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Abstract Major regional gaps exist in the reporting
and accessibility of naturalized plant species distribu-
tion data, especially within Southeast Asia. Here, we
present the Malesian Naturalized Alien Flora data-
base (MalNAF), the first standardized island-group
level checklist of naturalized vascular plant species
for the Malesian phytogeographical region. We used
MalNAF to investigate the composition, origins,
and habitat preferences of the naturalized flora. The
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naturalized vascular flora of Malesia consists of at
least 1177 species. Richness is highest in the Philip-
pines (539 spp.) and lowest in the Maluku Islands (87
spp.)- But, the Lesser Sunda Islands had the highest
naturalized species richness relative to native richness
and Singapore has a higher naturalized plant spe-
cies richness than would be expected given its size.
When comparing the data for Malesia with a global
dataset, we found that naturalized richness increased
with area for islands but not for continental regions.
Across the archipelago, 31 species are widespread,
occurring in every island group, but the majority have
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a limited distribution of 2.4 +2.3 (mean + SD) island
groups per naturalized species. The naturalized plant
species are representatives of 150 families, twenty
of which are newly introduced to the region. Fami-
lies richest in naturalized plant species in Malesia
were Fabaceae (=Leguminosae) (160 spp.), Poaceae
(=Gramineae) (138 spp.), and Asteraceae (=Com-
positae) (96 spp.). Most of these have a native range
that includes tropical Asia, closely followed by those
from Southern America (inclusive of the Caribbean,
Central and South America), although at the island-
group level, most have a higher proportion with a
Southern American native range. Most naturalized
species occur in anthropogenic habitats, but many are
present in “natural” habitats with fewer species, such
as Leucaena leucocephala, reported from specialized
habitats like drylands. MalNAF provides a baseline
for future studies of naturalized plant species distribu-
tions in the region.

Keywords Southeast Asia - Alien - Invasive -
Checklist - Biogeography - Naturalised

Introduction

The establishment of global non-native species data-
bases and compendia (CABI 2015; ISSG 2015) and
the publication of the Global Naturalized Alien Flora
database (GloNAF) (van Kleunen et al. 2015, 2019)
has led to an increasing body of research quantify-
ing differences in the accumulation, origin, and dis-
tribution of naturalized plant species among coun-
tries worldwide (e.g., van Kleunen et al. 2015; PySek
et al. 2017; Essl et al. 2019). Naturalized species
are defined here as those introduced outside of their
native range by anthropogenic activities and able to
form self-sustaining populations (Richardson et al.
2000; Pysek et al. 2004; Blackburn et al. 2011).
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Whilst these databases are a significant advancement
in the study of naturalized plant species, they also
reveal considerable geographic biases, particularly
with regard to under-representation in parts of South-
east Asia (van Kleunen et al. 2019).

Scarce data availability on non-native species dis-
tributions in Southeast Asia translates into insuffi-
cient knowledge about their impacts (Peh 2010). No
estimates as to the total economic impact of natural-
ized plant species in Southeast Asia have been con-
ducted, but as of 2013, the negative economic impact
of non-native species in Southeast Asia (e.g., impacts
on agricultural systems, human health, and ecosystem
function) was estimated at around US $33.5 billion
annually (Nghiem et al. 2013). More recent research
by Haubrock et al. (2021) based on the InvaCost data-
set (Diagne et al. 2021) argues that the figure may be
lower, at around US $16.9 billion in total since the
1960s. However, as Haubrock et al. (2021) acknowl-
edge and Novoa et al. (2021) demonstrate, these val-
ues are likely to significantly underestimate the true
economic costs of non-native plant species due to
bias in survey efforts between plants and other taxo-
nomic groups in the initial version of the InvaCost
dataset. Therefore, whilst the regional negative eco-
nomic impact of non-native plant species is not yet
known, the actual cost is expected to exceed current
estimates. The increasing need for more standard-
ized data on the distribution and status of naturalized
plant species in the region is discussed by Witt (2017)
in the ‘Guide to Naturalized and Invasive Plants of
Southeast Asia.” Standardization of nomenclature and
taxonomy as well as application of standardized defi-
nitions of invasion status is particularly important to
allow comparison of trends across the region based
on a range of species checklists that vary in spatial
scope and age. Understanding how anthropogenic fac-
tors are influencing the distribution and accumulation
of non-native species in Southeast Asia and determin-
ing to what extent these introductions have blurred
the distinction between phytogeographic units of the
archipelago is of utmost importance for the conserva-
tion of native floral diversity and the maintenance of
vital ecosystem services (Vila and Hulme 2017).

