Annu. Rev. Ecol. Eval. Syst. 2021.52. Downloaded from www.annualreviews.org

Access provided by CNRS-Multi-Site on 10/30/21. For personal use only.

ES52CH14_Wardle  ARjats.cls  August 12,2021

"\ ANNUAL
f\ ¥l REVIEWS

Annu. Rev. Ecol. Evol. Syst. 2021. 52:291-314

The Annual Review of Ecology, Evolution, and
Systematics is online at ecolsys.annualreviews.org

https://doi.org/10.1146/annurev-ecolsys-012021-
095454

Copyright © 2021 by Annual Reviews.
All rights reserved

16:9

Annual Review of Ecology, Evolution, and
Systematics

Kwek Yan Chong,' Richard T. Corlett,>?

Martin A. Nuiiez,*’ Jing Hua Chiu,®

Franck Courchamp,” Wayne Dawson,? Sara Kuebbing,’
Andrew M. Liebhold,'®'! Michael Padmanaba,

Lara Souza,”® Kelly M. Andersen,® Songlin Fei,!*
Benjamin P.Y.-H. Lee,"> Shawn Lum,’

Matthew S. Luskin,'® Kang Min Ngo,°

and David A. Wardle®

Department of Biological Sciences, National University of Singapore, Singapore 117558;
email: kwek@nus.edu.sg

2Center for Integrative Conservation, Xishuangbanna Tropical Botanical Garden, Chinese
Academy of Sciences, Menglun, Yunnan 666303, China; email: corlett@xtbg.org.cn

3Center of Conservation Biology, Core Botanical Gardens, Chinese Academy of Sciences,
Menglun, Yunnan 666303, China

4Grupo de Ecologia de Invasiones, INIBIOMA, CONICET/ Universidad Nacional del
Comahue, Bariloche 8400, Argentina; email: nunezm@gmail.com

SDepartment of Biology and Biochemistry, University of Houston, Houston, Texas 77204, USA

%Asian School of the Environment, Nanyang Technological University, Singapore 639798;
email: david.wardle@ntu.edu.sg, jinghua001@e.ntu.edu.sg, kelly.andersen@ntu.edu.sg,
shawn.lum@ntu.edu.sg, kangmin.ngo@ntu.edu.sg

"Université Paris-Saclay, CNRS, AgroParisTech, Ecologie Systématique Evolution,
91405 Orsay, France; email: franck.courchamp@cnrs.fr

$Department of Biosciences, Durham University, Durham DH1 3LE, United Kingdom;
email: wayne.dawson@durham.ac.uk

Department of Biological Sciences, University of Pittsburgh, Pittsburgh, Pennsylvania 15206,
USA; email: sara.kuebbing@pitt.edu

10USDA Forest Service Northern Research Station, Morgantown, West Virginia 26505, USA,;
email: andrew.liebhold@usda.gov

"1 Czech University of Life Sciences, Faculty of Forestry and Wood Sciences, 165 00 Prague 6 -
Suchdol, Czech Republic

leayasan Inobu, West Java 16128, Indonesia; email: mpadmanaba@inobu.org

3 University of Oklahoma, Oklahoma Biological Survey & Department of Microbiology and
Plant Biology, Norman, Oklahoma 73019, USA; email: souzaalara@gmail.com

4Department of Forestry and Natural Resources, Purdue University, West Lafayette,
Indiana 47907, USA; email: sfei@purdue.edu

291


mailto:kwek@nus.edu.sg
mailto:corlett@xtbg.org.cn
mailto:nunezm@gmail.com
mailto:david.wardle@ntu.edu.sg
mailto:jinghua001@e.ntu.edu.sg
mailto:kelly.andersen@ntu.edu.sg
mailto:shawn.lum@ntu.edu.sg
mailto:kangmin.ngo@ntu.edu.sg
mailto:franck.courchamp@cnrs.fr
mailto:wayne.dawson@durham.ac.uk
mailto:sara.kuebbing@pitt.edu
mailto:andrew.liebhold@usda.gov
mailto:mpadmanaba@inobu.org
mailto:souzaalara@gmail.com
mailto:sfei@purdue.edu
https://doi.org/10.1146/annurev-ecolsys-012021-095454

Annu. Rev. Ecol. Eval. Syst. 2021.52. Downloaded from www.annualreviews.org

Access provided by CNRS-Multi-Site on 10/30/21. For personal use only.

ES52CH14_Wardle ARjats.cls

Invasive species:
naturalized species

that spread from the

original sites of

introduction and cause

ecological, economi
or human health
impacts

&)

Oceanic island: land

formed without any

land-based connection

to continents

292

August 12,2021 16:9

L 'Wildlife Management Division, National Parks Board, Singapore 259569; email: benjamin_lee@nparks.gov.sg

16School of Biological Sciences, University of Queensland, Brisbane, Queensland 4072, Australia;
email: mattluskin@gmail.com

Keywords

latitudinal gradient, biotic invasion, biotic resistance,
species characteristics, ecological impacts, biosecurity

Abstract

Most biological invasion literature—including syntheses and meta-analyses and the resulting
theory—is reported from temperate regions, drawing only minimally from the tropics except for
some island systems. The lack of attention to invasions in the tropics results from and reinforces
the assumption that tropical ecosystems, and especially the continental tropics, are more resistant
to invasions. We have critically assessed biological invasions in the tropics and compared them
with temperate regions, finding relatively weak evidence that tropical and temperate regions dif-
fer in their invasibility and in the traits that determine invader success and impacts. Propagule
pressure and the traits that promote adaptation to disturbances (e.g., high fecundity or fast growth
rates) are generally favorable to invasions in both tropical and temperate regions. We emphasize
the urgent need for greater investment and regional cooperation in the study, prevention, and
management of biological invasions in the tropics.

1. INTRODUCTION
1.1. Invasion Ecology and Tropical Ecology

Invasive species pose a serious threat to biodiversity and ecosystem functioning (Bellard et al.
2016, Murphy & Romanuk 2014), and biological invasions continue unabated around the world
as a consequence of increased global connectivity (Seebens et al. 2021). Human activities often
result in the transport of large numbers of species, either intentionally (e.g., through agriculture,
horticulture, and the pet trade) or unintentionally (e.g., as hitchhikers), well beyond the areas that
they can reach though natural dispersal. While only a minority of transported species establish
self-replacing populations that spread far beyond their initial sites of establishment, some that
do so can become very abundant and cause declines in native populations and species, transform
ecosystems, and impact human well-being (Blackburn et al. 2011).

