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Abstract
Invasive species are a serious threat to biodiversity and human well-being worldwide, yet why only a small proportion of introduced species become invasive is
still poorly understood. Introduced plant success could be limited by barriers to 1)
seed production, 2) dispersal, 3) germination, 4) seedling and juvenile survival
and 5) growth. I investigated these barriers in 29 species, classified as invasive,
casual escapees, or non-invasive in Hawaiʻi, belonging to three plant families
(Acanthaceae, Apocynaceae, Bignoniaceae). I conducted three sets of
experiments to examine these barriers: pollen viability staining and handpollinating species that do not regularly produce seeds, outplanting seeds at two
field sites with and without competition and monitoring survival and growth of the
resulting seedlings through one year, and growing seedlings in the lab to
measure species traits. I found that
1. Four species had inviable pollen, as measured by pollen viability staining,
and failed to produce seeds. Calotropis gigantea (crownflower) produced
seeds only when hand-pollinated, indicating that natural seed set is
prevented by the lack of a pollinator.
2. Lack of dispersal mutualists limits the success of one species, and
possibly two additional species.
3. Germination was not a barrier for any of the species studied.
4. Competition with the naturally-assembled plant community reduced
survival in some non-invasives or casuals. Damage from herbivores in the
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field was correlated with lower survival of some species in the
Acanthaceae and Bignoniaceae, but not the Apocynaceae.
5. Seedlings of invasive species grown in pots had significantly higher RGR
and photosynthetic rates than non-invasives. In field seedlings, invasives
had higher RGR, greater specific leaf area in the absence of competition,
and, in the presence of competition, higher photosynthetic rates.
6. Three species in this study, though currently not invasive, had no
demonstrable barriers to invasion.
These studies are some of the first to explicitly document barriers to introduced
plant success, by comparing phylogenetically controlled invasive and noninvasive ornamental plants in the introduced range. My work contributes to our
understanding of invasions by documenting previously hypothesized, but poorly
tested, barriers associated with missing mutualists, biotic resistance due to
competition, and species traits.
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Chapter 1. Introduction
The Invasion Process
Biological invasions have attracted attention because of their severe impacts on
both the environment and human well-being (Pyšek and Richardson 2010; Vilà
et al. 2011; Simberloff et al. 2012). Research and communication have been
complicated by different concepts of what constitutes an “invasive species” and
several authors have attempted to create a standardized terminology for the field
(Richardson, Pyšek, et al. 2000; Colautti and MacIsaac 2004; Blackburn et al.
2011). These schemes have several tenets in common, most notably the
restriction of “invasive” to non-native, introduced organisms and the explicit
recognition of invasion as a process, with distinct barriers that prevent most
species from becoming invasive in a given area.

Here I focus on plant invasions, and present a simplified version of Blackburn et
al.'s (2011) diagram of the progression from introduction to invasion, with an
emphasis on the barriers that prevent most species from becoming invasive (Fig
1). An invasive species is introduced to a new range through human activity,
whether intentionally or unintentionally. Which species are transported by human
activity depends both on species characteristics, such as seed size, and on
human selection, including desirability as an ornamental (Hodkinson and
Thompson 1997). Once species overcome this geographical barrier, they are
considered “introduced” (stage II in Colautti and MacIsaac 2004; category B in
Blackburn et al. 2011) and many species remain in cultivation and do not move
beyond the introduced stage (Williamson and Fitter 1996; Caley, Groves, and
Barker 2007). The casual stage (category C0-2 in Blackburn et al. 2011)
includes species which are found outside of cultivation, especially along dispersal
pathways like roads, but do not establish reproducing populations. The barrier
that prevents species from becoming casuals includes an element of dispersal
ability and tolerance to the local environment (Richardson, Pyšek, et al. 2000).
Reproduction is the most important barrier between casual and naturalized
1

species, where naturalized species have locally reproducing populations (stage
III and IVb in Colautti and MacIsaac 2004; category C3 and D1 in Blackburn et al.
2011). Some naturalized species then spread widely beyond the boundaries of
their original population, overcoming a dispersal and survival barrier to become
invasive (stage IVa and V in Colautti and MacIsaac 2004; category D2 and E in
Blackburn et al. 2011). A subset of these species have serious ecological
impacts, for example by altering fire regimes (Brooks et al. 2004; Mandle et al.
2011) or nutrient cycling (Vitousek and Walker 1989; Vilà et al. 2011). While it
has become clear that a stage and barrier model best fits the dynamics of
invasion, the mechanisms and nature of the barriers that prevent most species
from becoming invasive are still poorly understood.