In Southeast Asia, projects recording the native
flora continue to progress but remain unfinished for
much of the region due, in part, to its high levels of
floristic diversity (Middleton et al. 2019). Here, we
focus on the phytogeographical region of Malesia
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(Fig. 1), which begins at the Kangar-Pattani line (Van
Steenis 1950) and stretches from Peninsular Malay-
sia to the Bismarck Archipelago (Van Welzen et al.
2011; Turner et al. 2001). This region contains over
10% of the native global vascular floral biodiversity
(RGB Kew 2016). Spanning ~ 20,000 islands, Malesia
possesses high levels of biodiversity and endemism,
hosting four of the world’s megadiverse countries
(Malaysia, Indonesia, Philippines, and Papua New
Guinea) (Mittermeier et al. 1997) some of which
are at substantial risk of habitat loss, being declared
global biodiversity hotspots (Myers et al. 2000).
Non-native species checklists and summaries
for naturalized and invasive plant species have been
curated for some parts of the region, for example, Sin-
gapore (Lindsay et al. 2022); Indonesia (e.g., Kemen-
terian Lingkungan Hidup and SEAMEO BIOTROP
2003), with several books focussing only on subsets
of taxa, such as invasive species (Tjitrosoedirdjo et al.
2016) or agricultural weeds (including native weed
species) (e.g., Soerjani et al. 1987). Timor-Leste
has a checklist of naturalized flora based on recent
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ecological surveys (Westaway et al. 2018), the Philip-
pines has Co’s Digital Flora of the Philippines (Pelser
et al. 2011 onwards) in which also naturalized spe-
cies are listed, and for Papua New Guinea, the most
comprehensive publication (Henty and Pritchard
1975) is several decades old but still relevant (Allison
et al. 2015). Many records of naturalized species in
Malesia, however, remain distributed across several
published, unpublished, governmental, and non-gov-
ernmental platforms, do not always use standardized
terminology to describe the establishment status of a
species, and mostly focus on a small subset of known
highly invasive species. Thus, the usability of the data
for recognizing the occurrence and spread of poten-
tial future non-native species to neighbouring island
groups is limited.

It has been established that, on average, islands
have higher relative naturalized plant species rich-
ness (naturalized richness/native richness) when
compared with continental regions and when iso-
lation increases (Essl et al. 2019; Moser et al.
2018). This suggests that there may be a gradient
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Fig. 1 Malesian biogeographic units used in this analysis. Basemap from ESRI 2019
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of naturalized plant species richness between the
extremes of isolation from continents to remote
oceanic islands. It is less well understood whether
land-bridge or continental islands are more similar
in their naturalized plant species richness to oce-
anic islands or to mainland continental regions.
Malesia is composed of a peninsula and islands in
complex geotectonic settings on different tectonic
plates extending from the Sunda Plate in the east to
the Sahul shelf on the Australian plate in the west.
Continental islands (e.g. islands/island groups on
the non-submerged part of the continental shelf)
occur on the Sunda (Singapore, Sumatra, Borneo,
and Java) and Sahul (New Guinea) shelves as well
as islands within Wallacea that have complex geo-
logical contexts, for example at the intersection
of different tectonic plates (Lesser Sunda Islands,
Sulawesi, Philippines, Maluku) (Fig. 1), and here
referred to as ‘non-continental islands’. Given the
variety of these island contexts, many of which
have not been connected to continental areas for
substantial periods of time, if at all, understanding
naturalized plant species richness patterns within
Malesia and how they compare with other natu-
ralized floras globally can be used to further test
the purported gradient of naturalized plant species
richness.

Here, we present the Malesian Naturalized Alien
Flora database (MalNAF), Malesia’s first standard-
ized checklist of naturalized plant species at the
level of islands/island groups. This checklist was
produced by consolidating records of naturalized
species resulting from an extensive search of the
literature, including checklists and recent ecologi-
cal surveys (< 10 years). We combined these with
data from global databases such as GloNAF (van
Kleunen et al. 2019). We use this novel database
to answer the following questions for the Male-
sian region: (1) what is the composition of natural-
ized vascular flora? (2) where did the naturalized
species originate? (3) what environments do they
invade within Malesia? (4) how does naturalized
species richness differ between island groups? and
(5) how does naturalized plant species richness
in Malesia compare with other naturalized floras
globally?

@ Springer

Methods
Study area

Malesia has high levels of plant biodiversity with an
estimated total of ~45,000 native species of vascu-
lar plants (Corlett and Primack 2011). Across Male-
sia, the natural vegetation consists of three main
types: ever-wet tropical rainforest, monsoon forest
and montane forest (Richardson et al. 2012). Other
key vegetation types can also be identified such as;
swamp forest (Posa et al. 2011; Page et al. 2009),
limestone forest (Gillieson 2005; Clements et al.
2006), heath and ultramafic forests (Galey et al.
2017), mangroves (Giesen et al. 2007), and second-
ary forests/logged forests (Corlett 2014), although
these vegetation types are less abundant in their
modern distribution with the exception of second-
ary forests, which regrow following complete clear-
ance and abandonment of originally forested land.
There are also areas of seasonal vegetation includ-
ing savannahs and grasslands, which may have nat-
ural origins (e.g., in Sulawesi and the Lesser Sunda
Islands) but have likely been maintained through
grazing and controlled burning (Corlett 2014).
Mean surface temperatures across Malesia rarely
reach below 18°C in the lowland regions. Mean
annual rainfall and its seasonal distribution vary
spatially across the archipelago with patterns of
interannual variation significantly influenced by the
El Nifio Southern Oscillation (ENSO), the Indian
Ocean Dipole (IOD), the Pacific Decadal Oscilla-
tion (PDO) and the interactions between the Asian
monsoon system and the inter-tropical convergence
zone (ITCZ) (Corlett 2014).