The tropics are at the front line of efforts to halt the decline and extinction of species, the degra-
dation of ecosystems, and the erosion of natural capital (Barlow et al. 2018). The tropics contain
a majority of the Earth’s biodiversity and play a crucial role in the global carbon cycle (Pan et al.
2011). In addition, they have some of the world’s highest levels of human developmental pressures
with significant limitations in their financial and institutional capacities to respond to conservation
threats (Barlow et al. 2018). Although there have been calls to invest more resources and research
into tropical conservation, most attention to date has focused on conservation threats such as
habitat loss, land use change, and overexploitation through hunting and logging, while the role of
invasive species as environmental and conservation threats has generally received little attention
(Barlow et al. 2018, Gardner et al. 2009), except on some tropical oceanic islands (Courchamp
et al. 2003, Russell & Holmes 2015).
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One reason why tropical invasions have not been prioritized is the perception that many
tropical ecosystems, notably continental tropical forests, are particularly resistant to invasion
(Rejminek 1996, Teo et al. 2003). Early evidence in support of this was based on the low numbers
of naturalized non-native plants (Lonsdale 1999, Rejmanek 1996), birds, and mammals (Sax 2001)
in the continental tropics compared to those in higher latitudes. These perceptions about trop-
ical ecosystem resistance to invasion appear entrenched despite the recognition that the species
introduction and disturbance histories of tropical forests differ from those of temperate forests
(Denslow & DeWalt 2008, Fine 2002). Notably, the acceleration in rates of species introductions
as well as encroachment by human disturbances that facilitate invasions—such as extensive habitat
conversion, fragmentation, and degradation—in tropical interiors is relatively recent compared to
many temperate areas, especially in the Northern Hemisphere.

An additional or alternative reason for the low reported numbers of naturalized non-native
species could simply be low investment in research on invasive species in the tropics. The propor-
tion of papers in English addressing invasions in the tropical biology and environmental research
literature has been growing at 2.4% per year on average over the past three decades; however, the
proportion of papers from tropical regions in the invasion biology literature has been growing
more slowly at 1.4% per year (Figure 14; see Supplemental Appendix for methods). This dis-
parity suggests that invasive species are being studied by tropical researchers as a faster-growing
proportion of their work relative to the proportion of tropical ecosystems being studied by inva-
sion biology researchers. The paucity of tropical studies available to draw on in literature reviews
and meta-analyses on various aspects of invasion biology means that the conclusions of these anal-
yses are heavily dominated by the much larger number of studies carried out in temperate regions
(Figure 2). Researchers affiliated with institutions in tropical countries do not dominate the au-
thorship of tropical invasion papers (Figure 15) and tropical countries do not produce more trop-
ical invasion research than do nontropical countries (Figure 1c). If the lower latitudes are more
susceptible to invasions than has been historically assumed, or if they become more susceptible
as a consequence of ongoing disturbance, land conversion, and habitat degradation, then the un-
derrepresentation of local tropical institutions in invasion research and consequently the ability
to respond to invasive species problems would be a cause for concern (Early et al. 2016, Seebens
etal. 2015).

1.2. Aims of This Review

In this review, we investigate the similarities of and differences in biological invasions between
tropical and temperate regions. Specifically, we critically examine what is known and not known
about the invasibility of tropical habitats, the characteristics of known successful tropical invaders,
and the impacts of invasions in tropical areas. We then discuss how best to respond to biological
invasions in the tropics in the face of the current socioeconomic context and other high-priority
conservation challenges in tropical regions.

2. INVASIBILITY AND INVADEDNESS OF THE TERRESTRIAL TROPICS

The concept of invasibility relates to the extent to which an ecosystem fails to resist the establish-
ment of non-native species populations (Lonsdale 1999); it is a key concept in invasion biology but
is difficult to measure directly. It is also different from the vulnerability of an ecosystem to impacts
by invading species, which we discuss in Section 4. Invasibility has mostly been measured by using
proxies for the degree (Guo et al. 2015), or level (Catford et al. 2012), of invasion, or hereafter
invadedness, such as the richness or abundance of naturalized species. However, the invadedness
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Figure 1

() Number of papers published in invasion biology (gray triangles), tropical biology (green squares), and tropical invasion biology (blue
circles) from 1986 to 2020. Note that the y axis is on a logarithmic scale. (b)) The top 10 countries in terms of the mean proportion of
affiliations on all tropical invasion biology papers published from 2017 to 2020 (tropical: green bars; nontropical: white bars). (c) The
relationship between countries’ mean proportion of affiliations on all tropical invasion biology papers published from 2017 to 2020
(y axis) versus the per capita research and development (R & D) expenditure corrected for purchasing power parity ($PPP) in 2017
(x axis), population size (diameter of circle is proportional to the log-transformed population), and whether the country is tropical
(green) or not (white). Readers are referred to the Supplemental Appendix for details.
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of an ecosystem is a function of both ecosystem invasibility and relative exposure to non-native
species (i.e., propagule pressure over time). The low numbers of naturalized non-native species
previously reported from tropical areas (Lonsdale 1999, Rejmanek 1996, Sax 2001) therefore indi-
cate low invadedness at the time of reporting but not necessarily low invasibility. Here we examine
whether there is a strong theoretical basis for expecting low invasibility in the tropics, and if recent
evidence has emerged to support these ideas.

2.1. Resource-Based Theories

So far, most explanations of the purportedly low invasibility of tropical relative to temperate
ecosystems draw on resource competition—consumption theories. It has been proposed that light
limitation in intact tropical forests should exclude non-native plants from establishing themselves
in understories (Fine 2002). If light availability is the primary control on tropical invasibility, then
open tropical habitats should be more invasible than closed-canopy tropical forests. There is some
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Geographical distribution of experimental or observational studies of invasive organisms published in Biological Invasions and Neobiota
from 2019 to 2020. The sizes of the pie charts are proportional to the number of unique studies at that locality, while colors indicate the

types of invasive organism studied. Readers are referred to the Supplemental Appendix for details.

evidence for this pattern, with many records of naturalized plants in open tropical savannas and
dry forests (Foxcroft et al. 2010, Kerns et al. 2020) and very few in closed-canopy rain forests (Fine
2002). However, this same light-limitation hypothesis has been refuted even for many light-limited
temperate forests, because several shade-tolerant invasive plants have been shown to establish and
expand into them (Martin et al. 2009).

Belowground resources may also affect the invasibility of tropical ecosystems. Notably, the
availability of certain rock-derived nutrients, especially phosphorus, is on average more limiting
in tropical ecosystems than in comparable temperate systems, although there are many exceptions
(Du et al. 2020). Non-native tree diversity has been found to increase with increasing soil phos-
phorus, but not with soil nitrogen, in tropical secondary forests on abandoned land in Singapore
(Lai et al. 2021). Similarly, in the Brazilian cerrado, non-native plant abundance has been shown
to decrease with increasing (foliar) N:P ratio of the vegetation (Lannes et al. 2012), and phos-
phorus addition with or without nitrogen addition was found to promote invasion by the African
grass Melinis minutiflora (Bustamante et al. 2012). These examples suggest that increased phos-
phorus availability in tropical ecosystems may frequently lead to increased invasion by nutrient-
demanding non-native plant species.

