2013.3246
https://doi.org/10.1098/rspb.2013.3246
https://doi.org/10.1890/14-1639.1
https://doi.org/10.1890/14-1639.1
https://doi.org/10.1111/ddi.12617
https://caricom.org/
https://caricom.org/
https://doi.org/10.7927/H4JW8BX5
https://doi.org/10.7927/H4JW8BX5
https://doi.org/10.3390/land9050129
https://doi.org/10.3390/land9050129

GLEDITSCH ET AL.

-Wi LEYM

Economics, 153(3), 601-626. https://doi.org/10.1007/s1029
0-017-0279-z

Friedl, M., & Sulla-Menashe, D. (2015). MCD12Q1 MODIS/Terra+aqua
land cover type yearly L3 global 500m SIN grid V006 [Digital
Geospatial Data]. NASA EOSDIS Land Processes DAAC. https://
doi.org/10.5067/MODIS/MCD12Q1.006

Frost, D. R. (2020). Amphibian species of the world. An online reference.
Version 6.1. American Musuem of Natural History. https://amphi
biansoftheworld.amnh.org/

GADM. (2012). Global administrative areas (3.6) [Digital Geospatial Data].
University of California. www.gadm.org

Gainsbury, A. M., Santos, E. G., & Wiederhecker, H. (2022). Does urban-
ization impact terrestrial vertebrate ectotherms across a biodiver-
sity hotspot? Science of the Total Environment, 835, 155446. https://
doi.org/10.1016/j.scitotenv.2022.155446

Garcia-Diaz, P, Ross, J. V., Ayres, C., & Cassey, P. (2015). Understanding
the biological invasion risk posed by the global wildlife trade:
Propagule pressure drives the introduction and establishment of
Nearctic turtles. Global Change Biology, 21(3), 1078-1091. https://
doi.org/10.1111/gcb.12790

GBIF. (2020). Global biodiversity information facility. https://www.gbif.org

GEBCO Compilation Group. (2020). GEBCO 2020 Grid [Digital
Geospatial Data). British Oceanographic Data Centre, National
Oceanography Centre, NERC. https://doi.org/10.5285/a29c5
465-b138-234d-e053-6c86abc040b9

Gertzen, E., Familiar, O., & Leung, B. (2008). Quantifying invasion path-
ways: Fish introductions from the aquarium trade. Canadian Journal
of Fisheries and Aquatic Sciences, 65(7), 1265-1273. https://doi.
org/10.1139/F08-056

Gleditsch, J., Behm, J., Ellers, J., Jesse, W., & Helmus, M. (2022). Data
from: Contemporizing island biogeography theory with anthro-
pogenic drivers of species richness. Dryad, Dataset. https://doi.
org/10.5061/dryad.vx0Okédjtn

Glor, R. E., Losos, J. B., & Larson, A. (2005). Out of Cuba: Overwater
dispersal and speciation among lizards in the Anolis carolinen-
sis subgroup. Molecular Ecology, 14(8), 2419-2432. https://doi.
org/10.1111/j.1365-294X.2005.02550.x

Graham, C. H., Storch, D., & Machac, A. (2018). Phylogenetic scale in
ecology and evolution. Global Ecology and Biogeography, 27(2), 175-
187. https://doi.org/10.1111/geb.12686

Guo, F., Lenoir, J., & Bonebrake, T. C. (2018). Land-use change interacts
with climate to determine elevational species redistribution. Nature
Communications, 9(1), Article 1. https://doi.org/10.1038/s41467-
018-03786-9

Guo, Q.,Cen, X., Song, R., McKinney, M. L., & Wang, D. (2021). Worldwide
effects of non-native species on species-area relationships.
Conservation Biology, 35(2), 711-721. https://doi.org/10.1111/
cobi.13573

Hedges, S. B. (2011). An overview of the evolution and conservation of
West Indian amphibians and reptiles. In A. Hailey, B. S. Wilson, &
J. A. Horrocks (Eds.), Conservation of Caribbean island herpetofaunas
volume 1: Conservation biology and the wider Caribbean (Vol. 1, pp.
19-30). Brill.