The countries comprising the phytogeographic
region of Malesia are Thailand [south of the Kan-
gar—Pattani line (Parnell 2013)], Malaysia, Singa-
pore, Brunei Darussalam, Indonesia, Philippines,
Timor-Leste, and Papua New Guinea. For most spe-
cies, the spatial resolution of naturalized plant spe-
cies data for Thailand was not available at the reso-
lution required to separate species naturalized south
of the Kangar—Pattani line from those only natural-
ized to the north. Therefore, this study sets the west-
ern limit of Malesia on the Malaysian side of the
border between Thailand and Peninsular Malaysia,
excluding naturalized species in Thailand (Fig. 1).
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Malesian naturalized alien flora database (MalNAF)

Compilation of the naturalized species dataset fol-
lowed the approach of the Global Naturalized Alien
Flora (GlIoNAF) database (van Kleunen et al. 2019).
Distribution data for non-native plant species were
gathered from an extensive literature and internet
search of national floras and online databases of non-
native species in Malesia (see Supplementary file 1).
The focus of this database is on naturalized species,
and therefore cultivated species and casuals were not
included in the final version. Definitions of natural-
ized followed those outlined by Richardson et al.
(2000), Pysek et al. (2004), and Blackburn et al.
(2011), where the term refers to non-native plant
species that were introduced into a region because
of anthropogenic activities (intentional or uninten-
tional) and form self-sustaining populations in the
new region. The checklist includes only species iden-
tified as naturalized within the given region, but if the
taxon was reported in the original source as invasive,
a subcategory of naturalized, then this was retained in
the database as the original status, because this more
detailed information could be useful for future studies
on impact. However, we did not discriminate in our
analyses between invasive and non-invasive natural-
ized species.

The literature search was conducted in two rounds.
First, we sought checklists of naturalized non-native
plant species at the level of countries, islands, and
island groups. These primarily came from existing
databases, scientific journals and books (see the com-
plete list of references in Supplementary file 1). Sec-
ond, we attempted to fill potential gaps in distribution
information presented in these resources by searching
for recent ecological surveys and botanical papers
with updated distribution information for naturalized
species. Contributors of large datasets were invited
to verify the compiled lists and contribute as authors.
In place of a coded data quality designation for the
sources used, as provided by GloNAF (van Kleunen
et al. 2019), a short qualitative description is pro-
vided for the key sources used, that highlights their
attributes and limitations (see Supplementary file 2).
However, the quality and availability of the data dif-
fered across the region. For example, Sumatra and
the Maluku Islands would particularly benefit from
targeted collecting focused on improving knowledge
of the number and distribution of naturalized species.

Definitions of invasion status differ between
sources. Therefore, taxa have been included that
are both explicitly listed as naturalized in the origi-
nal source, when the authors’ definitions matched
those outlined above, as well as those that have been
inferred as such based on associated information, fol-
lowing the decision tree approach used by Pagad et al.
(2018). If there were multiple conflicting sources
attesting to both native and naturalized status within
a biogeographic unit and the status was unresolvable,
these taxa were designated as cryptogenic (sensu
Essl et al. 2018), which is similar to the category of
‘weeds of unknown origin’ in Chong et al. (2009).
These cryptogenic taxa need further research to
ascertain their true status, i.e., through archaeobotani-
cal, genetic and linguistic studies, which are beyond
the scope of this publication.

We report naturalized plant species at the level of
islands/island groups (except for Peninsular Malay-
sia, which is, of course, a peninsula), and the biogeo-
graphical units were separated into 10 non-overlap-
ping areas, covering most of the phytogeographical
region of Malesia and including Peninsular Malay-
sia, Singapore, Sumatra, Java, Borneo, the Lesser
Sunda Islands, the Philippines, Sulawesi, Maluku
Islands and New Guinea (after Van Steenis 1950; Van
Welzen et al. 2011) (Fig. 1). It should be noted that
Bali and Palawan are located on the Sunda continen-
tal shelf but are included here in the biogeographic
units of the Lesser Sunda Islands and the Philippines,
respectively. Similarly, the Aru Islands are located
on the Sahul shelf but have been included as part of
the Maluku Islands. This was due to the spatial reso-
lution of the available data. Island and island-group
level biogeographical units were delimited as to (1)
best represent isolated geological units of floristically
similar composition; (2) correspond to units used in
Flora Malesiana and by Van Welzen et al. (2011) and
therefore make the comparison of biogeographic data
of naturalized flora with native species easier, and
(3) because of the practical consideration that it was
not possible to identify the presence of most taxa in
the dataset to a spatial resolution below the island-
group level. Analysing the distribution data by island
group does bring some limitations, as data regard-
ing the presence of a given species, for example, in
the Philippines would be attributed to that biogeo-
graphic unit, whereas for Malaysia or Indonesia, there
would be a need for information with a higher spatial
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resolution. As a result, information about the hetero-
geneity of naturalized plant species richness and dis-
tribution within diverse island archipelagos such as
the Philippines cannot be retrieved from our data set.

One deviation from the biogeographical units of
Van Steenis (1950) and Van Welzen et al. (2011) is
the segregation of Singapore from Peninsular Malay-
sia. The deviation is based on two factors: (1) as an
island city-state, Singapore has a recently divergent
socioeconomic history from Peninsular Malaysia; and
(2) Singapore has the highest national plant specimen
collection density in the world in comparison to most
of Malesia, which has a relatively low collection den-
sity (Niissalo et al. 2014).

Taxonomic harmonization of the checklists was
conducted using the Leipzig Catalogue of Vascular
Plants (LCVP) as the most up-to-date and comprehen-
sive reference dataset currently available for vascular
plants (Freiberg et al. 2020). This was done using ver-
sion 1 of the associated “LCVP” and the “Icvplants”
packages  (https://github.com/idiv-biodiversity/lcvpl
ants) in R version 4.2.1 (R Core Team 2022), using
the Rstudio interface, for taxonomic name resolution.
Fuzzy matching of three characters in both the spe-
cies and genus name was allowed for each search to
account for spelling deviations in the original name,
and these were subsequently manually checked for
mismatches. Naturalized plant species that were ini-
tially reported with no authority associated with the
binomial name (e.g., in CABI 2015) were matched to
the most likely correct authority. When species names
were not included in the LCVP list, then Kew’s Plants
of the World Online (WCVP 2021) was followed. If
the name remained unresolved, then the original bino-
mial and authority from the source were retained. All
original species names and authors (when provided)
were retained in the MalNAF dataset so that source
information can be more easily verified for species
that are included under different names in the original
data source and MalNAF. MalNAF version 1 is avail-
able in Supplementary file 1 and any update will be
held with the first author. R code used in data analysis
is available in Supplementary file 3.

