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Abstract

Aim: The Pacific exhibits an exceptional number of naturalized plant species, but the
drivers of this high diversity and the associated compositional patterns remain largely
unknown. Here, we aim to (a) improve our understanding of introduction and estab-
lishment processes and (b) evaluate whether this information is sufficient to create
scientific conservation tools, such as watchlists.

Location: Islands in the Pacific Ocean, excluding larger islands such as New Zealand,
Japan, the Philippines and Indonesia.

Methods: We combined information from the most up-to-date data sources to
quantify naturalized plant species richness and turnover across island groups and
investigate the effects of anthropogenic, biogeographic and climate drivers on these
patterns. In total, we found 2,672 naturalized plant species across 481 islands and 50
island groups, with a total of 11,074 records.

Results: Most naturalized species were restricted to few island groups, and most
island groups have a low number of naturalized species. Island groups with few natu-

ralized species were characterized by a set of widespread naturalized species. Several
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1 | INTRODUCTION

The Pacific ocean covers almost half of the earth's surface and con-
tains many isolated islands with a rich and highly endemic flora that
has become threatened by non-native plant species introductions
(Loope, 1998; SPREP, 2016). Island floras in the Pacific region show
a strong turnover in naturalized species among islands leading to
the steepest regional species-area relationship in the world (van
Kleunen et al. 2015), meaning that the number of naturalized species
sharply increases with the number of islands analysed. Unique fea-
tures of the Pacific, such as its geographic isolation, biogeographic
history and spatial variation in natural and anthropogenic factors,
could explain the naturalized species distribution patterns for this
region. Understanding patterns and drivers that shape natural-
ized plant richness and composition in the Pacific is necessary for
a better global understanding of naturalization processes. Further,
region-specific knowledge is a prerequisite for guiding conservation
planning, such as compiling regional watchlists to mitigate future in-
vasions (Sherley et al., 2000).

Previous studies have shown that most naturalized species occur
in one or a few Pacific islands and that most islands have low natural-
ized species richness (Denslow et al., 2009; Meyer, 2004). Species-
poor islands tend to have a nested subset of the species present on
species-rich islands (Traveset et al., 2014). Rarity indices that quan-
tify the range size of species were developed for conservation re-
search to identify areas with many endemic species (Usher, 1986;
Williams, 1993). This same index can be used to quantify whether
the naturalized species that are present on an island group are those
with small or large ranges. If species-poor island groups have rare
naturalized plant species, this could indicate strong environmental
filtering for unique local conditions, whereas if they are inhabited
by widespread naturalized plant species, this could indicate that

dispersal limitation so far limits the arrival of rarer species due to
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plant families that contributed many naturalized species globally also did so in the
Pacific, particularly Fabaceae and Poaceae. However, many families were significantly
over- or under-represented in the Pacific naturalized flora compared to other regions
of the world. Naturalized species richness increased primarily with increased human
activity and island altitude/area, whereas similarity between island groups in tem-
perature along with richness differences was most important for beta diversity.

Main conclusions: The distribution and richness of naturalized species can be explained by a
small set of drivers. The Pacific region contains many naturalized plant species also natural-
ized in other regions in the world, but our results highlight key differences such as a stronger
role of anthropogenic drivers in shaping diversity patterns. Our results establish a basis for

predicting and preventing future naturalizations in a threatened biodiversity hotspot.

anthropogenic drivers, beta diversity, island biogeography, naturalized species, Pacific Ocean,

stochastic factors. Quantifying patterns of rarity in combination
with patterns of beta diversity will elucidate the drivers of natural-
ized species composition, with strong implications for conservation.

The success of naturalized plant species in the Pacific is often at-
tributed to the weak competition ability of native plant species (e.g.
Gillespie et al. 2008; MacDougall et al. 2009). The extreme isolation
of many island groups in this region has led to phylogenetically clus-
tered compositions of native species, whereby some native plant lin-
eages are absent because of dispersal limitation and other lineages
are over-represented due to high rates of in situ diversification and
local extinctions (Cabral et al., 2019; Cavender-Bares et al., 2009;
Crisp et al., 2009; Konig et al., 2020; Weigelt et al., 2015). As a re-
sult, the Pacific region might have under-exploited resources (i.e.
absence of species-trait combinationsDenslow, 2003; Elton, 1958;
Gillespie et al., 2008) that could favour the naturalization of plant
species from lineages that are under-represented in the native flora
of the Pacific, resulting in a disproportionate representation of cer-
tain plant families compared to global patterns. For example, the
treeline in Hawai'i was low, because the typical cold-adapted func-
tional groups (e.g. Pinaceae) did not arrive to these islands through
natural dispersal. Analyses of the over- or under-representation of
plant families in the Pacific compared to the global naturalized flora
can provide a first look at these patterns and serve as an indirect
indicator of the representation of certain trait combinations in the
naturalized flora of the Pacific.