Fig 1. Invasions are best understood as a process, with barriers that prevent most
introduced species from becoming invasive. Grey bars represent barriers and the black
arrows indicate the decreasing number of species that progress through each barrier.
Survival and dispersal rates are important in the first barrier, low reproduction is a major
barrier between casual and naturalized, and low dispersal is an important barrier to
invasion.

Failed Invaders
Understanding why some introduced species fail to become invasive can
illuminate the process of and barriers to invasion (Zenni and Nuñez 2013). A
2

failed invader is an introduced species that is restricted to a stage of the invasion
process before the invasive stage. Failed invaders are most informative when
they have failed despite significant propagule pressure (Colautti, Grigorovich,
and MacIsaac 2006; Zenni and Nuñez 2013) and sufficient time to account for
lags (Crooks 2005; Caley, Groves, and Barker 2007; Daehler 2009), as these
two processes are expected to stochastically limit introduced species success, at
least for some time. Furthermore, comparisons with failed invaders answer
fundamentally different questions if the “failed” invader subsequently becomes
invasive (e.g., Nilsen and Muller 1980a; Nilsen and Muller 1980b).

Comparing failed invaders with invasive species in the introduced range can help
provide answers to some of the remaining quandaries of invasion biology. These
comparisons are useful in studies of invader traits because they account for
introduction bias, which affects the outcome of comparisons by implying that
these selected traits are associated with invasiveness, whereas in fact they are
associated with transportation by humans (Hodkinson and Thompson 1997; van
Kleunen et al. 2010). Comparisons between successful and failed invaders also
provide a powerful test of hypotheses about invader-native community
interactions, including the enemy release hypothesis, biotic resistance and the
role of mutualisms, by examining whether these interactions can promote or limit
the establishment and invasion of a new species (van Kleunen et al. 2010; Zenni
and Nuñez 2013). Unfortunately, such comparisons are still extremely rare, and
a quantitative assessment of the barriers that prevent some populations or
species from becoming invasive is even rarer (Zenni and Nuñez 2013).

Intrinsic (Trait-based or abiotic) Barriers
Here I offer a brief review of the traits associated with plant invasiveness that
arise from a comparison of invaders and failed invaders. The search for
characteristics that determine or predict invasion success in plants has been
sparked both by ecological hypotheses (Baker 1974) and the desire to identify
3

traits that could be used in risk assessments to predict and prevent invasive
species introductions (Daehler et al. 2004; Leung et al. 2012). These traits have
been extensively reviewed (Kolar and Lodge 2001; Hayes and Barry 2007; Pyšek
and Richardson 2007; van Kleunen, Weber, and Fischer 2010), and debated
(Thompson and Davis 2011) and some studies have found no link between the
traits measured and invasiveness (Bellingham et al. 2004; Muth and Pigliucci
2006). However, which traits are correlated with invasiveness depends on both
the stage of invasion considered (Kolar and Lodge 2001; Pyšek and Richardson
2007; Theoharides and Dukes 2007; Milbau and Stout 2008; Dawson, D.F.R.P.
Burslem, and Hulme 2009a; Pyšek, Krivánek, and Jarošík 2009), and whether
the invaders are compared with failed invaders or native species (Pyšek and
Richardson 2007; van Kleunen, Weber, and Fischer 2010; Zenni and Nuñez
2013). Phylogenetically controlled comparisons, especially comparisons
between congenerics, are more powerful in detecting differences between
invasive and non-invasive species than comparisons which do not account for
phylogeny (Pyšek and Richardson 2007).

Introduction history is often an important determinant of invasion success, and
can be considered a null model with respect to hypotheses of ecological
determinants of invasion success (Colautti, Grigorovich, and MacIsaac 2006).
Higher propagule pressure is an important predictor of invasion success in many
studies (Kolar and Lodge 2001; Hayes and Barry 2007; Theoharides and Dukes
2007; van Kleunen and Bucharova 2009; Pyšek, Krivánek, and Jarošík 2009;
Zenni and Simberloff 2013), but not in all (Dawson, D.F.R.P. Burslem, and Hulme
2009a). Greater residence time is often associated with naturalization and/or
invasiveness (Kolar and Lodge 2001; Milbau and Stout 2008; Dawson, D.F.R.P.
Burslem, and Hulme 2009a; Pyšek, Krivánek, and Jarošík 2009). A match
between native and introduced climates is also important in introduced species
success (Hayes and Barry 2007; Theoharides and Dukes 2007; Pyšek, Krivánek,
and Jarošík 2009; Zenni and Nuñez 2013).
4