Habitat occurrence
For each species, information on the habitats in which

they occur was recorded. Unfortunately, these data
are patchy—spatially and across taxa. Therefore,

@ Springer

data availability limited the analysis to investigating
patterns at the country level for four countries: Indo-
nesia, Timor-Leste, the Philippines, and Papua New
Guinea. Habitat classification followed Hejda et al.
(2015), recognizing the following classes: 1. Forests,
2. Open forests, 3. Scrub, 4. Grasslands (split into 4a.
natural grassland and 4b. human-maintained grass-
lands), 5. Sandy, 6. Rocky, 7. Dryland, 8. Saline, 9.
Riparian, 10. Wetland, 11. Aquatic, and 12. Anthro-
pogenic (split into 12a. ruderal/urban habitats and
12b. agricultural habitats). Using the available litera-
ture [and annotations from herbarium sheets accessed
via the Global Biodiversity Information Facility
(GBIF) for the Philippines], species were assigned to
one or more habitat classes. This was done separately
for each country in which each species has been
recorded. Patterns of habitat association and species
composition were then compared between countries.

Native ranges of naturalized species

Information regarding the native range of each spe-
cies in the checklist was obtained by matching the
accepted species names with native range data that
was compiled using the World Checklist of Selected
Plant Families (WCSP 2020), the Germplasm
Resources Information Network (GRIN) (USDA
2015) and Kew’s Plants of the World Online (POWO
2021) also following the World Geographical Scheme
for Recording Plant Distributions (WGSRPD) (Taxo-
nomic Database Working Group—TDWG; Brummitt
2001) at the continent level (TDWG level 1), which
included records for 1,175, out of the total 1177 plant
species in MalNAF (see Supplementary file 1). To
allow for future analysis using the botanical catego-
rization of regions, we followed the WGSRPD when
coding the areas to which the naturalized species in
Malesia are native. As part of the WGSRPD, it is
important to note that the Americas are split into two
geographic areas, Northern (inclusive of Mexico) and
Southern America, and Antarctica includes all sub-
Antarctic islands.

When a direct match was not found, manual
searches were done for synonyms of a given taxon as
the different lists adhere to a variety of taxonomies.
MalNAF also includes taxa that are native to parts
of Malesia but naturalized somewhere else within
the region. To ensure only non-native species were
included in the dataset, all of those identified as native
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somewhere within Malesia were labelled, checked
against a native species checklist at the same biogeo-
graphical unit level as of this study (Holmes et al. in
prep) and conflicting results were removed. Artifi-
cial hybrids were listed as hybrid in place of a native
range and those known to be non-native but with a
cryptogenic native range were reported as ‘unknown’.

Comparison of Malesian naturalized richness

We compared naturalized plant species richness (no.
naturalized plant species) in Malesia with a dataset of
naturalized plant species richness compiled by Essl
et al. (2019) with near global coverage. Their natural-
ized richness data was based on a subset of non-over-
lapping regions from the GloNAF database. Natural-
ized species richness has been updated for the regions
in the Essl et al. (2019) dataset with new or revised
checklists of naturalized flora which have been pub-
lished since 2019 (see Supplementary 1). Naturalized
richness was plotted against area and native rich-
ness (no. native plant species) for each region (all
log transformed) to account for the large variation in
region size included in the dataset. The native species
richness data was also compiled by Essl et al. (2019)
by extracting native species data from national check-
lists for continental regions and the GIFT database
for island regions (Weigelt et al. 2015, 2016). Includ-
ing the Malesian island groups, the dataset covers
783 biogeographic regions. Here, we have separated
the regions into three groups: “continents” (n=461),
“continental islands” (n=68) (islands/island groups
on a continental plate), and “non-continental islands”
(islands with complex origins, including those with
oceanic and/or continental origin, that are not cur-
rently on a continental plate) (n=254). It should be
noted that due to the structure of the data for Malesia,
the Lesser Sunda Islands, the Philippines and Maluku
Islands are all classed as non-continental islands
despite each being comprised of at least one island
which remains on a continental shelf (i.e., Bali, Pala-
wan and the Aru Islands) (Fig. 1).

Results
Composition of the naturalized flora

The naturalized vascular flora of Malesia is com-
posed of at least 1194 distinct taxa when infraspe-
cific taxa are included, dropping to 1177 at the spe-
cies level (see Supplementary file 1). Of these, 856
species are not native to any island group in Male-
sia, and 321 species are naturalized intra-regionally.
Additionally, a total of 188 taxa were labelled as
cryptogenic in at least one island group due to con-
flicting reports on invasion status. All further results
presented here focus on the naturalized taxa and are
reported at the level of the species.