Hedges, S. B. (2020). Caribherp. Amphibians and reptiles of Caribbean
islands. http://www.caribherp.org/

Hedges, S. B., Cohen, W. B., Timyan, J., & Yang, Z. (2018). Haiti's bio-
diversity threatened by nearly complete loss of primary forest.
Proceedings of the National Academy of Sciences, 115(46), 11850~
11855. https://doi.org/10.1073/pnas.1809753115

Hedges, S. B., Hass, C. A., & Maxson, L. R. (1992). Caribbean biogeog-
raphy: Molecular evidence for dispersal in West Indian terrestrial
vertebrates. Proceedings of the National Academy of Sciences, 89(5),
1909-1913. https://doi.org/10.1073/pnas.89.5.1909

Helmus, M. R., Mahler, D. L., & Losos, J. B. (2014). Island biogeography
of the Anthropocene. Nature, 513(7519), 543-546. https://doi.
org/10.1038/nature13739

Hooke, R. L., Martin Duque, J. F., & de Pedraza Gilsanz, J. (2012). Land
transformation by humans: A review. GSA Today, 22, 4-10.

Hulme, P. E. (2009). Trade, transport and trouble: Managing invasive spe-
cies pathways in an era of globalization. Journal of Applied Ecology,
46(1), 10-18. https://doi.org/10.1111/j.1365-2664.2008.01600.x

IUCN. (2021). The IUCN red list of threatened species, version 2021-1. [UCN
Red List of Threatened Species. https://www.iucnredlist.org/

Jackson, S. T., & Sax, D. F. (2010). Balancing biodiversity in a chang-
ing environment: Extinction debt, immigration credit and species
turnover. Trends in Ecology & Evolution, 25(3), 153-160. https://doi.
org/10.1016/j.tree.2009.10.001

Jarvis, A., Reuter, H. I., Nelson, A., & Guervara, E. (2008). Hole-filled
seamless SRTM data V4 [Map]. International Centre for Tropical
Agriculture (CIAT). http://srtm.csi.cgiar.org

Jesse, W. A. M., Behm, J. E., Helmus, M. R., & Ellers, J. (2018). Human
land use promotes the abundance and diversity of exotic species
on Caribbean islands. Global Change Biology, 24(10), 4784-4796.
https://doi.org/10.1111/gcb.14334

Kadmon, R., & Allouche, O. (2007). Integrating the effects of area, isola-
tion, and habitat heterogeneity on species diversity: A unification
of Island biogeography and niche theory. The American Naturalist,
170(3), 443-454. https://doi.org/10.1086/519853

Keegan, W. F., & Diamond, J. M. (1987). Colonization of islands by hu-
mans: A biogeographical perspective. Advances in Archaeological
Method and Theory, 10, 49-92.

Kolbe, J. J., Larson, A., Losos, J. B., & de Queiroz, K. (2008). Admixture
determines genetic diversity and population differentiation in the
biological invasion of a lizard species. Biology Letters, 4(4), 434-437.
https://doi.org/10.1098/rsbl.2008.0205

Kraus, F. (2009). Alien reptiles and amphibians: A scientific compendium and
analysis. Springer.

Lewis, S. L., & Maslin, M. A. (2015). Defining the Anthropocene. Nature,
519(7542), Article 7542. https://doi.org/10.1038/nature14258

Li, X., Bellard, C., Hu, F., & Li, H. (2020). Effect of distance, area, and
climate on the frequency of introduction and extinction events
on islands and archipelagos. Ecosphere, 11(1), e03008. https://doi.
org/10.1002/ecs2.3008

Littleford-Colquhoun, B. L., Clemente, C., Whiting, M. J,, Ortiz-Barrientos,
D., & Frére, C. H. (2017). Archipelagos of the Anthropocene: Rapid
and extensive differentiation of native terrestrial vertebrates in a
single metropolis. Molecular Ecology, 26(9), 2466-2481. https://doi.
org/10.1111/mec.14042

Lomolino, M. V. (1990). The target area hypothesis: The influence of is-
land area on immigration rates of non-volant mammals. Oikos, 57(3),
297-300. https://doi.org/10.2307/3565957

Losos, J. B, & Parent, C. E. (2009). The speciation-area relationship. In J.
B. Losos, R. E. Ricklefs, & R. H. MacArthur (Eds.), The theory of island
biogeography revisited (25). Princeton University Press.