Because the diversity of most taxonomic groups is higher on average in the tropics, this has been
a tempting starting point for explanations of reduced invasibility. High diversity of the recipient
community potentially increases the degree of niche overlap and the likelihood of natural enemy
presence; this would, in theory, increase the likelihood of both competitive exclusion and popu-
lation regulation of the invader by natural enemies (i.e., the biotic resistance hypothesis; Levine
& D’Antonio 1999). This mechanism predicts that tropical systems harboring a high diversity
should therefore be more resistant to invasion. However, results from tropical studies show both
positive and negative diversity-invadedness relationships (Ackerman et al. 2017, Denslow et al.
2009, Kueffer et al. 2010, Lannes et al. 2020), in line with what is seen in temperate regions,
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and this variation is attributable to the multitude of factors that determine both native and non-
native diversities, including the scale of study and even statistical artifacts (Fridley et al. 2007). The
probability that there is a producer, prey, or host that can interact with a non-native consumer or
a suitable mutualistic partner increases with diversity, but the probability of encountering this
suitable resource or mutualist decreases (Guo et al. 2019).

The degrees of niche saturation and niche packing are a more accurate and direct reflection
of biotic resistance than is species diversity or richness (Guo et al. 2015). It is well-established
that tropical islands—particularly those that are more isolated—are more invaded than are the
continental tropics (Denslow et al. 2009, Kueffer et al. 2010, Moser et al. 2018). The reduced size
of the species pool of natural colonizers in island ecosystems may have led to more vacant niches
and lower overall natural enemy presence, which would benefit newly arriving invasive species
(Denslow 2003, Denslow & DeWalt 2008). It is less clear, however, whether niche space is more
saturated in tropical versus temperate continental systems. In addition, if potential niche space is
more highly packed in the continental tropics, this would suggest that biotic interactions could
be stronger and/or more specialized (MacArthur 1965). If exploitative biotic interactions (e.g.,
herbivory, predation, parasitism, etc.) are more specialized in the tropics, then a consumer species
is less likely to be able to find prey or host resources when introduced in the tropics outside of
its native range—although they would also be less likely to encounter natural enemies, having
left them behind in their native range (Shea & Chesson 2002). Likewise, if mutualisms involving
native species are both more important and more specialized in the tropics, then this could explain
the lower establishment success of non-native species. However, evidence for latitudinal gradients
in biotic interactions has been mixed, is highly context-dependent, and is the subject of ongoing
debate (e.g., Moles & Ollerton 2016, Schemske et al. 2009).

Fungal pathogens and mycorrhizae form particularly strong associations with plants in the
continental tropics (Bagchi et al. 2014, Delavaux et al. 2019), and there is evidence of higher en-
demism of soil fungal communities in tropical than in temperate regions (Tedersoo et al. 2014).
This difference could contribute to either the reduced establishment success of non-native plants
through lack of mutualists or the increased likelihood of the escape of these plants from natural
enemies. Furthermore, on average, woody plants are associated more with arbuscular mycorrhizal
(AM) fungi in the tropics, where they help plants to scavenge for phosphorus, than in temperate
regions, where they are associated more with ectomycorrhizal (EM) fungi (Soudzilovskaia et al.
2019, Steidinger et al. 2019). However, there are exceptions, such as the tropical forests of South-
east Asia, which are dominated by EM-associated trees of the Dipterocarpaceae. AM fungi are less
specialized and their interaction networks are more nested, with a few generalist species that as-
sociate with most of the plants in the community (van der Heijden et al. 2015), and AM-dominant
forests are known to be generally more invasible than are EM-dominant forests (Jo et al. 2018).
This suggests that, all else being equal, tropical forest plant-fungal networks should, on average,
be more—rather than less—susceptible to plant invasions than are temperate ones. Finally, the
proportion of native mycorrhizal plants is lower on islands than on mainland ecosystems, while
the reverse is true for the proportion of naturalized mycorrhizal plants (Delavaux et al. 2019). This
difference suggests that non-native plants on tropical islands may be have advantages relative to
natives at least in part from the cointroduction of mycorrhizal mutualists that the native plants
cannot utilize (Delavaux et al. 2019).

2.2. Nonequilibrium Versus Equilibrium Mechanisms

Resource competition— or consumption-based explanations of low invasibility assume that the re-
cipient communities are at or near equilibrium. Furthermore, most discussions of the invasibility
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of the tropics fail to consider the role of nonequilibrium processes, such as disturbance regimes
and dispersal limitation. Rejmének (1996) suggested that the rapid progression of tropical forest
succession after disturbances would restore equilibrium and competitively exclude non-natives.
However, Huston (1994) proposed that the rate of competitive displacement in tropical forests is
slow relative to the rate of return of disturbances, thereby allowing the maintenance of high species
diversity despite limited resource conditions. In the same way, a non-native species should still be
able to establish itself whenever environmental conditions are suitable, at least ephemerally. For
example, a pulsed increase of both light and nutrients might occur in tropical forest canopy gaps
as a result of the decomposition of dead plant material. In such conditions, non-native species that
are inferior resource competitors may establish viable populations if they have superior coloniza-
tion abilities (Shea & Chesson 2002). Tropical storms can disperse seeds or spores and accelerate
the growth and recruitment rates of non-native plants (Murphy & Metcalfe 2016), implying that
ecosystems that are more frequently disturbed by such events are likely to be more invasible.

Both equilibrium and nonequilibrium mechanisms of invasibility predict that tropical ecosys-
tems will be increasingly invaded as they become more disturbed, either directly by human activi-
ties or indirectly from more frequent or intense storm or fire events resulting from anthropogeni-
cally induced climate change. Such disturbances may eliminate competitors and expose suitable
microsites to the establishment of non-native species. Some tropical ecosystems are pre-adapted
to specific disturbances that promote potential invaders, while, conversely, species native to other
comparable tropical ecosystems may not be able to adapt when introduced. For example, African
savannas have a longer history of association with human disturbances, large herbivores, and fire,
which may be the reason for their apparently lower invasibility compared to other tropical savan-
nas (Foxcroft et al. 2010). Other types of ecosystems may be more sensitive to disturbances. For
example, in tropical forests, selective logging has often led to increased non-native plant richness
and abundance (Brown & Gurevitch 2004, Dobert et al. 2018, Waddell et al. 2020a). Further, log-
ging roads allow the transport of propagules closer to potential sites of invasion (Veldman & Putz
2010, Veldman et al. 2009), and the fragmentation of tropical forests for agriculture exposes for-
est interiors to higher non-native propagule pressure (Waddell et al. 2020a). Synergies between
different disturbances can also occur, such as logging promoting the invasion of grasses which, in
turn, increases the fuel load and the frequency and intensity of fires (Veldman et al. 2009). While
itis still unclear if intact tropical ecosystems have intrinsically low invasibility, there are now many
examples of disturbed tropical ecosystems that have been invaded.