For native plants, climate is known to strongly influence spe-
cies richness (Kreft & Jetz, 2007; Wright, 1983), and both geo-
graphic distance and climate dissimilarity strongly influence
dissimilarity in species composition (often measured as beta di-
versity) (Keil et al., 2012; Kénig et al., 2017; Soininen et al., 2007).
Naturalized plant diversity patterns are shaped disproportionately
by other drivers (Denslow et al., 2009; Moser et al., 2018; Qian
et al.,, 2008; Winter et al., 2010), and globally, naturalized plant
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richness is strongly linked to human activity (e.g. represented by
human population density and economic activity, Essl et al., 2019;
Pysek et al., 2017). Humans import and export species, purpose-
fully and accidentally, through trade activities (Hui et al., 2017;
Hulme, 2009; van Kleunen et al.,, 2018, 2020) and directly or
indirectly create disturbances that favour their establishment
(Frenot et al., 2001; Hulme, 2009; Marvier et al.,, 2004; Merlin
& Juvik, 1992). The broad range of biogeographic (area and iso-
lation) and anthropogenic (e.g. human density and GDP) factors
present in the Pacific is uniquely suited for studying naturalized
species distributions, as it includes both highly invaded (Kueffer
et al., 2010) and almost untouched islands.

To understand the climatic, biogeographic and anthropogenic
factors underlying diversity patterns of naturalized plant species
across the Pacific, we quantify (a) naturalized species richness per
island group, average distribution ranges of naturalized species per
island group and naturalized species sharing between island groups
in the Pacific, (b) the rarity of naturalized species present on each is-
land group, (c) the species richness of naturalized plant families in the
Pacific in relation to worldwide total and naturalized species rich-
ness, and (d) the anthropogenic, environmental and biogeographic
drivers of naturalized species richness and beta diversity across
Pacific island groups. Combined, these analyses provide a descrip-
tion of current naturalized species richness and composition in the
Pacific and give insights into the forces that shape these patterns,
serving as guidelines for applied conservation.

2 | METHODS

2.1 | Compilation of naturalized plant species
occurrence data

In our study, the Pacific is defined as all islands between 40°N
and 40°S, excluding large landmasses such as Japan, New Zealand,
Indonesia, the Philippines and Papua New-Guinea as well as small
islands on the Pacific-American or Australian coast. Japanese and
South East Asian Islands west of Bonin/ Palau are also excluded
(Table S1). We used species record data from two databases with
comprehensive information on the presence of naturalized plant
species, PIER and GloNAF. PIER (Pacific Island Ecosystems at
Risk) contains reports of non-native species in the Pacific region
at the island level (http://www.hear.org/pier/). GIoNAF (Global
Naturalized Alien Flora; van Kleunen et al., 2019) contains reports
of naturalized non-native plant species across 861 geographic
regions worldwide (Dawson et al. 2017; Moser et al. 2018; van
Kleunen et al. 2015). The GIoNAF database contains information
using an island grouping based on political borders rather than
the groupings we develop here (see below). We therefore used
raw data at the (mostly) island level from GIoNAF version 1.1 (van
Kleunen et al., 2015) and aggregated them at the level of the island
groups defined in this study. Table S1 gives a list of all 481 islands

with species records.

Our data mostly contained information at island level, but we
aggregated occurrences to island group level to ensure high com-
pleteness of the species lists analysed. We acknowledge that this
reduces but does not eliminate the issue of data deficiency. To cre-
ate island groups, we started with (a) political borders, including
municipals or states. If political borders poorly reflected geographic
borders (e.g. Samoa and American Samoa), we used (b) distance be-
tween islands and (c) ocean trenches to assign each island to one of
50 island groups. We excluded species x island records that could
not be assigned to any island group with absolute certainty (e.g.
when location information was imprecise). Our island groups reflect
both geographic and political borders, because both are known to
be important for non-native species movement. A list of all islands
included in each island group is provided in Table S1.