Losos, J. B., & Ricklefs, R. E. (2009). The theory of island biogeography re-
visited. Princeton University Press.

Losos, J. B., & Schluter, D. (2000). Analysis of an evolutionary species-
area relationship. Nature, 408(6814), 847-850.

Losos, J. B.,, & Thorpe, R. S. (2004). Evolutionary diversification of
Caribbean Anolis lizards. In U. Dieckmann, M. Doebeli, J. A. J.
Metz, & D. Tautz (Eds.), Adaptive speciation (1st ed., pp. 322-344).
Cambridge University Press. https://doi.org/10.1017/CBO9%7
81139342179.019

Lloyd's. (2020). Lloyd's of London. https://www.lloyds.com/

MacArthur, R. H., & Wilson, E. O. (1963). An equilibrium theory of insular
zoogeography. Evolution, 17(4), 373-387.

MacArthur, R. H., & Wilson, E. O. (1967). The theory of island biogeogra-
phy. Princeton University Press.

Magellan, K. (2019). Prayer animal release: An understudied pathway for
introduction of invasive aquatic species. Aquatic Ecosystem Health
& Management, 22(4), 452-461. https://doi.org/10.1080/14634
988.2019.1691433

85U8017 SUOWWOD SA eI 3dedt[dde aup) Ad peusenob a1e sajole YO ‘SN JO Sa|NI Joj Akeiqi8UIJUO AB]IA UO (SUOIPUOD-PUE-SWS)LI0O" A8 | 1M ARe.d 1[ul[UO//SANL) SUOIPUOD Pue SWLB | 8U) 89S *[£202/T0/6T] U0 AkeiqiTauliuo A8im ‘Akiqiseeyd Aiseaiun ajdws 1 Aq £29€T GeB/TTTT 0T/I0p/u0o" A3 1M Al 1jeuljuo//SAny Wiy pepeojumod ‘Z ‘€202 ‘852899rT


https://doi.org/10.1007/s10290-017-0279-z
https://doi.org/10.1007/s10290-017-0279-z
https://doi.org/10.5067/MODIS/MCD12Q1.006
https://doi.org/10.5067/MODIS/MCD12Q1.006
https://amphibiansoftheworld.amnh.org/
https://amphibiansoftheworld.amnh.org/
http://www.gadm.org
https://doi.org/10.1016/j.scitotenv.2022.155446
https://doi.org/10.1016/j.scitotenv.2022.155446
https://doi.org/10.1111/gcb.12790
https://doi.org/10.1111/gcb.12790
https://www.gbif.org
https://doi.org/10.5285/a29c5465-b138-234d-e053-6c86abc040b9
https://doi.org/10.5285/a29c5465-b138-234d-e053-6c86abc040b9
https://doi.org/10.1139/F08-056
https://doi.org/10.1139/F08-056
https://doi.org/10.5061/dryad.vx0k6djtn
https://doi.org/10.5061/dryad.vx0k6djtn
https://doi.org/10.1111/j.1365-294X.2005.02550.x
https://doi.org/10.1111/j.1365-294X.2005.02550.x
https://doi.org/10.1111/geb.12686
https://doi.org/10.1038/s41467-018-03786-9
https://doi.org/10.1038/s41467-018-03786-9
https://doi.org/10.1111/cobi.13573
https://doi.org/10.1111/cobi.13573
http://www.caribherp.org/
https://doi.org/10.1073/pnas.1809753115
https://doi.org/10.1073/pnas.89.5.1909
https://doi.org/10.1038/nature13739
https://doi.org/10.1038/nature13739
https://doi.org/10.1111/j.1365-2664.2008.01600.x
https://www.iucnredlist.org/
https://doi.org/10.1016/j.tree.2009.10.001
https://doi.org/10.1016/j.tree.2009.10.001
http://srtm.csi.cgiar.org
https://doi.org/10.1111/gcb.14334
https://doi.org/10.1086/519853
https://doi.org/10.1098/rsbl.2008.0205
https://doi.org/10.1038/nature14258
https://doi.org/10.1002/ecs2.3008
https://doi.org/10.1002/ecs2.3008
https://doi.org/10.1111/mec.14042
https://doi.org/10.1111/mec.14042
https://doi.org/10.2307/3565957
https://doi.org/10.1017/CBO9781139342179.019
https://doi.org/10.1017/CBO9781139342179.019
https://www.lloyds.com/
https://doi.org/10.1080/14634988.2019.1691433
https://doi.org/10.1080/14634988.2019.1691433

GLEDITSCH ET AL.