The naturalized species belong to 150 families
and 636 genera (Table 1). Fabaceae (160 spp.),
Poaceae (138 spp.), and Asteraceae (96 spp.) were
the most species-rich families in the naturalized
flora (Table 1), which is unsurprising as these are
amongst the largest plant families globally. In total,
20 families are novel to Malesia, having been intro-
duced mostly from the Americas (Table 2). Across
the archipelago, at least 31 species have become
naturalized in every island/island group, and~15%
are widespread (occurring in>35 islands/island
groups), suggesting that most species are natural-
ized in less than half of the island groups in Malesia
with 54% reported in only one biogeographic unit
(Fig. 2). The average frequency is 2.4 +2.3 island
groups per naturalized species (mean+ SD). How-
ever, the distributions presented in the dataset are

Table 1 Top ten families with the largest number of natural-
ized species

Family No. naturalized No. natural-
genera ized species
Fabaceae 71 160
Poaceae 60 138
Asteraceae 67 96
Acanthaceae 21 42
Lamiaceae 21 37
Solanaceae 9 37
Malvaceae 13 33
Euphorbiaceae 13 32
Amaranthaceae 12 30
Convolvulaceae 10 29
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Table 2 Non-native families with number of genera and species now naturalized within Malesia

Family No. genera  No. species Family native range

Cactaceae 4 7 Northern and Southern America; a single species occurs in Africa and tropical Asia'
Agavaceae 1 4 Northern and Southern America®

Phytolaccaceae 1 4 Northern and Southern America, Africa, temperate and tropical Asia'

Turneraceae 2 3 Northern and Southern America, and Africa’

Cabombaceae 1 2 Northern and Southern America, Africa, temperate and tropical Asia, and Australasia'
Cannaceae 1 2 Northern and Southern America'

Martyniaceae 2 2 Northern and Southern America'

Papaveraceae 2 2 Northern and Southern America, Africa, Europe and temperate Asia'

Petiveriaceae 2 2 Northern and Southern America; a single species occurs in Australasia

Talinaceae 1 2 Northern and Southern America, and Africa’

Asphodelaceae 1 1 Southern America, Africa, Europe, temperate and tropical Asia, and Australasia’
Bixaceae 1 1 Northern and Southern America, Africa, temperate and tropical Asia, and Australasia’
Bromeliaceae 1 1 Northern and Southern America; a single species occurs in Africa’

Calceolariaceae 1 1 Northern and Southern America, and two species occur in Australasia®
Hyacinthaceae 1 1 Africa, Europe, temperate and tropical Asia*

Moringaceae 1 1 Africa, tropical Asia

Muntingiaceae 1 1 Northern and Southern America

Polemoniaceae 1 1 Northern and Southern America, Europe, temperate Asia'

Sphenocleaceae 1 1 Africa’

Tropaeolaceae 1 1 Northern and Southern America'

Native range adapted from Christenhusz et al. (2017)!, Thiede (2001)%, Arbo (2007)°, Stevens (2001)*, Airy-Shaw (1968)° to fit the

WGSRPD

likely an underestimate of true distributions of natu-
ralized taxa in the region, as species perceived to be
common are less likely to be collected and reported
by botanists during surveys and this is even more
likely if the focus of the survey is on the native
flora. The 31 frequently occurring species are repre-
sentatives of 14 families, with Asteraceae contribut-
ing seven species (Fig. 2).

The average naturalized plant species richness
per island/island group was 284 + 144 (mean+SD).
Naturalized plant species richness was highest in the
Philippines (539 spp.) and was lowest in the Maluku
Islands (87 spp.) (Fig. 3). However, naturalized
plant species richness relative to native species rich-
ness was highest in the Lesser Sunda Islands (33%)
followed by Java (28%), rather than the Philippines
(6%), and Singapore has the highest richness relative
to its area (0.55 species per km?) (Table 3).
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Geographic origin

The native range was identified for 1175 out of the
total 1177 species, as two species are of unknown
origin. The majority of species naturalized within
Malesia have a native range that includes tropical
Asia (578 spp.,~20%). This was followed by South-
ern America (576 spp.,~20%), temperate Asia (470
spp.,~16%), Northern America (470 spp.,~16%),
Africa (388 spp.,~13%), Australasia (190 spp.,~7%),
Europe (133 spp.,~5%), with the Pacific (107
spp.,~4%), and lastly Antarctica (4 spp.,> 1%) con-
tributing the least. Two species were listed as of
hybrid origin. It is important to note that a pantropi-
cal species may be represented in counts for tropical
Asia, Southern America, and Africa, for example,
which makes it difficult to determine its exact area of
origin. At the island-group level, all regions had the
highest proportion of their naturalized species from
Southern America, followed by Northern America
(Fig. 4) apart from Singapore with its second largest
donor region being tropical Asia.
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Fig. 2 Naturalized plant
species that have been
reported from every island/
island group in Malesia:
Amaranthaceae; (1)
Amaranthus spinosus*,
Asteraceae; (2) Chromo-
laena odorata*, (3) Crasso-
cephalum crepidioides*, (4)
Eclipta prostrata, (5) Ele-
phantopus scaber (Vinod
2014, CC BY), (6) Mikania
micrantha*, (7) Synedrella
nodiflora, Cleomaceae;