Characteristics of seeds, including mass, germination rates, and seedling growth
are often associated with spread and establishment. A study of introduced plants
across several invasion stages in Tanzania found that large seed size increased
the likelihood of regeneration in a botanical garden and establishment in a forest,
but decreased the likelihood of naturalization in the garden (Dawson, D.F.R.P.
Burslem, and Hulme 2009a), and large-seeded species were more likely to
naturalize than small-seeded species in the Czech Republic (Pyšek, Krivánek,
and Jarošík 2009). Other studies across a range of taxa and locations have
found species with small seeds were more likely to be invasive than largeseeded species (Grotkopp, Rejmánek, and Rost 2002; Hamilton et al. 2005;
Schmidt and Drake 2011). High germination or emergence rates have also been
associated with invasiveness (Cervera and Parra-Tabla 2009; Stricker and Stiling
2013), as has vegetative reproduction (Kolar and Lodge 2001; Theoharides and
Dukes 2007; Milbau and Stout 2008).

Higher biomass (Burns and Winn 2006; van Kleunen, Weber, and Fischer 2010)
or growth rate in adults (Theoharides and Dukes 2007; Dawson, D.F.R.P.
Burslem, and Hulme 2009a), cuttings (Burns 2004), or seedlings (Grotkopp,
Rejmánek, and Rost 2002; Grotkopp and Rejmánek 2007; Stricker and Stiling
2013) and higher survival of seedlings (Cervera and Parra-Tabla 2009; Stricker
and Stiling 2013) are some of the most consistent differences between invasive
and introduced non-invasive species. Specific leaf area, measured as leaf area
divided by leaf mass, has also been positively correlated with invasiveness
(Grotkopp, Rejmánek, and Rost 2002; Hamilton et al. 2005; Grotkopp and
Rejmánek 2007). Some studies have found higher root investment in invasives
than non-invasives in Mediterranean ecosystems (Grotkopp and Rejmánek 2007),
while others found greater shoot investment (van Kleunen et al. 2011). A metaanalysis found increased plasticity in invasive species, but this may not always
confer an adaptive advantage (Davidson, Jennions, and Nicotra 2011), and other
studies found no difference in plasticity between invasive and non-invasive pines
5

(Matzek 2012), across a light gradient (van Kleunen et al. 2011) or across
nutrient and water gradients (Burns 2004).

Most studies of traits in invasive species have either compared invasive and
native species, or have used large datasets to compare non-native species
across a broad range (Pyšek and Richardson 2007). Very few studies have
experimentally examined the performance of invasives and non-invasives in a
common garden, especially while controlling for phylogeny (van Kleunen, Weber,
and Fischer 2010). These kinds of studies have the potential to yield greater
insight into how the patterns of traits, including germination, seedling survival,
growth rates and leaf traits, found on a broad scale translate into ecological
interactions and the success of individual populations of introduced species.

Extrinsic (Community-Based) Barriers
The role of biotic interactions in structuring plant communities has long been of
interest (Clements 1936; Gleason 1939) and has led to corresponding
hypotheses about the role of these interactions in determining invasion success
(Mitchell et al. 2006). Biotic interactions can limit or facilitate the establishment of
invasives species. Biotic resistance describes the ability of the existing
community to prevent a new species from establishing (Elton 1958), and in plants
is most often associated with plant competition or herbivory (Levine, Adler, and
Yelenik 2004). More complex biotic interactions may include apparent
competition, where native or invasive species support large numbers of
herbivores or pathogens that differentially affect their competitors (Mitchell et al.
2006). Many plants require animal mutualists as pollinators or seed dispersers;
where these mutualists are present, either in the native fauna or as co-introduced
exotics, they can facilitate invasion success, but their absence may prevent or
limit establishment (Richardson, Allsopp, et al. 2000).
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A meta-analysis of biotic resistance focused on three components: competition
with the native plant community, the effect of native herbivores, and the effect of
soil fungi on introduced species establishment (Levine, Adler, and Yelenik 2004).
The study found support for biotic resistance, in the form of decreased introduced
plant abundance, as a result of both competition and herbivory, but did not find a
significant effect of soil fungi (Levine, Adler, and Yelenik 2004). The role of soil
fungi is still poorly studied, and soil fungi can have both positive (i.e., enemy
release hypothesis, mycorrhizal associations) or negative (i.e., biotic resistance)
impacts on invasive plant performance (Reinhart and Callaway 2006; Inderjit and
van der Putten 2010).