ﬂl—Wl LEY-

Marzluff, J. M. (2008). Island biogeography for an urbanizing world: How
extinction and colonization may determine biological diversity in
human-dominated landscapes. In J. M. Marzluff, E. Schulenberger,
W. Endlicher, M. Alberti, G. Bradley, C. Ryan, U. Simon, & C.
ZumBrunnen (Eds.), Urban ecology: An international perspective on
the interaction between humans and nature (pp. 355-372). Springer.

McKinney, M. L. (2002). Urbanization, biodiversity, and conserva-
tion. The impacts of urbanization on native species are poorly
studied, but educating a highly urbanized human population
about these impacts can greatly improve species conserva-
tion in all ecosystems. Bioscience, 52(10), 883-890. https://doi.
org/10.1641/0006-3568(2002)052[0883:UBAC]2.0.CO;2

McKinney, M. L. (2008). Effects of urbanization on species richness:
A review of plants and animals. Urban Ecosystem, 11(2), 161-176.
https://doi.org/10.1007/s11252-007-0045-4

Moser, D., Lenzner, B., Weigelt, P., Dawson, W., Kreft, H., Pergl, J., Pysek,
P., van Kleunen, M., Winter, M., Capinha, C., Cassey, P., Dullinger,
S., Economo, E. P,, Garcia-Diaz, P., Guénard, B., Hofhansl, F., Mang,
T., Seebens, H., & Essl, F. (2018). Remoteness promotes biolog-
ical invasions on islands worldwide. Proceedings of the National
Academy of Sciences, 115(37), 9270-9275. https://doi.org/10.1073/
pnas.1804179115

Napolitano, M. F., DiNapoli, R. J., Stone, J. H., Levin, M. J., Jew, N. P,,
Lane, B. G., O'Connor, J. T., & Fitzpatrick, S. M. (2019). Reevaluating
human colonization of the Caribbean using chronometric hygiene
and Bayesian modelling. Science Advances, 5(12), eaar7806. https://
doi.org/10.1126/sciadv.aar7806

Perella, C. D., & Behm, J. E. (2020). Understanding the spread and impact
of exotic geckos in the greater Caribbean region. Biodiversity and
Conservation, 29(4), 1109-1134. https://doi.org/10.1007/s10531-
020-01939-1

Randin, C. F., Ashcroft, M. B., Bolliger, J., Cavender-Bares, J., Coops, N.
C., Dullinger, S., Dirnbock, T., Eckert, S., Ellis, E., Ferndndez, N.,
Giuliani, G., Guisan, A., Jetz, W., Joost, S., Karger, D., Lembrechts,
J., Lenoir, J., Luoto, M., Morin, X., ... Payne, D. (2020). Monitoring
biodiversity in the Anthropocene using remote sensing in species
distribution models. Remote Sensing of Environment, 239, 111626.
https://doi.org/10.1016/j.rse.2019.111626

Richmond, J. Q., Ota, H., Grismer, L. L., & Fisher, R. N. (2021). Influence
of niche breadth and position on the historical biogeography of sea-
faring scincid lizards. Biological Journal of the Linnean Society, 132(1),
74-92. https://doi.org/10.1093/biolinnean/blaal72

Ricklefs, R. E., & Lovette, I. J. (1999). The roles of island area per se and
habitat diversity in the species-area relationships of four lesser
Antillean faunal groups. Journal of Animal Ecology, 68(6), 1142-
1160. https://doi.org/10.1046/j.1365-2656.1999.00358.x

Roell, Y. E., Phillips, J. G., & Parent, C. E. (2021). Effect of topographic
complexity on species richness in the Galapagos Islands. Journal
of Biogeography, 48(10), 2645-2655. https://doi.org/10.1111/
jbi.14230