Naturalized species were assigned accepted binomial species
names using the Leipzig Catalogue of Vascular Plants (Freiberg
et al., 2020) and the associated R package lcvplants (https://github.
com/idiv-biodiversity/lcvplants). Different subspecies and varieties
of the same species were merged to the species level. Hybrids were
treated as separate species, except if no valid entry could be iden-
tified in which case they were treated as the first parent species.
Species records were removed when they could not be assigned to
an accepted plant species (e.g. information only at plant family level).
In the rare case of more than one corresponding accepted species
for a synonym, we selected the first output of the Icvplant function
to ensure reproducibility.

Some species x island records in the databases were listed as
cultivated (incl. for ornamental purposes) or native. For some spe-
cies, naturalization status varies among species x island combi-
nations (i.e. a species can be naturalized in one island group and
cultivated or native in another), which we attribute to the large
area of the Pacific, and the temporal nature of naturalization (i.e. a
species may have escaped cultivation only in some island groups).
When aggregating to island group level, we considered a species as
naturalized for the island group if it has naturalized on any island
within the group. When classifying the native status of species re-
cords, we averaged the expert evaluation in the sources for each
island. We considered a species to be native if it is listed as native
on any island within the group. Species that are not explicitly listed
as naturalized in any record on the Pacific but listed as cultivated/
native at least once were excluded from our study. With these cri-
teria, 2,672 naturalized species were included in our analyses which
can be found in Table S2.

For most analyses, we evaluated our questions excluding re-
cords of species on island groups classified as native and culti-
vated. We show the results of the full data set (i.e. including those
records) in the Figures S1-S3. Results of both approaches were
comparable, indicating the robustness of our results. For beta di-
versity and shared species analyses, excluding records of island
groups with species classified as native and cultivated would cre-
ate false absences (i.e. type | errors) and may generate false neg-
atives (i.e. type Il errors). Thus, we present analyses using all data

for these analyses. We did not categorize species as “invasive” or
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similar (sensu Blackburn et al. 2011; Richardson et al., 2000), be-
cause this classification is not available for all species in the study

region.

2.2 | Patterns of naturalized species richness, range
size, rarity and composition

We first quantify basic patterns of naturalized plant species distri-
butions in the Pacific. Compositional species sharing between each
pair of the 50 island groups was quantified in two ways: (a) the total

number of shared species, “(b) beta Simpson pairwise dissimilarity
min (b,c)

a+ min (bc)

have in common and b and c being the richness of the individual

calculated as , with a being the species two island groups
island groups; this metric considers species turnover without the in-
fluence of species richness differences (monotonic transformation
as in Baselga (2010), using the betapart package in R (Baselga et al.,
2020).

We used our naturalized species by island group matrix to cal-
culate species richness per island group (ng), species occupancy (c;,
range size of species i) and compositional species sharing. Average
(geographic) rarity per island group is defined as #f) that is the
average over all species present in an island group of the inverse of
their occupancy (Usher, 1986; Williams, 1993). We assessed
whether there is a relationship between the average rarity of the
naturalized species and the naturalized species richness of an is-
land group using Pearson's product-moment correlation to assess
whether species-poor island groups tend to have more common or
more rare species, indicating a strong role of dispersal or environ-

mental filtering.

2.3 | Naturalized plant family representation
in the Pacific

We investigated whether the Pacific has a different naturalized
plant family composition compared to other regions of the world.
We assessed whether certain plant families have more or fewer
naturalized species in the Pacific than expected based on (a) their
global species richness and (b) their naturalized species rich-
ness in other regions of the world. Data for the number of plant
species per family came from the Leipzig Catalogue of Vascular
Plants (Freiberg et al., 2020). Data for naturalized plant species
per family in other regions of the world came from GloNAF (van
Kleunen et al., 2019). We tested whether each plant family was
over- or under-represented relative to expectations from a null
model using a hypergeometric distribution test. For this, we used
the phyper function in R, giving the distribution of binomial prob-
abilities comparable to a one-tailed Fisher's exact test (Johnson
et al., 1992).

1123
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2.4 | Naturalized species occurrences
outside the Pacific

Using GloNAF, we quantified the number of alien species in the
Pacific that are also naturalized in other continents or countries. For
each continent or country, we then computed the proportion of the
total number of naturalized species that are shared with the Pacific.
As spatial units, we used (biogeographical) continents as defined by
the World Geographical Scheme for Recording Plant Distributions
developed by the Biodiversity Information Standards (TDWG). We
also used countries, as information exchange concerning potential
non-native species exchange occurs primarily at the country level
(e.g. Global Invasive Species Database; http://issg.org/database/
reference/index.asp). Additionally, we quantified the proportion of
naturalized plant species in the Pacific that are unique naturaliza-
tions to this region and compared this to other continents, to test
whether there are proportionately more naturalized species exclu-
sive the Pacific. To complete this picture, we used Pearson's cor-
relation coefficient to test whether species that are widespread in
the Pacific (occupy many island groups) are also widespread globally

(occupy many countries).