3. CHARACTERISTICS OF TROPICAL INVADERS
3.1. Characteristics of Invasive Plants

While the various hypotheses on invasibility of tropical relative to temperate regions are based
on habitat differences, we might also expect the traits of invasive species to differ between tem-
perate and tropical ecosystems (PySek & Richardson 2006). Many of the most successful inva-
sive plant species in tropical environments are fast-growing, disturbance-adapted pioneer species
much like successful invaders in temperate regions. Important insights into the traits of tropical
invaders come from tropical grasslands and savannas. For example, in the Neotropics, many C4
grass species that have been introduced from Africa for cattle grazing have characteristics that
make them ideal for forage (such as high growth rates) but also operate as successful invaders
(Foxcroft et al. 2010). Taylor et al. (2018) surveyed the traits of invasive plants in tropical savannas
in Australia and, similar to what has been shown in temperate areas, found that invaders generally
occupied the fast end of the leaf-economic spectrum (i.e., high specific leaf area and leaf nutrient
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content) relative to the dominant native species. In addition, a meta-analysis of a global traits data
set found that the differences in growth rate and physiology between co-occurring invasive and
noninvasive species were significantly larger in tropical climates than in temperate climates (van
Kleunen et al. 2010). This finding may be attributable to tropical environments selecting for more
specific physiological characteristics relative to temperate environments (van Kleunen et al. 2010)
or may be reflective of past human choices in what types of species they introduced into tropical
versus temperate ecosystems (van Kleunen et al. 2020). Therefore, similar characteristics appear
to promote invasions in tropical and temperate areas, but in the tropics these attributes may be
more important in separating successful from unsuccessful invaders.

Several plant invasion pathways linked to plant traits have been identified for tropical regions.
For example, more tropical naturalized grasses originate from Africa and Asia than from South
America (Monnet et al. 2020). This disparity may reflect differences in the characteristics and
therefore invasion potentials of Old World versus New World grasses, or it could simply arise from
the historical movement of people and plants from the Old to the New World. Furthermore, van
Kleunen et al. (2020) found an overrepresentation of non-native plant species that have an eco-
nomic use in the tropics compared to those in higher latitudes. Among the reported characteristics
linked to species having economic value are high growth rates (for plants used for forage, fiber,
and biofuels) and resistance to a wide variety of adverse environmental conditions (for plants used
to control soil erosion or for restoration). As an example, in forestry, several species of non-native
trees have been introduced from the Northern Hemisphere tropics to the Southern Hemisphere
tropics because of their high growth rates, low numbers of pathogens, and fiber characteristics;
several of these species have become invasive (Nuiiez et al. 2017). More generally, differences exist
in trade between the different regions of the world that can affect our understanding of invasions
(Nuiiez & Pauchard 2010), as discussed in Section 5. These differences could potentially confound
comparisons of the key characteristics of non-native species among different regions, and differ-
ences in invasion rates between tropical and temperate regions could simply be due to differences
in propagule pressure irrespective of species traits.

As discussed in Section 2.2, tropical forests are experiencing increasing disturbance, fragmenta-
tion, and exposure to non-native propagules. Initially, these increases would favor non-native plant
species able to disperse and establish at least into forest edges and, in some cases, into canopy gaps
far from their points of introduction (Waddell et al. 2020a,b). Dawson et al. (2009) showed that
non-native woody plant species in Tanzania were more likely to infiltrate neighboring forests if
they could be dispersed over long distances by wind, birds, or primates. For example, two of the
most widespread invaders in the tropics, Miconia crenata (formerly Clidemia hirta) and Lantana
camara (Figure 3a,b), are dispersed by frugivores (DeWalt & Hamrick 2004, Ramaswami et al.
2016). In line with this fact, Waddell et al. (2020b) showed that the successful invasion of trop-
ical forests requires adaptations for long-distance dispersal (e.g., by vertebrates) as well as traits
related to competitive ability, such as being tall and woody. Thus, at least for disturbed tropical
forests, evidence points toward the role of plant-dispersal mutualisms as agents for the widespread
distribution of non-native plants in forests. In both temperate and tropical forests, shade-tolerant
non-native species are found less frequently than are shade-intolerant non-native species, but this
difference has been suggested to be partly due to historically low introduction efforts for such
species (Martin et al. 2009). Thus, when propagule pressure is sufficient, invaders may include
species with atypical shade-tolerance traits that permit their establishment in a low-light forest
environment (Dawson et al. 2011, Martin et al. 2009).

Seed bank formation can be also an important characteristic of invasive species in both trop-
ical and temperate areas. Luo et al. (2017) examined forest soil seed banks along an elevational
gradient in Yunnan Province, China, and found 15 non-native herbaceous species that accounted
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Figure 3

Examples of successful tropical invaders. (#) Miconia crenata and (b) Lantana camara have animal-dispersed
fruits. Two invasive tropical ant species are () the yellow crazy ant, Anoplolepis gracilipes, and (d) the little fire
ant, Wasmannia auropunctata, here showing a queen and workers. (¢) A wild pig, Sus scrofa, wallowing in mud.
Brazilian savanna, or cerrado, (f) before and (g) after invasion by Urochloa brizantha. (b) A brown tree snake,
Boiga irregularis, eating a bird on the oceanic island of Guam. Photos provided by (2,5) M. Padmanaba,

(c,d) M. Euaparadorn, (¢) N. Baker, (f,g) G. Damasceno, and () N. Sablan.

for 30% of the seeds germinated from the tropical site and four such species at a subtropical site,
including Ageratina adenophora. While this latter species was present in the seed bank but not in
the understory, it would likely proliferate whenever canopy disturbance allows more sunlight to
reach the forest floor. Further, Drake (1998) showed that 67% of the seeds in Hawaiian dry forest
seed banks were non-native, although native seed plants made up 95% of seed-bearing plants in
the living vegetation. However, it is not yet clear if this seed-banking characteristic is more or
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less important in the tropics, and there are also many examples in temperate areas where invasive
species have large seed banks (e.g., Eschtruth & Battles 2009).

With regard to belowground plant traits, allelopathy and nitrogen fixation have been fre-
quently invoked to explain the success of invasive species common in the tropics. Allelopathy has
been shown to be a common trait of some important tropical invaders, such as L. camara (Kohli
et al. 2006, Singh et al. 2014), though its role in temperate versus tropical invasions remains an
open question. Further, and similar to temperate regions, the ability to fix nitrogen symbioti-
cally is a common characteristic of tropical invasive species, particularly on islands where such
species can rapidly spread and transform ecosystems (Vitousek & Walker 1989). However, while
the Fabaceae—which contains the vast majority of plants that form nitrogen-fixing symbioses—
includes many species that are invasive in the tropics, a large number of invasive tropical Fabaceae
do not actually form symbioses (Simonsen et al. 2017). Introduction biases of fewer tropical N-
fixing plant species than in temperate areas could play a role in this pattern, but environmental
conditions in the tropics, such as the lower availability of phosphorus relative to nitrogen (Du
etal. 2020), could also be important, particularly for continental ecosystems.