Rojas-Sandoval, J., Ackerman, J. D., & Tremblay, R. L. (2020). Island bioge-
ography of native and alien plant species: Contrasting drivers of di-
versity across the Lesser Antilles. Diversity and Distributions, 26(11),
1539-1550. https://doi.org/10.1111/ddi.13139

Sax, D. F., Gaines, S. D., & Brown, J. H. (2002). Species invasions exceed
extinctions on islands worldwide: A comparative study of plants
and birds. The American Naturalist, 160(6), 766-783. https://doi.
org/10.1086/343877

Sayol, F., Cooke, R. S. C., Pigot, A. L., Blackburn, T. M., Tobias, J. A.,
Steinbauer, M. J., Antonelli, A., & Faurby, S. (2021). Loss of func-
tional diversity through anthropogenic extinctions of island birds
is not offset by biotic invasions. Science Advances, 7(46), eabj5790.
https://doi.org/10.1126/sciadv.abj5790

Schoener, T. W., Spiller, D. A., & Losos, J. B. (2001). Natural restoration
of the species-area relation for a lizard after a hurricane. Science,
294,1525-1528.

Seabloom, E. W., Dobson, A. P., & Stoms, D. M. (2002). Extinction rates
under nonrandom patterns of habitat loss. Proceedings of the
National Academy of Sciences, 99(17), 11229-11234. https://doi.
org/10.1073/pnas.162064899

Seebens, H., Blackburn, T. M., Dyer, E. E., Genovesi, P., Hulme, P. E.,
Jeschke, J. M., Pagad, S., PySek, P., van Kleunen, M., Winter, M.,
Ansong, M., Arianoutsou, M., Bacher, S., Blasius, B., Brockerhoff,
E. G, Brundu, G., Capinha, C., Causton, C. E., Celesti-Grapow, L.,
... Essl, F. (2018). Global rise in emerging alien species results from
increased accessibility of new source pools. Proceedings of the
National Academy of Sciences, 115(10), E2264-E2273. https://doi.
org/10.1073/pnas.1719429115

Seebens, H., Schwartz, N., Schupp, P. J., & Blasius, B. (2016). Predicting
the spread of marine species introduced by global shipping.
Proceedings of the National Academy of Sciences, 113(20), 5646-
5651. https://doi.org/10.1073/pnas.1524427113

Skeels, A., Esquerré, D., & Cardillo, M. (2020). Alternative pathways
to diversity across ecologically distinct lizard radiations. Global
Ecology and Biogeography, 29(3), 454-469. https://doi.org/10.1111/
geb.13044

Slavenko, A., Tallowin, O. J. S., Itescu, Y., Raia, P., & Meiri, S. (2016). Late
Quaternary reptile extinctions: Size matters, insularity dominates.
Global Ecology and Biogeography, 25(11), 1308-1320. https://doi.
org/10.1111/geb.12491

Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O., & Ludwig, C. (2015).
The trajectory of the Anthropocene: The great acceleration. The
Anthropocene Review, 2(1), 81-98. https://doi.org/10.1177/20530
19614564785

Steinbauer, M. J,, Dolos, K., Field, R., Reineking, B., & Beierkuhnlein, C.
(2013). Re-evaluating the general dynamic theory of oceanic island
biogeography. Frontiers of Biogeography, 5(3), 185-194.

Storch, D., Simova, 1., Smy¢ka, J., Bohdalkova, E., Toszogyova, A., & Okie,
J. G. (2021). Biodiversity dynamics in the Anthropocene: How
human activities change equilibria of species richness. Ecography,
2022(4), ecog.05778. https://doi.org/10.1111/ecog.05778

Thomas, C. D. (2015). Rapid acceleration of plant speciation during
the Anthropocene. Trends in Ecology & Evolution, 30(8), 448-455.
https://doi.org/10.1016/j.tree.2015.05.009

Thompson, K. A, Rieseberg, L. H., & Schluter, D. (2018). Speciation and
the city. Trends in Ecology & Evolution, 33(11), 815-826. https://doi.
org/10.1016/j.tree.2018.08.007