2.5 | Drivers of naturalized species richness and
beta diversity

We assessed the relative importance of anthropogenic, biogeo-
graphic and climatic drivers in explaining patterns of naturalized
species richness and beta diversity across island groups in the
Pacific. One of our main goals was to investigate which factors
promote naturalized richness and compositional similarity be-
tween island groups. We used GIFT (Global Inventory of Floras
and Traits, Weigelt et al., 2020), a global archive of regional plant
checklists and floras including physical, geographic, bioclimatic
and anthropogenic characteristics, which are computed based on
the spatial polygons and summary statistics for each island group
(islands with naturalized species records not yet included were
added to GIFT for this purpose): land area (combined area of all
islands belonging to the same island group), distance to mainland
(closest distance from coast to coast) and land area in proximity
(SLMP: standardized land mass in proximity, averaged among is-
lands, that is partly reflecting the spatial arrangement of a group
(Weigelt & Kreft, 2013)). Further, we extracted other variables
from additional resources and assigned them to the island groups.
These included the following: airport capacity (humber of airports
x airlines visiting them as a proxy for their size; https://openf
lights.org/), harbour capacity (number of harbours x their size in
three classes (World Port Index, https://msi.nga.mil/Publicatio
ns/WPI)), mean annual temperature and precipitation (Chelsea
(Karger et al., 2017), elevation (maximum) (WorldClim 1.4 digital
elevation data (United States Geological Survey, 2011)), human
population number and density (Doxsey-Whitfield et al. 2015)
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and Human Footprint and Human Influence Index (WCS, 2005).
Finally, we extracted a GDP Index which estimates GDP based on
night light emission (NOAA et al., 2010). A low proportion of val-
ues were missing in our data set (18% for GDP Index and Human
Population, 4% for precipitation and temperature), and for these,
we imputed missing values using a random forest algorithm that
is trained on observed values to predict missing values, using the
R package “missForest” (Stekhoven & Buehlmann, 2012). We im-
puted missing values with 100 trees in each forest and five vari-
ables randomly sampled at each split; the estimated out-of-bag
error imputation error rate across all variables was low (Out-of-
bag (OOB) error = 0.144).

We assessed which variables promote naturalized species rich-
ness on Pacific island groups. Because variable importance may be
biased towards correlated variables (Strobl et al., 2007), we used a
two-step variable selection procedure when fitting random forest
models using the R package “VSURF” (Genuer et al., 2015). The first
step of this procedure ranks variables by importance and eliminates
the redundant ones, where the threshold value is an estimate of the
standard deviations of redundant variables. The second step selects
variables that are important for interpretation, which retains vari-
ables that are strongly associated with the response variable but
allows for some degree of redundancy. We used 100 trees in each
forest, 10,000 forests in each interpretation step. This selection pro-
cess is visualized in Figure Sé.

To assess which drivers promote beta diversity of Pacific island
groups, we calculated the absolute difference of each environmen-
tal and anthropogenic variable between each pair of island groups,
and the geographic distance of the island groups to each other (in-
stead of distance to continent). We included richness difference
between island groups as a predictor in the random forest model
to test whether pairwise beta Simpson depends on how similar or
different the pairwise island groups are in their species richness.
This factor must be interpreted carefully as it does not represent
a biogeographical, anthropogenic or strictly environmental driver.
Rather, richness difference provides meaningful information on the
possible pathways in which species disperse in the Pacific. As beta
Simpson examines species turnover without the influence of spe-
cies richness differences, it is meaningful to examine how species
richness differences influence beta Simpson. If species with similar
richness have similar beta Simpson values, this could indicate that
species-poor island groups all have the same composition of wide-
spread naturalized species. Alternatively, if species with different
richness values have high beta Simpson values, this could indicate
that species-poor island groups contain a nested subset of the nat-
uralized species found on species-rich island groups. When running
the random forest model without the factor richness difference in-
cluded, results changed only to a minor degree (Figure S7), showing
the robustness of our results. To support the interpretation of our
results, we included partial dependence plots of a standard random
forest model in the Appendix S1, as there is no indicator of direction

or shape of the drivers influence in VSURF. This function draws the

regression, which represents the effect of our drivers on naturalized
species richness (Figure S8-a) or beta Simpson diversity (Figure S8-
b, randomForest package in R, Liaw & Wiener, 2002). This allows us
to consider trends in these regressions for a better interpretation of
our results.