(8) Cleome rutidosperma*;,
Convolvulaceae; (9)
Ipomoea cairica*, (10)
Ipomoea triloba, Euphor-
biaceae; (11) Euphorbia
hirta, (12) Ricinus com-
munis, Fabaceae; (13)
Leucaena leucocephala*,
(14) Mimosa diplotricha*
(Gassah 2020, CC BY),
(15) Mimosa pudica*, (16)
Senna occidentalis, Lami-
aceae; (17) Hyptis capitata,
(18) Mesosphaerum
suaveolens™® (Gonsalves
2020, CC BY), Muntin-
giaceae; (19) Muntingia
calabura*, Piperaceae;
(20) Piper aduncum*, Plan-
taginaceae; (21) Scoparia
dulcis, Poaceae; (22) Eleu-
sine indica*, (23) Melinis
repens, (24) Panicum
maximum, (25) Paspalum
conjugatum*, (26) Pen-
nisetum polystachion™, (27)
Pennisetum purpureum®,
Pontederiaceae; (28)
Eichhornia crassipes*,
Salviniaceae; (29) Salvinia
adnata*, Verbenaceae;
(30) Lantana camara*, (31)
Stachytarpheta jamaicensis.
The asterisk (*) indicates
species reported as invasive
within Malesia in the
Invasive Species Compen-
dium (CABI 2022). Images
1,3:4,6:13,15:17, 19:31
are ‘research grade’ and
CCQ licensed photos from
iNaturalist (2021)
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Habitats

We obtained habitat data at the country level for 581
species within their naturalized range (Table 4, Sup-
plementary file 1). The majority of habitat data are
from the Philippines (72%, 474 spp.). Across the
region, naturalized species occur in all habitat types,
and most species occur in anthropogenic habitats
(23% in ruderal/urban areas and 20% in agricultural
areas), followed by open forests (14%), which include
forests with canopy openings and clearings caused
by environmental stress or disturbance. Forest, scrub,
grassland (natural and anthropogenic) and riparian
habitats each harbour between 6-8% of naturalized
species. Only Dalea cliffortiana and Leucaena leuco-
cephala were reported as naturalized in dryland habi-
tats that are exposed to drought stress.

At the country level, some clear differences
emerged (Fig. 5). In all except the Philippines, over
50% of the naturalized species occur in anthropogenic
habitats. This increases to over 75% for Timor Leste.
Indonesia has the highest proportion of naturalized
species occurring in closed-canopy forests (32%), but
this is most likely explained by the fact that this cat-
egory can include forest plantations such as oil palm,
and Indonesia is the highest global exporter of this
crop. In Papua New Guinea and Timor Leste, natural
and anthropogenic grasslands are a more commonly
invaded habitat type.

Comparison of Malesian naturalized richness

There was a significant positive correlation between
naturalized plant species richness with area (both
log transformed) for non-continental (Spearmans,
R=0.58, P>0.001) and continental islands (Spear-
mans, R=0.76, P>0.001) but not for continental
regions (Spearmans, R= —0.036, P=0.44) (Fig. 6a).
For larger regions, non-continental islands tended to
have a higher naturalized plant species richness than
continental islands and both were higher than for
continents. As the only mainland continental region
within Malesia, Peninsular Malaysia has a similar
number of naturalized plant species as other continen-
tal regions when area is accounted for. For the island
regions in Malesia the results were mixed. Of the
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non-continental Wallacean islands, the Philippines
and the Lesser Sunda Islands were similar to other
non-continental islands but Sulawesi and the Maluku
Islands had lower naturalized plant species richness
than would be expected. Of the continental islands in
Sunda and Sahul, Java and New Guinea were simi-
lar to other continental islands; but Singapore has a
higher naturalized plant species richness than would
be expected given its size (0.55 species per km?),
whereas Sumatra and Borneo have fewer naturalized
plant species then would be expected.

There was a significant positive correlation
between naturalized plant species richness and native
species richness (both log transformed) for all groups
(Spearmans, non-continental islands, R=0.72,
P>0.001; continental islands, R=0.87, P>0.001;
and continental regions, R=—0.037, P>0.001), but
the correlation was weak for continents (Fig. 6b).
There was a significant difference between relative
naturalized plant species richness for islands (conti-
nental and non-continental) against continents (Pair-
wise Wilcoxon Rank, P<0.001), with islands tend-
ing to have a higher relative naturalized plant species
richness; there was not a significant difference, how-
ever, between continental and non-continental islands
(Pairwise Wilcoxon Rank, P=0.078). New Guinea,
Borneo, Sumatra, Sulawesi and the Maluku islands,
all had a lower relative naturalized plant species rich-
ness than would be expected.

Discussion

The naturalized vascular flora is composed of 1177
species and therefore represents around 3.7% of the
total vascular flora of Malesia (total flora 31,583 spp.
based on Holmes et al. in prep). Though it should
be noted that some of the naturalized species within
Malesia are also native to some island groups (321
spp.), representing intra-regional naturalizations and
would therefore appear in both lists.

All of the most species-rich families in the natu-
ralized flora, Fabaceae, Poaceae and Asteraceae,
are dominant in naturalized floras of other tropi-
cal regions (e.g., Zenni 2015; Inderjit et al. 2018;
Wohlwend et al. 2021). Additionally, some families
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with a small number of species globally were also
present, such as Sphenocleaceae with only two spe-
cies, of which Sphenoclea zeylanica is naturalized
across Malesia, commonly invading rice paddies
(Holm et al. 1977; Ghosh and Ganguly 1993). Other
important families, included Verbenaceae, Amaran-
thaceae and Convolvulaceae which each had atleast
10 naturalized species in an island group. Verben-
aceae is typically a tropical and subtropical family,
whereas Amaranthaceae and Convolvulaceae have
cosmopolitan distributions that include the tropics,
though they prefer drier (Christenhusz et al. 2017,
p- 449) and wetter climates, respectively (Christen-
husz et al. 2017, p. 534). Some of the most invasive
and widespread naturalized species in the tropics
are members of Verbenaceae (e.g., Lantana camara,
Stachytarpheta cayennensis, and Stachytarpheta
Jjamaicensis).