Triantis, K. A.,Guilhaumon, F., & Whittaker,R.J.(2012). Theisland species-
area relationship: Biology and statistics. Journal of Biogeography,
39(2),215-231.https://doi.org/10.1111/j.1365-2699.2011.02652.x

Tucker, D. B., Hedges, S. B., Colli, G. R., Pyron, R. A., & Sites, J. W. (2017).
Genomic timetree and historical biogeography of Caribbean Island
ameiva lizards (Pholidoscelis: Teiidae). Ecology and Evolution, 7(17),
7080-7090. https://doi.org/10.1002/ece3.3157

Uetz, P, Freed, P., & Hosek, J. (2020). The Reptile Database. http://repti
le-database.org/

United Nations. (2011). International Merchandise Trade Statistics.
Concepts and Definitions. Department of Economic and Social
Affairs, Statistics Division, Statistical Papers. Series M, No. 52.
https://unctadstat.unctad.org/wds/TableViewer/summary.aspx

Valente, L., Etienne, R. S., & Déavalos, L. M. (2017). Recent extinctions
disturb path to equilibrium diversity in Caribbean bats. Nature
Ecology & Evolution, 1, 0026. https://doi.org/10.1038/s4155
9-016-0026

Valente, L., Phillimore, A. B., Melo, M., Warren, B. H., Clegg, S. M.,
Havenstein, K., Tiedemann, R, lllera, J. C., Thébaud, C., Aschenbach,
T., & Etienne, R. S. (2020). A simple dynamic model explains the di-
versity of island birds worldwide. Nature, 579(7797), Article 7797.
https://doi.org/10.1038/s41586-020-2022-5

Weigelt, P., & Kreft, H. (2013). Quantifying island isolation - Insights from
global patterns of insular plant species richness. Ecography, 36(4),
417-429. https://doi.org/10.1111/j.1600-0587.2012.07669.x

85U8017 SUOWWOD SA eI 3dedt[dde aup) Ad peusenob a1e sajole YO ‘SN JO Sa|NI Joj Akeiqi8UIJUO AB]IA UO (SUOIPUOD-PUE-SWS)LI0O" A8 | 1M ARe.d 1[ul[UO//SANL) SUOIPUOD Pue SWLB | 8U) 89S *[£202/T0/6T] U0 AkeiqiTauliuo A8im ‘Akiqiseeyd Aiseaiun ajdws 1 Aq £29€T GeB/TTTT 0T/I0p/u0o" A3 1M Al 1jeuljuo//SAny Wiy pepeojumod ‘Z ‘€202 ‘852899rT


https://doi.org/10.1641/0006-3568(2002)052%5B0883:UBAC%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052%5B0883:UBAC%5D2.0.CO;2
https://doi.org/10.1007/s11252-007-0045-4
https://doi.org/10.1073/pnas.1804179115
https://doi.org/10.1073/pnas.1804179115
https://doi.org/10.1126/sciadv.aar7806
https://doi.org/10.1126/sciadv.aar7806
https://doi.org/10.1007/s10531-020-01939-1
https://doi.org/10.1007/s10531-020-01939-1
https://doi.org/10.1016/j.rse.2019.111626
https://doi.org/10.1093/biolinnean/blaa172
https://doi.org/10.1046/j.1365-2656.1999.00358.x
https://doi.org/10.1111/jbi.14230
https://doi.org/10.1111/jbi.14230
https://doi.org/10.1111/ddi.13139
https://doi.org/10.1086/343877
https://doi.org/10.1086/343877
https://doi.org/10.1126/sciadv.abj5790
https://doi.org/10.1073/pnas.162064899
https://doi.org/10.1073/pnas.162064899
https://doi.org/10.1073/pnas.1719429115
https://doi.org/10.1073/pnas.1719429115
https://doi.org/10.1073/pnas.1524427113
https://doi.org/10.1111/geb.13044
https://doi.org/10.1111/geb.13044
https://doi.org/10.1111/geb.12491
https://doi.org/10.1111/geb.12491
https://doi.org/10.1177/2053019614564785
https://doi.org/10.1177/2053019614564785
https://doi.org/10.1111/ecog.05778
https://doi.org/10.1016/j.tree.2015.05.009
https://doi.org/10.1016/j.tree.2018.08.007
https://doi.org/10.1016/j.tree.2018.08.007
https://doi.org/10.1111/j.1365-2699.2011.02652.x
https://doi.org/10.1002/ece3.3157
http://reptile-database.org/
http://reptile-database.org/
https://unctadstat.unctad.org/wds/TableViewer/summary.aspx
https://doi.org/10.1038/s41559-016-0026
https://doi.org/10.1038/s41559-016-0026
https://doi.org/10.1038/s41586-020-2022-5
https://doi.org/10.1111/j.1600-0587.2012.07669.x