The effect of competition with the native plant community depends on the
diversity of the community. Highly diverse communities, both taxonomically and
functionally, can be more resistant to invasion than low-diversity communities at
a local scale (Levine, Adler, and Yelenik 2004; Zavaleta and Hulvey 2004; Maron
and Marler 2007; Byun, de Blois, and Brisson 2013), though not necessarily at a
regional scale (Fridley et al. 2000; Levine 2000; Stohlgren et al. 2008). The
importance of diversity may depend not only on the invaded plant community, but
also on the characteristics of the invader (Ortega and Pearson 2005). Conflicting
results at different spatial scales may be due to negative effects of competition
on the small scale, but positive effects of habitat or resource heterogeneity which
drives diversity of both natives and invasives at larger scales (Byers and
Noonburg 2003). The strength of competition may also depend on overall
resource availability, where invaders are less likely to be limited by competition
when resources are not being used efficiently by the existing community (Davis,
Grime, and Thompson 2000), though other experimental studies have not shown
this interaction (Maron and Marler 2007; Going, Hillerislambers, and Levine
2009). Invasive species that are taxonomically or functionally different from
competitors in the existing community may face low biotic resistance and
naturalize readily on a local scale (Diez et al. 2008; Schaefer et al. 2011), though
this may not necessarily translate to high impacts (MacDougall, Levine, and
7

Gilbert 2009), and the opposite pattern is often seen at the regional level
(Daehler 2001; Diez et al. 2008; Diez et al. 2009). Despite the evidence for
competition as a mechanism of biotic resistance, it is unclear whether these
effects are capable of completely excluding non-native species, because most
experiments have used only successful invaders and examined differences in
abundance of invaders with and without competition (Levine, Adler, and Yelenik
2004).

Herbivory is also an important component of biotic resistance to non-native plant
establishment and invasion. Different functional guilds of herbivores differ in their
effectiveness at reducing plant establishment, where vertebrate grazers are more
effective at excluding species and causing seedling mortality than insects or
mollusks (Case and Crawley 2000; Levine, Adler, and Yelenik 2004), although
insects and mollusks can dramatically reduce non-native plant performance
(Erneberg 1999; Case and Crawley 2000; Strauss et al. 2009). Seed predators
can also effectively decrease introduced species abundance and may limit
spread (Maron and Vilà 2001; Nuñez, Simberloff, and Relva 2008). Herbivory
may be as effective or more effective than competition in reducing non-native
plant abundance or fecundity but can also interact with competition resulting in
either greater or lower net impact (Erneberg 1999; Case and Crawley 2000) and
the impact of herbivory may be more important later in establishment (Kempel,
Chrobock, et al. 2013). In a meta-analysis, native herbivores reduced non-native
species abundance, but not native abundance, while the reverse was true for
non-native herbivores (Parker, Burkepile, and Hay 2006), suggesting that biotic
resistance through herbivory may be a product of native, but not novel, herbivore
communities. Though the negative impacts of herbivory are well established, it is
still unclear whether herbivores, especially generalists, can completely prevent
an introduced plant species from establishing (Maron and Vilà 2001; Levine,
Adler, and Yelenik 2004).
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On the other side of the spectrum, the enemy release hypothesis proposes that
introduced species may be successful because they are freed from their natural
enemies, especially specialist herbivores and pathogens, but support for this
hypothesis is equivocal (Maron and Vilà 2001; Keane and Crawley 2002; Liu and
Stiling 2006). In several studies, no difference could be detected in the impact of
herbivores on natives compared to invasives (Strauss et al. 2009; Chun, van
Kleunen, and Dawson 2010; Dostál et al. 2013; Kempel, Chrobock, et al. 2013)
or invasive compared to non-invasive introduced species, where greater enemy
release was expected to explain increased invasiveness (Liu, Stiling, and
Pemberton 2007; Dawson, D.F. Burslem, and Hulme 2009; Kempel, Nater, et al.
2013).