Specific ecosystems require traits that match those ecosystems. For example, some arid and
semiarid grasslands of East Africa are especially prone to invasion by trees and shrubs or succulents
that are adapted to low rainfall, including mesquite (Prosopis spp.), a phreatophyte with a deep
rooting system well suited to low water availability (Abd Elbasit et al. 2012), and prickly pear cacti
(Opuntia spp.), which have a photosynthetic system that reduces loss of water through transpiration
while maintaining carbon gain (Witt et al. 2018). As another example, the vast majority of plant
species that have invaded mangrove forests (most of which are in the tropics) have traits that
confer tolerance to high salinity and anaerobic conditions as well as high fecundity and rapid
growth (Biswas et al. 2018).

3.2. Characteristics of Invasive Animals

Less information exists on the traits of invasive animals than for those of plants in tropical ecosys-
tems. For ants, probably over 600 species have established populations outside their native dis-
tributions (Miravete et al. 2014, Suarez et al. 2009), including several species that have invaded
tropical regions. Some of these species, such as the Argentine ant (Linepithema humile) and red
imported fire ant (Solenopsis invicta), that have invaded both tropical and nontropical ecosystems,
and others, such as the yellow crazy ant (Anoplolepis gracilipes; Figure 3¢) and the little fire ant
(Wasmannia auropunctata; Figure 3d), have in fact mostly invaded tropical regions (Bertelsmeier
etal. 2016). A recent study focusing on the ecological traits of invasive ants found that traits linked
to invasiveness included an affinity for disturbed environments, the ability to form supercolonies,
having a generalist nesting type, and being able to expand through founding independent colonies
(Fournier etal. 2019). However, these traits are important for both temperate and tropical environ-
ments, and no traits were identified that would be expected to differ inherently between tropical
and temperate environments. Furthermore, invasions of mosquitoes involved in human diseases,
such as the Asian tiger mosquito (Aedes albopictus), the common malaria mosquito (Anopheles quadri-
maculatus), and the yellow fever mosquito (Aedes aegypti), have been explained mainly by climate
matching with their native ranges and not by any specific trait that could explain their spread
(Cunze et al. 2018, Lounibos 2002).

Several invasive animal species have traits associated with economic use. For example, the
honeybee (Apis mellifera) has been introduced to many parts of the world where it has become
a successful invader (De Jong 1996). The hybridization of honeybees of European and African
origins has conferred traits on the resulting species that promote its success as an invader in the
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tropics versus in temperate areas. Harrison et al. (2006) found that a key trait favoring the spread
of the Africanized hybrid honeybees in the tropics was their high preference for pollen over
nectar, which promoted colony growth at the expense of honey storage for overwintering. For
reptiles, good predictors of invasion success in tropical environments include high reproductive
rates (such as large and frequent clutches), numbers of introductions (which are often linked to
the pet trade), and climate matching with their native range (Bomford et al. 2009, Capinha et al.
2017, Fujisaki et al. 2010). However, if these traits confer differences in invasion between tropical
and temperate environments is not yet clear.

Even though mammals are among the most impactful invasive species in both tropical and
temperate environments, especially on islands (Courchamp et al. 2003), there is no evidence of
differences in specific traits that predict successful invasions between tropical and temperate re-
gions. For birds, studies within three highly invaded regions—Hawaii in the tropics, Florida in the
subtropics, and temperate New Zealand—found that non-native species closely related to native
species had a consistent advantage in terms of establishment and spread, suggesting that similar-
ities in traits between invasive and local species can be important in both tropical and temperate
regions (Maitner et al. 2012). Overall, there are many traits that appear to explain the invasion of
animal species in both temperate and tropical areas, but some specific traits related to adaptation
to warmer areas may give some non-natives an advantage in the tropics.

4. THE IMPACTS OF INVADERS IN TROPICAL ECOSYSTEMS

Non-native species impact a variety of community and ecosystem properties, including abundance
and diversity of native species, food web structure, pollinator and frugivore networks, seed disper-
sal, ecosystem production, decomposition, nutrient cycling, and geomorphology (Andreu & Vila
2011, Fei et al. 2014, PySek et al. 2012). For non-native species to exert important effects, not
only must they reach sufficient biomass within their trophic level, but they must also have traits
that differ from native species already present and that are ecologically important (Wardle et al.
2011). For plant communities, several syntheses and meta-analyses have provided evidence that
trait differences between non-native and native species suffice on average for non-native species
to promote plant productivity, soil microbial activity, litter decomposition, nutrient fluxes, and
biogeomorphic processes (Fei et al. 2014, Liao et al. 2008, Vil et al. 2011), although the effects
are sometimes weak and are strongly determined by environmental context (Ricciardi et al. 2021).
Meanwhile, for invasive animals, despite many examples of their strong impacts in a variety of
ecosystems, there have been few serious attempts to develop general predictive principles about
their effects (Wardle et al. 2011), except perhaps for their involvement in networks (e.g., Fricke &
Svenning 2020). Syntheses, analyses, and reviews aimed at developing principles about the ecolog-
ical impacts of non-native species have been largely or exclusively dominated by temperate studies,
with the exception of some tropical island studies, notably from Hawaii. Because invader effects
are driven by environmental context (Ricciardi et al. 2021), and this context differs greatly between
tropical and temperate regions, it is unclear if our understanding of invasive species impacts from
temperate systems can be meaningfully applied to the tropics (Bellard & Jeschke 2016).

4.1. Impacts in the Continental Tropics

For the lowland continental tropics, several examples point to large impacts of non-native
plant species in open-canopy systems, although not in closed-canopy primary forest. Just as in
temperate systems, several examples exist of highly successful invasive woody species developing
monospecific stands that displace native vegetation in tropical heath and secondary rain forest
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(e.g., Southeast Asia; Peh 2010) and savanna and woodland (e.g., East Africa; Witt et al. 2018),
with several of them involving Acacia species capable of nitrogen fixation (Peh 2010, Witt et al.
2018). Furthermore, parts of the hyperdiverse cerrado ecosystem of Brazil are being transformed
by invasive grasses (Figure 3f,g) (Damasceno et al. 2018) and the formation of monospecific
stands of the non-native Pinus elliotii (Brewer et al. 2018). There are also a handful of studies of the
impacts of invasive animals in both open- and closed-canopy tropical ecosystems. Some examples
include the alteration of detrital and herbivore food webs by invasion of the little fire ant (W]
auropunctata) in rain forest in West Africa (Dunham & Mikheyev 2010); damage to tree seedlings,
plant litter, and earthworms by invasive wild pigs (Sus scrofa; Figure 3e) in rain forest in tropical
Queensland (Mitchell et al. 2007); and changes to native bird communities, seed dispersal, and
pollination caused by invasive bird species in forest in southeast Asia (Corlett et al. 2020).