For all analyses and data visualization, we used R (R
Core Team, 2020, version 4.0.3) and the packages ggplot2
(Wickham, 2016), raster (Hijmans, 2020), rnaturalearth (South, 2017)
and rgeos (Bivand & Rundel, 2020).

3 | RESULTS

3.1 | Patterns of naturalized species richness, range
size and composition

On average, there were 258 species per island group (median of 182,
Figure 1a). The lowest number of naturalized species was recorded
for Howland and Baker (6) and the highest number for the Hawaiian
Islands (1,544; Table S3). Most naturalized species were present on
one or a few island groups (Figure 1b). Of the 2,672 naturalized spe-
cies found in the Pacific region, only 1,377 (52%) occurred on more
than one island group and only 367 (14%) occurred on more than 10.

Island groups with many naturalized species also tended to share
many naturalized species with other species-rich island groups in
absolute terms (Figure 2a), but this relationship was not observed
for beta Simpson diversity (Figure 2b) likely because naturalized
species-rich island groups had proportionally more rare species
(Figure 3). Indeed, we found a positive association between the av-
erage rarity and the species richness of island groups in the Pacific
(p < .001; Pearson's correlation estimate = 0.78; Figure 3).

3.2 | Naturalized plant family representation
in the Pacific

In total, naturalized species from 228 plant families were recorded
in the Pacific. Many plant families (N = 91) had more naturalized
species in the Pacific than expected based on the global number
of species in the family, such as Poaceae, Arecaceae and Fabaceae,
whereas others (N = 30) had fewer naturalized species than ex-
pected, such as Orchidaceae and Rubiaceae (Figure 4a). When
we considered the representation of plant families in the Pacific
compared to the global number of naturalized species for the
227 families found both in the Pacific and in other regions (only
Marcgraviaceae are exclusively naturalized in the Pacific), 94 fami-
lies were over- and 31 were under-represented in the Pacific com-
pared to other regions. For example, Brassicaceae and Apiaceae are
under-represented in the Pacific, whereas Poaceae, Arecaceae and
Fabaceae are still over-represented (Figure 4b). Five families were
under-represented when the Pacific naturalized flora was com-

pared to total global family richness, but were over-represented
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FIGURE 1 Histograms of the frequency of (a) naturalized species richness for all island groups and (b) naturalized species range (number
of island groups each naturalized species is present on) for all naturalized species

when the Pacific naturalized flora was compared to the global
naturalized family richness. Eight families were over-represented
when the Pacific naturalized flora was compared to total global
family richness, but were under-represented when the Pacific
naturalized flora was compared to the global naturalized family
richness. Thus, 13 families were evaluated opposingly depending
on the context (Table S4), showing that naturalized families can

perform very differently in the Pacific.

3.3 | Naturalized species occurrence
outside of the Pacific

Twenty-one per cent of naturalized species found in the Pacific

were not recorded as naturalized elsewhere in the world
(Figure S4), but this is neither exceptionally high nor low (within the
standard deviation). Many naturalized species in the Pacific were
also found as naturalized species in South America and Africa, and
in the large countries bordering the Pacific including the United
States, Australia and Mexico (Table 1). The top eight countries
which shared the most naturalized species with the Pacific are

shown in Table 1, and these countries serve as indicators for their

larger regions (i.e. Portugal for the Mediterranean, Puerto Rico for
the Caribbean). Naturalized species that were present as natural-
ized species in many countries outside the Pacific were also wide-

spread within the Pacific (Figure S5).

3.4 | Drivers of naturalized species richness and
beta diversity

Human footprint and airport capacity were the most important
variables explaining naturalized species richness of island groups,
closely followed by other drivers that also reflect human influence
and economic activity (Figure 5a; R? = .88). The difference between
island groups in naturalized species richness and temperature were
the most important variables explaining beta Simpson across island
groups (Figure 5b, R? = .95). The partial dependence plots we in-
cluded to foster interpretation (Figure S8) do not provide a slope, but
we observe clear trends. We can observe a generally positive trend
for all drivers influencing richness (e.g. the higher the human foot-
print index and the land area of an island group, the higher the natu-
ralized species richness). We observe a generally positive trend for

differences in temperature and in geographic distance influencing
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beta diversity, while we observe a generally negative trend for dif-
ferences in naturalized species richness, in GDP, in airport capacity,
and in population count, and for differences in the human influence
index, we observe a hump-shaped pattern. Our results therefore
show that the more different islands are in their naturalized species
richness and GDP, the more similar they are in their naturalized spe-

cies composition.