Of the~20 families that have naturalized but have
no native species in the region (Table 2), Cactaceae
has the most species (7 spp.). The naturalized Cac-
taceae species are members of four genera (Cereus,
Epiphyllum, Nopalea and Opuntia), which were all
reported within Malesia for the first time between
1900 and 1950 (RGB Kew 2021; Meise Botanic
Garden 2022; Bijmoer et al. 2022a, b) and are cur-
rently restricted to Peninsular Malaysia (1 sp.), Java
(2 spp.), the Lesser Sunda Islands (1 sp.) and the Phil-
ippines (4 spp.). Most of the novel families have a
native range that is not inclusive of tropical Asia and
therefore their introduction for the first time poten-
tially in Earth history has led to an increase in famil-
ial richness within the Malesian flora and an increase
in similarity at the taxonomic level, with the floras
of distinct phytogeographic regions globally, such as
those in the neotropics.

In Malesia, 31 naturalized species are widespread
and reported from all 10 island groups (Table 3).
Around 60% of these widespread species are consid-
ered invasive within their globally introduced range.
As elsewhere, some of the widespread and invasive
taxa have both positive and negative socioeconomic
and ecological impacts within Malesia, making man-
agement complex. For example, in West Java within
the Cibodas Biosphere Reserve, three of the 31 spe-
cies which are naturalized on every island group,
Lantana camara, Piper aduncum and Stachytarpheta
Jjamaicensis, are also amongst the top 15 species
that are significantly important to local communities

culturally and economically (Handayani and Hidayati
2020) but remain ecologically damaging (Handayani
et al. 2021). For species such as these, which are
already resident in every island group and have mixed
cultural, economic and ecological roles, it is more
important to understand how to manage populations
effectively [e.g. through harvest and containment in
the case of the Cibodas Biosphere Reserve (Handay-
ani et al. 2021)], and to prevent their introduction in
smaller satellite islands where they may not yet have
spread, rather than focusing solely on eradicating
established populations.

Other widespread species, i.e., those occurring
in five or more island groups but not yet present on
every island group (142 spp.) (Supplementary file 1),
should be candidates for a watch list, as they are likely
the most capable of expanding their naturalized range
within Malesia if introduced or if sufficient manage-
ment is not taken to deal with casual populations. The
proportion of widespread and less frequently occur-
ring species was similar across a range of habitat
types (Fig. 5c). But a larger proportion of widespread
naturalized species occur in closed forests (11% vs.
6%) and grasslands (13% vs. 10%), when compared
with less frequently occurring species, which are
more likely to be naturalized in ruderal/urban habitats
(24% vs. 20%). This suggests that the widespread spe-
cies have traits that make them more generalist and
able to be successful across many habitat types with
both an ecological and anthropogenic modification
gradient.

By island group, most naturalized species have a
native range that includes the Americas, likely reflect-
ing the role of European colonialism in introducing
many species to the region from other parts of the
colonial empires as well as the importance of simi-
lar climates for the establishment of non-native plants
(Lenzner et al. 2022). Whilst the colonial history of
Malesia is incredibly complex and heterogeneous
both between and within island groups, involving
the Dutch, British, Spanish, and Portuguese empires,
some key factors were likely important for the estab-
lishment of taxa from the Americas, such as the
establishment of botanical gardens (e.g. Kebun Raya
Bogor, Kebun Raya Cibodas and Singapore Botanic
Gardens), new agricultural systems including expan-
sive monocultures, increased international trade with
the Americas, and the construction of European-style
parks (Abendroth et al. 2012).
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Fig. 3 Plant species rich-
ness across the archipelago:
a native richness (no. native
species), b naturalized
richness (no. naturalized
species), ¢ relative richness
((naturalized richness/native
richness) * 100)
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For each island group in Malesia, naturalized plant
species comprise between 3-28% of the total flora
(native and naturalized), which is much lower when
compared with the global average for islands (includ-
ing continental and non-continental islands) (~48%)
(Essl et al. 2019). Globally, continental islands were
not significantly different from non-continental
islands with regards to relative naturalized plant spe-
cies richness. But islands in general (continental and
non-continental islands) had significantly higher
relative naturalized plant species richness when com-
pared with continental regions. This supports pat-
terns described elsewhere (see PySek and Richardson
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2006; Essl et al. 2019) that islands are typically more
invaded than mainland regions, but it does not sup-
port a gradient of increasing relative naturalized
plant species richness where continental islands lie
in an intermediate position between continents and
non-continental islands. However, some continental
(New Guinea, Borneo, Sumatra, Sulawesi) and non-
continental island groups in Malesia (the Maluku
islands) had much lower naturalized richness than
would be expected for islands relative to their area
or native richness and were more similar to conti-
nental regions, such as Ghana (Ansong et al. 2019),
and French Guiana (Delnatte and Meyer 2012). This
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Table 3 Overview of naturalized plant species richness across Malesia

Island groups Naturalized Native richness  Relative natural-  Total flora Area (km?)  Naturalized richness rela-

richness ized richness (%) naturalized tive to area (species/kmz)
(%)