Studies are currently insufficient to determine quantitatively if invasive species have effects in
the lowland continental tropics that differ from those in corresponding temperate systems, but fac-
tors that differ overall between the two systems provide scope for differences in impacts to occur
(Bellard & Jeschke 2016). For example, warmer conditions in the tropics might be more conducive
to rapid growth that could disproportionately favor non-native plant species and thereby exacer-
bate their impacts (van Kleunen et al. 2010). Further, the greater domination of tropical forests by
AM-associated species may make them more invasible, as discussed in Section 2.1, which would
in turn lead to greater impacts of non-native species. Conversely, the lower availability of rock-
derived nutrients (notably phosphorus) on average in the tropics (Du et al. 2020) could make some
regions less conducive to domination by faster-growing and nutrient-demanding invasive plant
species and thus minimize their impacts. Further, as mentioned in Section 3.1, non-native legumes
in the tropics are less likely to associate with rhizobial symbionts on average than are legumes in
temperate regions, which in turn reduces their capacity to transform ecosystems through nitrogen
inputs (Simonsen et al. 2017). Finally, at least for closed-canopy tropical rain forests, the low levels
of light transmission through the canopy could exclude invasive plants and therefore reduce their
impacts more in tropical than in temperate forests (Fine 2002). We emphasize that these factors
apply largely to plants; developing predictions of how impacts of invasive animals may respond to
differences between temperate and tropical environments poses greater challenges.

4.2. Impacts on Tropical Oceanic Islands

The relative simplicity of oceanic island communities leads not only to greater invasibility but also
to greater impacts, as compared with the mainland (PySek et al. 2012, Simberloff 1995). There
are numerous examples of invasive plants transforming tropical oceanic island ecosystems, with
a disproportionate number from the Hawaiian archipelago. Several examples involve invasive
nitrogen-fixing plants, including classic studies (e.g., Vitousek & Walker 1989) pointing to the
transformation of several community and ecosystem properties following the invasion of intact
forest by the shrub Morella faya. Others point to the domination of the forest understory by
invasive grasses that alter biogeochemical processes and prevent tree seedling regeneration
(Litton et al. 2006). Frequently, multiple invasive species are involved following grass invasion,
with initial invaders facilitating the establishment of secondary invaders at the expense of the
native plant community (D’Antonio et al. 2017).

There are also several examples of far-reaching effects of the invasion of tropical oceanic islands
by animal species. Many islands throughout the tropics and elsewhere are invaded by predatory
and omnivorous vertebrates (e.g., cats, rats, dogs, mongooses, or wild pigs) that impact native prey
species, and therefore the ecosystem functions that prey species carry out. For example, invasion
of the Chagos Islands by rats has eliminated populations of seabirds that transport nutrients from
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the ocean to land, impairing nutrient fluxes and halting nutrient runoff to nearby coral commu-
nities (Graham et al. 2018). Furthermore, in Guam, the invasive brown tree snake Boiga irregu-
laris (Figure 3b) has greatly impaired tree seedling reproduction and recruitment indirectly by
eliminating frugivores and disrupting fruit-frugivore mutualisms (Rogers et al. 2017). The inva-
sive bulbul Pycnonotus jocosus in Mauritius has contributed to the decline of native bird and spider
species and the spread of non-native plant species (Linnebjerg et al. 2010). Invasive invertebrates
can also have far-ranging impacts. For example, invasive snails have caused losses of many endemic
snail species throughout the Pacific through both competition and predation (Davis-Berg 2012).
Further, the yellow crazy ant (4. gracilipes) on Christmas Island devours and halts activity by red
land crabs that are the major agent of litter fragmentation and selective tree seedling recruitment
(O’Dowd et al. 2003). However, while many examples exist of the considerable effects of invasive
species on tropical islands, we are not yet in a position to determine if differences in environmental
factors between tropical and temperate islands (e.g., climate) cause the effects of invasive species
to be somehow stronger on tropical islands.

4.3. Tropical Versus Temperate Impacts

Some of the biggest differences in invader impacts between tropical and other regions are likely
to involve major functional groups of biota that are concentrated in the tropics. There are two
prominent examples. First, C4 grasses, which are confined to warmer regions of the globe, are fast
growing and rapidly produce large quantities of flammable aboveground material. Therefore, in
many drier tropical regions in Brazil, northern Australia, and Hawaii, the invasion of C4 grasses
into woody vegetation promotes fire load, leading to a grass-fire cycle and possible eventual and
irreversible conversion into grasslands (D’Antonio et al. 2011, Silvério et al. 2013) that have fun-
damental differences in their nutrient cycling (Mack et al. 2001). Second, mangrove ecosystems,
which are mainly dominant in tropical coastal environments, have a key role in land stabilization,
carbon sequestration, and habitat provision for other biota. The invasion of mudflats by mangrove
species on remote islands that lack native mangroves thus leads to large increases in the coastal
storage of so-called blue carbon (Davidson et al. 2018). Furthermore, there are several examples
throughout the tropics of the invasion of native mangrove ecosystems by other salt-tolerant plant
species, causing changes in coastal hydrology through sediment trapping, conversion to marshes,
alteration of soil fertility and water tables, impairment of mangrove seedling regeneration, and
loss of habitat for associated animal communities (Biswas et al. 2018).

The relative dearth of studies that have explored the impacts of invasive species in the tropics,
particularly in continental regions, creates challenges in providing meaningful insights about the
extent to which invasions are contributing to the anthropogenic transformation of tropical land-
scapes. There is a clear need for both manipulative (e.g., invader removal) experiments (D’Antonio
et al. 2017) and natural experiments (e.g., Graham et al. 2018) for assessing how invasive species
impact tropical ecosystems independently of covarying and confounding factors. Considerable
scope also exists for distributed experiments to assess invader impacts simultaneously in temper-
ate and tropical regions as well as for focusing on the impacts of invader groups that are widely
distributed in both regions, such as rats, wild pigs, and plant genera such as Acacia and Pinus. Fur-
ther, we have almost no information from the tropics on impacts for many important groups of
organisms or types of ecosystems. Most studies in the tropics have focused on invasive plants,
vertebrates, and ants, and we have minimal knowledge of the impacts of invasive soil inverte-
brates or microbes, despite their role in driving decomposition, biogeochemical fluxes, nutrient
supply, and, ultimately, primary productivity. We also have little knowledge about invader im-
pacts on high-elevation ecosystems on tropical mountains that are often colonized by non-native
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temperate grasses and forbs. Finally, biota are being transformed not only by gains of non-native
species but also by losses of native species; in tropical systems, as elsewhere, an open question re-
mains as to how landscapes are being affected by the losses of some species and their replacement
by new species that could potentially play fundamentally different ecological roles (Wardle et al.
2011).