1500

4 | DISCUSSION

In our comprehensive analysis of the naturalized flora of the Pacific
region, we find 2,672 naturalized plant species from 228 different
plant families. We show that the richness of naturalized plant species
on island groups in the Pacific is strongly linked to anthropogenic

factors, reflected in several drivers, while compositional similarity
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TABLE 1 Total numbers of naturalized species recorded in the Pacific that are also naturalized elsewhere (per continent and country)

Continent Africa South America North America
Shared Naturalized 1,558 1,546 1,470

Total Naturalized 3,490 3,158 5,803

% 44.6 49 25.3

Country USA Australia Mexico Japan
Shared Naturalized 1,338 1,205 703 690
Total Naturalized 5,303 2,805 1,115 1,669
% 25.2 43 63 41.3

Australasia Trop. Asia Temp. Asia Europe Antarctic
1,310 1,103 1,055 691 90
3,415 1,878 2,880 3,997 153
38.4 58.7 36.6 17.3 58.8
New Zealand Portugal Puerto Rico South Africa
652 631 629 599
1,710 1,344 806 1,080
38.1 46.9 78 55.5

Note: Sorted in descending order, total naturalized richness per continent and country is given. Data for these countries do not include their Pacific

territories. This table is based on GIoNAF (van Kleunen et al., 2019).

between island groups is linked to richness differences and tem-
perature similarities. The high isolation of many island groups seems
to provide no barrier for naturalizations, indicating that dispersal of
naturalized plant species is largely human mediated. Our findings
have great potential to inform the development of applied conserva-

tion tools, such as watchlists.

Our results extend those of previous studies, in which the
Pacific region showed the steepest slope for naturalized species
accumulating per unit area (van Kleunen et al., 2015). This pat-
tern emerges due to the strongly skewed distributions of richness
and range size patterns. For example, 59% of all naturalized plant

species found in the Pacific are present on the Hawaiian Islands
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Human Footprint Ind.
Airport Cap. Ind.
Human Influence Ind.-

Land Area-

Max. Altitude -

GDP Index-

SLMP -

Mean Precipitation -
Mean Temperature -

Harbor Cap. Ind.

1

2000

o

4000 6000

Variable importance

(b) Drivers Influencing Islandgroups Pairwise Naturalized Species Beta—Diveristy

Richness Difference
Temperature Difference
Diff. GDP Index

Dif. Airport Cap.
Geographic Dist.

Dif. Land Area-

Dif. Human Inf. Ind. q
Dif. Human Footprint-
Dif. Max. Elevation
Dif. Populatation
SLMP_dif

Dif. Cultiv. Area-

Dif. Urban Area-

Dif. Harbour Cap.
Dif. Population Dens.
Dif. Precipitation

m"“'“ﬂﬂ'

o

0.01

0.02
Variable importance

FIGURE 5 Variable importance from VSURF random forest models explaining species richness (a) and beta Simpson (b) of naturalized
plant species in the Pacific. Explanatory variables are ranked by relative variable importance. Anthropogenic, biogeographic and climatic
drivers are shown in red, gold and blue, respectively. Richness differences are in shown in grey. Only variables retained by the variable
selection process are included. Light colours (least important) indicate that these drivers were not selected as suitable, that is not included
in the calculation of the R?, but is included in this figure to put them in a broader context

alone. We found an even more skewed distribution of naturalized
plant richness across island groups than reported by Denslow
et al. (2009) on 1,332 naturalized plant species. This is likely due
our larger data set that includes more rare naturalized species.
The four most widespread species in our data set are all associ-
ated with anthropogenic factors and disturbed habitats, including
the following: Eleusine indica (45/50 island groups), an agricultural
weed that is resistant to glyphosate (Lee & Ngim, 2000), Cynodon
dactylon (44/50), a graminoid which is resilient to drought, salt and
trampling (Fischer et al., 2008; Kaffka, 2009), Portulaca oleracea
(44/50), a common agricultural weed, and Euphorbia hirta (42/50),
a weed with a wide native and naturalized ranges. Other generalist
species known to thrive in disturbed ecosystems, such as species
of the genus Chenopodium, are currently rare in the Pacific, but
could spread further in the future.