Philippines 539 9187 6 5.54 293,238 0.0018

Java 433 1525 28 22.11 131,697 0.0033

Lesser Sunda Islands 400 1214 33 24.78 87,138 0.0046

New Guinea 339 13,332 3 2.48 873,068 0.00039

Singapore 281 1767 16 13.72 511 0.55

Peninsular Malaysia 253 6553 4 3.72 131,395 0.0019

Borneo 196 7385 3 2.59 736,746 0.00027

Sumatra 184 2863 6 6.04 471,869 0.00039

Sulawesi 127 2806 5 4.33 185,728 0.00068

Maluku 87 2438 4 3.45 76,224 0.0011

Native species richness (no. native species) follows published checklists following harmonization of their nomenclature with LCVP
(Lindsay et al. 2022; Camara-Leret et al. 2020; Joyce et al. 2020; and Pelser et al. 2011 onwards). Relative naturalized species rich-
ness for each island group is (naturalized richness/native richness) * 100. Percentage of total flora naturalized for each island group is

(naturalized richness/total richness) * 100

Fig. 4 The proportion of
naturalized species in each
island group by their native
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may be attributed to a range of potential factors, for
example the naturalized richness for these Malesian
islands may be underrepresented due to incomplete
collection and reporting, especially for islands where
enumerating the native flora is the priority; addition-
ally, the Malesian island groups are not as isolated as
many other islands and their native flora may there-
fore be more diverse and biotically resistant to inva-
sion (Moser et al. 2018). Though, these differences
will also be influenced by island specific contexts.
The Philippines has the highest naturalized plant
species richness of all island groups in Malesia,
however, when native richness is accounted for the
Lesser Sunda Islands, followed by Java, have the
highest relative naturalized plant species richness.

25 50
% Total naturalized species

~
&)
==
o
o

Both island groups also have the highest proportion
of agricultural land in Malesia [both~61%, based
on the European Space Agency (ESA) Climate
Change Initiative (CCI) (2019) Global Land Cover
Map v2.1.1], which the habitats study revealed was
one of the most invaded habitat types. Relative to
area, Singapore has the highest naturalized plant
species richness. In Malesia, Singapore is an out-
lier for its high human population density (~8214/
km?, based on Global High Resolution Population
Denominators Project 2018), urban area (~56%,
ESA CCI (2019)), and GDP (when relative to its
size), which are all previously reported as important
drivers of naturalized species richness (Essl et al.
2019). Borneo has the lowest naturalized richness
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Table 4 Number of

h - Habitat type Indonesia Papua New Philippines Timor Leste
naturalized species in Gui
X uinea

Indonesia (n= 132 spp.),

Papuagl?r? Guinea (n p 76;‘ Agricultural 77 26 220 45

spp.), Phi \ppines (n= Aquatic 2 1 10 3

spp.) and Timor Leste

(n=84 spp.), in each habitat Dryland 2

type for which these data Forest 68 6 47 1

were available Grasslands 2 92 1
Human maintained grassland 2 20 27 13
Natural grassland 4 5 6 1
Open forest 7 2 200 1
Riparian 3 5 92 4
Rocky 19
Ruderal/Urban 51 47 262 48
Saline 49 1
Sandy 1 29 2

The habitat classification Scrub 95 1

was adapted from Hejda Wetland 31 1

etal. (2015)

Fig. 5 a The proportion a .
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naturalized range within & B Ruderal/Urban

Malesia; b The propor- B Aquatic
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occurring in different habi- ) b Riparian

tat types in each country; ¢ > Indonesia | [ NNNNEEEEN NN Saline
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ton of widespread (> 3 Philippines | N —
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1slanfi groups).natl.lral{zcd e 0 25 50 75 100 Anthropogenic grasslan

species occurring in differ- o c Natural land

ent habitats across Malesia = i ] alral grassian
= Scrub

o

relative to area (0.00027 species per km?) and New
Guinea has the lowest percentage of its total flora
naturalized at just 2.5%. Both island groups are the
largest in the analysis by area, but a low percent-
age of their land cover is agricultural or urban; they
have low population densities and rich native floras,
which for New Guinea is the richest island flora in
the world (Camara-Leret et al. 2020). Low relative
naturalized richness for Borneo and New Guinea,
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in comparison with the global dataset, may indicate
that their naturalized floras may be underexplored.

Conclusion

This study presents the first database and analysis of
the naturalized flora of Malesia. There are at least
1177 vascular plant species naturalized within Male-
sia though this is likely an underestimate. Twenty
novel families have now naturalized in the region



The naturalized vascular flora of Malesia 1353
. PHilippines Philippines
o o - oaVaY Ney, Guinea ew Guinea

7] “ o ® o () .

B 67 Lesger Sunda Isliands g6 Lesser Sunda nsular Mafaysia
c . oo Borneo c ° (VA

<= s < £ TS

g '\Sumatra 8 ooo © Borneo
o . - H & .

O 4 Sulawesi O 41 aluku/ Sulawesi

N N ~

o o .

=] =]

-— -—

© ©

< o c o

o (@]

o o

- ° e o o -

e o > L] (XX} e @& o L]
0 (X ) oo oemecmmo o ° 0 oceem een e o
0 5 10 15 3 6 9
Log area (km2) Log native richness
Continent Continental Island == Non-continental Island

Fig. 6 Naturalized plant species richness across Malesia com-
pared with continents, continental islands and non-continental
islands across the world (n="783): a relative to area (both vari-

leading to an increase in the familial diversity of the
Malesian flora. Whilst 31 species have already natu-
ralized throughout the entire archipelago, 142 species
have naturalized in at least half of the island groups
and should be closely monitored in case of range
expansion. We hope that MalNAF will act as a base-
line for future studies to better understand non-native
floras in the region.
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