5. RESPONDING OR ADAPTING TO BIOLOGICAL INVASIONS
IN THE TROPICS

Until recently, differences in environmental management between the tropical and temperate
parts of the world largely coincided with variation in economic development, but this correla-
tion has been considerably weakened in the last 20 years by rapid development in many tropical
countries. Although most World Bank (2021) low-income countries are still in the tropics, most
tropical countries are now in the middle-income categories, and there are several small high-
income countries, as well as Hawaii, several French overseas territories, and the tropical region of
Australia. National gross domestic product values tend to be closely related to factors influenc-
ing the strength of invasion pathways, such as maritime shipping traffic and international travel
(Sardain et al. 2019), and with the scientific, technical, and financial capacities for response. How-
ever, time lags (>50 years in some cases; Essl et al. 2011) between first introduction and estab-
lishment in the wild mean that large invasion debts may be present in tropical countries that have
been transformed economically over this period.

5.1. Tropical Trade

Global shipping traffic grew fourfold between 1992 and 2012 and is projected to increase by be-
tween 240% and 1209% by 2050, depending on country, with much of this growth in current
middle-income countries (Sardain et al. 2019). A priori, tropical invasions are most likely to result
from direct tropical-tropical connections, but no such major shipping routes link geographically
distant tropical regions, and there are few direct flights. China’s ambitious Belt & Road Initiative
is, however, an additional risk factor for tropical invasions, as much of the associated trade will
flow through tropical and subtropical ports in China (Liu et al. 2019). Also, some tropical airports
now handle huge numbers of incoming tourists from all over the world, and passenger luggage is
a source of invasive arthropods (Liebhold et al. 2006) and other organisms. Additional risk comes
from the poorly documented domestic trade within large tropical countries, such as Indonesia,
that incorporate more than one biogeographic region.

Most invasive species are introduced through a small subset of global trade activities (pets,
forestry, horticulture, etc.) that are not necessarily correlated with total trade. Pet lovers and
gardeners often seek out rare exotic pets and plants even though they are known risk agents
(Lockwood et al. 2019). Rising incomes in tropical countries have led to the explosive growth
of such practices, and this growth has elevated the rates of introduction of invasive plants, plant
pests, and non-native vertebrates (Corlett et al. 2020, Liu et al. 2020). In Indonesia, the vast in-
ternal pet trade has moved many vertebrate species across the Wallace Line, some of which have
then become invasive (Corlett et al. 2020), and there are similar problems in Brazil (Alves et al.
2019). Plantation forestry is also expanding rapidly throughout the tropics. Non-native species
are preferentially planted, and the risks of these becoming invasive are rarely considered, despite
the massive propagule pressure plantations can exert (Padmanaba & Corlett 2014).

The promotion of trade and tourism is a common priority for almost all countries and could
potentially outweigh actions to prevent, monitor, and manage invasive non-native species. The
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striking contrast between the layers of passenger-delaying biosecurity that greet international
arrivals in Australia and the much lower level of such restrictions on arrival in Hawaii illustrates
the different approaches to the trade-offs between screening and welcoming tourists. Moreover,
there is evidence that biosecurity measures can disproportionately burden developing countries
(Murina & Nicita 2017). Country Reports to the Convention on Biological Diversity (CBD)
on progress in achieving Aichi Target 9 [and Global Strategy for Plant Conservation (GSPC)
Target 10] provide more or less standardized information on country plans and priorities (BGCI
2020, CBD 2019). Previous analyses of Fourth and Fifth National Reports (Early et al. 2016,
Latombe et al. 2017) suggest that additional capacity to prevent, monitor, and manage invasive
species would benefit many tropical countries. However, the Sixth National Report (CBD 2019)
shows greater recent progress in many tropical countries, including major biodiversity hotspots
(e.g., Brazil, Indonesia, Kenya, and Thailand). This change demonstrates that an increasing level
of awareness of the issue by national governments can facilitate progress toward implementing
the targets. There are also programs, such as Implementation & Capacity Development of the
International Plant Protection Convention (IPPC 2020) and the CABI Sanitary and Phytosan-
itary Capacity Development Program (Day 2013), that facilitate cooperation by economically
developed countries to promote phytosanitary capacity-building in developing countries.

5.2. Responding to the Threat of Invasions

Global research and development funding and expenditure is overwhelmingly concentrated in
temperate regions (Figure 1¢). Among tropical countries, only India and Brazil are in the global
top 10 in terms of domestic expenditure on research and development (R&D), and only Brazil,
Malaysia, Singapore, and Thailand spend at least 1% of GDP on R&D, as do part-tropical
China and Australia. An unknown but undoubtedly small proportion of this expenditure is allo-
cated toward research on invasive species. The USA, France, the United Kingdom, Japan, China,
Germany, and several additional countries in Europe conduct long-term ecological research with
collaborators in the tropics, partly in their overseas territories for the first three. Limited research
funding is reflected in tropical underrepresentation in the international invasive species literature,
with the majority of publications in peer-reviewed journals led by research groups from Australia,
China, the USA, Europe, Mexico, Brazil, and India (Figure 15). This underrepresentation does
not necessarily reflect a low priority for such research in the tropics, however. Searches of local
journals and national publication databases across the tropics suggest that projects on invasive
species are frequently given to undergraduate and graduate students or are carried out by local
university researchers and protected-area staff. The results of some of this work are available in
local journals and government publications but often not in English (e.g., in Indonesian, Thai,
Spanish, and Brazilian Portuguese). Most publications are descriptive, and many are species lists
or new invasive records, although some also report control efforts (e.g., Sitepu 2020).

The use of cost-benefit analyses to prioritize management efforts is rarely reported in the trop-
ics (Povak et al. 2017), although inadequate funding is often mentioned as a constraint on active
management in both tropical and nontropical countries. Prevention makes economic sense every-
where, and the monitoring of non-native species is not expensive where the taxonomic capacity
exists (Latombe et al. 2017), as it does in many tropical countries. However, effective management
or control measures can be costly. Attempts to control invasive plants in tropical countries have
largely been through cutting, manual weeding, fire, or herbicide application (Assis et al. 2020,
Padmanaba et al. 2017), drawing on the low labor costs in many developing countries (Nufiez &
Pauchard 2010). Despite some spectacular successes with classical biological control of crop pests
in tropical countries (Wyckhuys et al. 2020), the systematic application of this control method in
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the tropics to invasive species in nonagricultural systems is still mostly confined to Australia (Aust.
Dept. Agric. Water Environ. 2020) and Hawaii (Pejchar et al. 2020). There have also been impor-
tant successes with the eradication of mammals (Russell & Holmes 2015) and insect pests (Vreysen
et al. 2000) from tropical islands, but these have largely been carried out by, or in collaboration
with, nontropical governments and nongovernmental organizations. Attempts at local eradica-
tion of invasive ants in the tropics—often unsuccessful—have also been done largely in tropical
Australia and Hawaii, with a few on other tropical islands (Hoffmann et al. 2016). Funding also
appears to limit the widespread use of costly fencing to exclude vertebrate invasions (Pejchar et al.
2020).