Pacificisland groups with few naturalized plant species are pop-
ulated by “common” naturalized species (i.e. these island groups

have a low average rarity score), indicating a set of notorious

species that are able to establish readily and are frequently trans-
ported, even to the most poorly connected places. This pattern has
been observed for invasive naturalized species on islands globally
(Traveset et al., 2014), and for native species (native species-rich
islands have more endemic species) on tropical archipelagos (Kénig
et al., 2017) and in the Aegean archipelago (Kallimanis et al., 2010).
As the processes that result in native species patterns are likely to
be very different than those of naturalized species, a direct com-
parison of patterns of rarity for native and naturalized species in
the Pacific and in other regions could provide insights into the un-
derlying processes. Further, our result indicates that it is important
and feasible to prioritize the prevention of the (further) spreading
of common naturalized species on islands with currently low natu-
ralized species richness and that anthropogenic introduction bar-
riers such as trade by ship and plane, but also the availability of
human-altered ecosystems, are very important.

We expected the Pacific region to contain more unique natural-

ized species compared to other regions due to its unique native floras
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and potentially lower resistance to biological invasions (Atkinson &
Cameron, 1993; L. Loope & Mueller-Dombois, 1989). In contrast, we
found that a high proportion of naturalized plants in the Pacific are
also naturalized in other regions. Neighbouring countries and some
distant coastal countries (e.g. Portugal) and islands (e.g. Puerto Rico)
share a large percentage of their naturalized species pool with the
Pacific. Several smaller island regions also share a large percent-
age of their naturalized species with the Pacific (e.g. the Christmas
Islands, which share 97% of their 176 naturalized species with the
Pacific). This provides evidence that human activity overcomes
geographic barriers (di Castri, 1989, 1990) and that more species in
these regions could be exchanged with the Pacific, as saturation in
the accumulation of naturalized species has not yet been reached
(Seebens et al., 2017).

Global patterns of naturalized family richness are mirrored in
the Pacific, with deviations likely resulting from the (sub-)tropical
conditions and highly human-altered ecosystems. Ranunculaceae
and Rosaceae are particularly under-represented in the Pacific, po-
tentially because these families are most common in temperate lat-
itudes (Watson & Dallwitz, 1992). Convolvulaceae, Malvaceae and
Meliaceae are over-represented both in the Pacific naturalized flora
and in the global naturalized flora. Poaceae, Fabaceae and Arecaceae
are particularly over-represented in the Pacific, which may indi-
cate either unique niche space or an overabundance of ubiqui-
tous niche space available to those families in the Pacific (see e.g.
Vitousek et al. 1987). Many naturalized species may have traits that
favour their accidental and purposeful introductions by humans or
their abilities to thrive in degraded or anthropogenic ecosystems
(Doyle, 2001). There are many ecosystems or whole islands in the
Pacific that have been degraded, altered or transformed entirely by
human colonialization (Braje et al., 2017), and this may explain the
over-representation of these families and highlights the association
of naturalized species with human activity.

Variation in naturalized species richness among island groups in
the Pacific was explained largely by human activity and to a lesser
degree by island group size. Island size was linked to naturalized
richness in the Pacific in a previous study (Denslow et al., 2009),
but the other variables we consider here were heretofore largely
unexplored in the Pacific. In a global analysis of islands, elevation
and distance to the mainland were also linked to naturalized plant
species richness (Moser et al., 2018). Our results highlight human
activity (e.g. human footprint and airport capacity) as the main driver
of non-native species richness, while biogeographic variables (e.g.
land area and SLMP) play a secondary role. We could not show any
influence of distance to mainland on naturalized species richness.
This finding suggests that either naturalized species follow the sim-
ilar pathways and thrive under similar conditions as humans (e.g. is-
land groups with more area are more attractive for human activities
and harbour more habitats that may host non-native species), and/
or the presence of humans increases the availability and strength of
introduction pathways (i.e. harbours, airports and trade volume) and