GLEDITSCH ET AL.

Western, D. (2001). Human-modified ecosystems and future evolution.
Proceedings of the National Academy of Sciences, 98(10), 5458-5465.
https://doi.org/10.1073/pnas.101093598

Whittaker, R. J., Fernandez-Palacios, J. M., Matthews, T. J., Borregaard,
M. K., & Triantis, K. A. (2017). Island biogeography: Taking the
long view of nature's laboratories. Science, 357(6354), eaam8326.
https://doi.org/10.1126/science.aam8326

Whittaker, R. J., Triantis, K. A., & Ladle, R. J. (2008). A general dynamic the-
ory of oceanic island biogeography. Journal of Biogeography, 35(6),
977-994. https://doi.org/10.1111/j.1365-2699.2008.01892.x

Wood, J. R, Alcover, J. A., Blackburn, T. M., Bover, P., Duncan, R. P,
Hume, J. P, Louys, J., Meijer, H. J. M., Rando, J. C., & Wilmshurst,
J. M. (2017). Island extinctions: Processes, patterns, and potential
for ecosystem restoration. Environmental Conservation, 44(4), 348-
358. https://doi.org/10.1017/5037689291700039X

BIOSKETCHES

Lab include the ecology and ecosystem functioning of the
Anthropocene through integration of biodiversity science and
human ecology. In this endeavour, Jacintha Ellers and Wendy A.
M. Jesse are collaborators interested in the role humans play in

shaping ecological communities and patterns of diversity.

-Wi LEYM

Jason M. Gleditsch (lead author) is a researcher in the Integrative
Ecology Lab, which is led by Jocelyn E. Behm and Matthew
R. Helmus. The research interests of the Integrative Ecology

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Gleditsch, J. M., Behm, J. E., Ellers, J.,
Jesse, W. A. M., & Helmus, M. R. (2023). Contemporizing
island biogeography theory with anthropogenic drivers of
species richness. Global Ecology and Biogeography, 32,
233-249. https://doi.org/10.1111/geb.13623

85U8017 SUOWWOD SA eI 3dedt[dde aup) Ad peusenob a1e sajole YO ‘SN JO Sa|NI Joj Akeiqi8UIJUO AB]IA UO (SUOIPUOD-PUE-SWS)LI0O" A8 | 1M ARe.d 1[ul[UO//SANL) SUOIPUOD Pue SWLB | 8U) 89S *[£202/T0/6T] U0 AkeiqiTauliuo A8im ‘Akiqiseeyd Aiseaiun ajdws 1 Aq £29€T GeB/TTTT 0T/I0p/u0o" A3 1M Al 1jeuljuo//SAny Wiy pepeojumod ‘Z ‘€202 ‘852899rT


https://doi.org/10.1073/pnas.101093598
https://doi.org/10.1126/science.aam8326
https://doi.org/10.1111/j.1365-2699.2008.01892.x
https://doi.org/10.1017/S037689291700039X
https://doi.org/10.1111/geb.13623

	Contemporizing island biogeography theory with anthropogenic drivers of species richness
	Abstract
	1|INTRODUCTION
	2|CONTEMPORIZATION OF ISLAND BIOGEOGRAPHY THEORY
	2.1|Contemporary island trajectories
	2.2|Habitat diversity metrics
	2.3|Isolation from source pools metrics
	2.4|Insights

	3|METHODS
	3.1|Island bank system
	3.2|Island species richness metrics
	3.3|Island bank metrics
	3.4|Statistical analyses

	4|RESULTS
	5|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES
	BIOSKETCHES