One striking but poorly documented tropical-temperate difference is in the adaptation to and
use of invasive species. Tebboth etal. (2020) focus on the invasive shrub Prosopis juliflora in Ethiopia,
but their finding that perceptions of this species range from menace to resource could also be
applied to many other invasive plants and animals in the rural tropics, where a utilitarian attitude
to the flora and fauna, native or not, overrides other considerations. Furthermore, the neotropical
shrub Chromolaena odorata is widely used in both West Africa and tropical Asia, often for medicinal
purposes (Aigbedion-Atalor 2020, Phumthum et al. 2018). This is not just an issue in developing
countries: The attitudes of indigenous people to invasive vertebrates in northern Australia do not
align with the native/non-native dichotomy (Robinson et al. 2005), and this deviation is also true
of local people—particularly recreational hunters—in the Hawaiian Islands and elsewhere in the
Pacific (Lohr et al. 2014). Few invaders will likely ever be eradicated after establishment, except
on islands, and control efforts are rarely effective in preventing all adverse impacts, so adaptation
is as important for invasive species management as it is for climate change (Howard 2019).

Regional coordination and cooperation on invasive species research and action may be nec-
essary to curb invasions in the tropics. The proximity and connectedness of regional neighbors
argues for sharing information and experiences as well as a common regional policy on prevention
(Soliman et al. 2016). However, although regional cooperation on other environmental issues is
common in Southeast Asia, East Africa, and the Neotropics, the National Reports to the CBD
(CBD 2019) suggest that each tropical country tackles invasive species largely in isolation, relying
on global resources, such as the Global Invasive Species Database (ISSG 2015), rather than on
neighbors’ collective experience.

6. CONCLUSIONS: GOING FORWARD

There are far fewer documented examples of biological invasions in tropical than in temperate
regions, which could be due either to less research on tropical invasions or to tropical systems
being less invaded. In this review, we have highlighted many recent studies and examples of inva-
sions recorded from the tropics; most of this research has been on plants, with fewer (and largely
iconic) examples for animals that are concentrated on oceanic islands, and almost nothing on mi-
croorganisms. For plants, differences in invasions between tropical and temperate regions might
be due in part to light as a limiting resource, at least in the rain forest, but the lower availability
of soil phosphorus on average in the tropics (although with several exceptions) may also serve as
a partial explanation, at least for continental land masses. The interactions of invasive plants with
other biota could also play a role, for example, through differences in mycorrhizal associations
and the importance of dispersal mutualisms in tropical versus temperate ecosystems. For animals,
there are currently too few studies to allow us to develop clear principles about whether and how
their invasions differ between tropical and temperate systems, and this is an area in definite need

of further work.
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Apart from the limited patterns mentioned throughout Section 2, there is little compelling or
consistent evidence for large differences between tropical and temperate ecosystems in terms of
their inherent invasibility. Some differences between tropical and temperate invaders have been
documented in the types of traits that lead to their success and the way that they impact invaded
ecosystems, but the importance or consistency of these differences is far from clear. Comparisons
of invasions in tropical versus temperate regions require the careful separation of purely ecolog-
ical mechanisms from those relating to introduction effort and history. Any barriers to invasions
in tropical natural areas can often be overcome with increasing disturbance and availability of
propagules, and these two factors are tightly linked. Invaders of tropical savannas appear to be
mostly grasses from Africa, while some of the most important tropical ant invaders are from the
floodplains of South America. Both patterns suggest that pre-adaptations to disturbance regimes
in native ranges may assist their invasions into human-disturbed areas elsewhere. The impacts of
tropical invasions may be limited in large part by barriers to establishment; once disturbances and
propagule pressure are sufficient to overcome these barriers, the spread and impact of invasive
species correspondingly increase. Thus, invasions in tropical ecosystems may at least initially be
the passengers of change from disturbances, as is often the case in temperate systems. However,
positive feedback loops between invasions and disturbances may eventually result in the displace-
ment of natives and dominance by non-native species; this outcome is already apparent where
disturbed tropical ecosystems are invaded by C4 grass species that promote a fire cycle.

Greater recent international mobility and the growing scale of regional trade agreements, in-
frastructure projects, and investments have already put tremendous pressure on tropical ecosys-
tems in terms of land-use change and overexploitation. For this reason, we expect that pressures
from biological invasions are already underway. While trade protectionism and the impact of the
current coronavirus disease pandemic may have caused a slowdown or a pause in the movement
of people and goods, or even increased investment in biosecurity, any such impediment is only
temporary. As current development in tropical countries tracks that of temperate economies, the
state of the environment may converge toward the same eventual outcome: ecosystems that are
increasingly fragmented, degraded, and composed of non-native species. There is still a window
of opportunity to avoid this future in the tropics.

1. The vast majority of the international biological invasion literature is from temperate
regions, with minimal contributions from the tropics, except from some island systems.

2. There are now many examples of the establishment and spread of non-native plant and
animal species in the tropics, mostly in disturbed areas. Some cases of ecological impacts
have also been demonstrated in the tropics.

3. Nonetheless, well-studied tropical cases of successful invaders and their impacts are still

too few and too concentrated on oceanic islands to allow many general conclusions,
especially for animals.

4. There is some relatively weak evidence that tropical and temperate regions differ eco-
logically in terms of invasibility, or that tropical and temperate invaders differ in the
biological traits that determine their success or their impacts.

5. Successful establishment in tropical natural areas correlates with increasing
disturbance—in line with expectations from both equilibrium and nonequilibrium
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theories of invasibility—as well as with increasing propagule pressure, just as it does in
temperate regions.

6. The rising numbers of documented invasions and impacts in the tropics are a harbinger
of the calling in of invasion debt in tropical countries from recent economic development
as well as trade and income growth.

7. There is increasing awareness of the threat of biological invasions in tropical countries,
but there is a general underinvestment in scientific and management capacities, as well
as in regional coordination, to document and respond to this growing threat.

1. Recent syntheses, reviews, and meta-analyses that underpin current theory for invasion
biology draw mainly from literature from temperate regions, except for a few oceanic
island systems such as Hawaii, and there is a need to better understand the extent to
which this theory also applies to the tropics.

2. The mechanisms by which plant invasibility differs between tropical and temperate re-
gions need further investigation. These include the roles of resource limitation (e.g.,
light and soil phosphorus) and of biotic interactions, including those with soil biota and
root symbionts.

3. More studies of the impacts of invading species, especially animals, in the continental
tropics are required. These need to go beyond description and observations to experi-
ments (both manipulative and opportunistic), potentially including distributed experi-
ments to test hypotheses and quantify impacts on a pantropical or global scale.

4. Thereis a need to understand and predict how ongoing environmental changes resulting
from human activity, such as land use, pollution, and climate change, will influence future
invasions of the tropics and their impacts.

5. Cost-effectiveness and cost-benefit analyses are needed to inform the prioritization of
biosecurity measures and other prevention or control strategies to mitigate the poten-
tially growing impact of biological invasions in tropical countries, while at the same time
not overburdening them with financial and economic trade-offs.
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