suitable habitats (i.e. urban/agricultural/disturbed areas).
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We find that island groups are compositionally similar to other
island groups that are different in their species richness, GDP and
area, but are similar in their mean annual temperature. Species-
poor island groups are inhabited by widespread naturalized species.
However, there is high variation in the beta diversity of species-
poor islands groups, with some pairs having the exact same wide-
spread species and others having completely different compositions.
Species-poor island groups tend to have a nested subset of the spe-
cies that are present on species-rich island groups (see also Traveset
et al. 2014), and thus, pairings of species-poor with species-rich is-
land groups have consistently high values of Simpson pairwise beta
diversity. These results suggest that species dispersal likely follows a
pathway by which species-poor and monetarily poor islands receive
their naturalized species not directly from outside of the Pacific,
but rather from dispersal from species- and monetarily rich island
groups, which are in turn the initial introduction points of non-native
species to the Pacific (“hubs” for invasion, as in Traveset et al., 2014).
Naturalized species that arrive will be more likely to establish if they
come from an island group of similar temperature, due to the high
importance of niche constrains for establishment. In this context,
it is interesting that mean annual precipitation was not considered
relevant in our model. Temperature and other niche constraints such
as maximum elevation are important factors shaping compositional
similarity, while factors related to anthropogenic dispersal define
richness.

Our analysis identified three island groups that were notable
outliers in terms of richness and composition: Juan Fernandez,
the Hawaiian Islands and the Solomon and Bismarck islands. Juan
Fernandez has many naturalized species that are not found any-
where else in the Pacific. This could be due to the combined ef-
fects of its (a) unique colonization history, first being discovered by
Spanish seafarers rather than Polynesians and later strengthening
ties to Chile (Cuevas & van Leersum, 2001), (b) high isolation from
other island groups and therefore poor connection to major trade
routes, (c) unique biogeographic factors that shaped its highly en-
demic flora (Cuevas & van Leersum, 2001) and (d) lower tempera-
tures (lowest in our data set). The Hawaiian Islands are the most
invaded island group in the Pacific and contain many species that
are not found anywhere else in the Pacific. The Hawaiian Islands are
the third-largest island group, are heterogeneous in climate and al-
titude, are remote and have a unique colonization history shaped
by Polynesians, British, Americans and Japanese. In contrast, the
Solomon and Bismarck islands have large land area (largest in our
data set) but are overall sparsely populated with a relatively low GDP
Index. This island group might be understudied (e.g. no records in
GloNAF) and/or might truly contain few naturalized species. These
outliers help to provide a refined understanding of the patterns and
the likely processes that generate them. The list of naturalized spe-
cies on the Hawaiian naturalized plant species can serve as a pre-
liminary watchlist for other island groups in the Pacific. Species-rich
island groups such as Hawai'i might provide sources of naturalized

species for other island groups in the Pacific and, together with the
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consideration of environmental drivers, can serve as early warning
sites. Future research could apply our results to (a) draw conclusions
on how many species could naturalize in other island groups and (b)
create more specific naturalization-risk assessments for problematic
species.

The large number of naturalized plants in the Pacific gives rea-
son to be worried, as some of them are, or will likely become inva-
sive (Jeschke & Pysek, 2018; Traveset et al., 2014, sensu Blackburn
et al., 2011; Richardson et al., 2000). Even if they do not become
invasive, the presence of naturalized species reduces regional flo-
ristic distinctiveness through biotic homogenization (Vitousek
et al., 1997). Our results highlight the human-mediated connectivity
between the Pacific and other parts of the world (see also Capinha
et al.,, 2015) and highlights potential entry points for non-native spe-
cies. There are groups of naturalized species that may be particularly
suited to establish in the Pacific (e.g. because they are pre-adapted
to climatic conditions or have traits associated with human use or
disturbed ecosystems) and identifying additional common traits of
these species holds much promise for predicting future establish-
ment. Naturalized species patterns in the Pacific are intrinsically
bound to human activities, but economic growth and naturalized
species richness increase do not have to be coupled in the future,
as this is a human-made connection that can be mediated using
human-made measures. Management strategies to prevent unde-
sired introduction and establishment of non-native must be put in
place or strengthened and the same increased global connectiv-
ity that leads to the introduction of naturalized species can also
limit it (Essl et al., 2019; Pysek et al., 2010; Seebens et al., 2015).
Cooperative initiatives to prevent and manage non-native species
(e.g. “The Cooperative Islands Initiative”; http://www.issg.org/cii/)
could be used to create specific watchlists for the Pacific, especially
for invasive species, to make screening in trade easier (SPREP, 2016;
Sherley et al., 2000). In this study, we provide a comprehensive over-
view of patterns and drivers of naturalized species establishment in
the Pacific, as a foundation for future work on the processes of nat-
uralized species spread and on applied management of naturalized
species.
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