Biotic interactions do not always have negative effects on introduced species;
mutualistic seed dispersers or pollinators from the existing community may
promote introduced species establishment and reproduction, while missing coevolved or generalist mutualists could inhibit establishment. Seed dispersal is
often considered a diffuse mutualism between functional groups, such as birds
and fleshy fruits, rather than a tightly co-evolved mutualism, and many seeds are
dispersed by universally present abiotic forces like wind. As such, lack of
dispersal mutualists may not limit introduced species in many systems, although
some species may become invasive more readily than others because of more
effective dispersal (Richardson, Allsopp, et al. 2000). For example, bird or
primate dispersal syndrome was associated with spread within a tropical
botanical garden and from the garden to the forest (Dawson, D.F.R.P. Burslem,
and Hulme 2009a).

Pollination runs the full range of mutualisms, from species-specific, tightly coevolved mutualisms to general pollination syndromes to abiotic mechanisms.
Many plants adapted to pollination by a particular functional guild of insect can be
pollinated by exotics, especially the honeybee Apis mellifera (Abe et al. 2010), in
their introduced range, or by native species from the same functional guild
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(Richardson, Allsopp, et al. 2000; Morris et al. 2007; Sargent and Ackerly 2008).
By attracting resident pollinators, invasive species can disrupt native plantpollinator webs and sometimes out-compete native plants for pollinator services
(Aizen, Morales, and Morales 2008; Bartomeus, Vilà, and Santamaría 2008;
Morales and Traveset 2009). Plants with very specific pollination mutualisms,
including orchids and figs, may be limited in their introduced range by lack of
pollinators (Richardson, Allsopp, et al. 2000). Non-native figs (Ficus) in Florida
and New Zealand were non-invasive until their species-specific fig wasp
pollinators arrived, which allowed the figs to set seed and spread aggressively
(Nadel, Frank, and Knight 1992; Gardner and Early 1996). A bee-pollinated
invasive plant in North America had reduced seed set in some locations as a
result of low pollinator visitation, but reduced seed set did not prevent invasion
(Parker 1997).

Research Questions and Dissertation Outline
While research to date has indicated that species traits, biotic resistance, and the
presence or absence of key mutualisms may all affect invasion success, the
conclusions that can be drawn are strongly limited by the lack of studies that
compare successful and failed invaders experimentally (Richardson, Allsopp, et
al. 2000; Levine, Adler, and Yelenik 2004; van Kleunen et al. 2010; van Kleunen,
Weber, and Fischer 2010). This dissertation examined the role of both species
traits and biotic interactions in explaining the failure of introduced plant species to
become invasive. To focus on traits and interactions, I accounted for propagule
pressure by using only species which have been present in Hawaiʻi for at least 50
years and have been widely planted. I also accounted for adaptation to the
abiotic environment by using only tropical species and by matching species
habitat adaptations with field and lab conditions. I compared the performance of
29 phylogenetically-controlled invasive, casual and non-invasive introduced
ornamental plants (Table 1) across a variety of potential barriers (Fig 2),
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including barriers to seed production, dispersal, germination, and seedling
survival and growth to address the following questions:
1. Do pollination, seed dispersal, germination, seedling survival, and/or
seedling growth rate pose barriers to invasion success in introduced
ornamental plants?
2. Are species traits, including leaf traits, growth rate and photosynthetic rate,
associated with invasion success or failure?
3. Does plant competition or herbivory in the field (biotic resistance) limit
establishment of non-invasive introduced plants?
4. Does the frequency of different types of barriers depend on phylogenetic
family?
5. Do casual species and non-invasive species found only in cultivation
experience different barriers?

In chapter 2, I discuss the results of pollen viability and hand-pollination
experiments in eight species that do not regularly set seed in Hawaiʻi. These
experiments examine the likely causes of seed production failure in these noninvasive and casual species.

Chapter 3 explores germination, seedling survival, and seedling traits including
leaf traits, growth rate, and photosynthesis in a common garden field experiment
conducted at two sites on the island of O’ahu. This experiment used 21 species
in three families that are classified as invasive, casual or non-invasive in Hawaiʻi
and examined biotic resistance using competition presence and absence
treatments and measures of natural herbivory. I measured the effect of biotic
resistance on species traits and on seedling survival after one year in common
gardens.

To complement the results of the field study, chapter 4 presents seedling growth
rates, photosynthetic rates, and allocation patterns from seedlings raised in pots
11

in a more controlled environment. I used the same suite of species in this
laboratory-based experiment as in the field experiment.

Chapter 5 summarizes the results of these studies by assessing the ability of the
tested barriers to explain invasion failure. I discuss the frequency of each type of
barrier, the likely strength of each barrier, and patterns in barriers across
phylogenetic family. I emphasize the utility of this approach in revealing the
mechanisms of both successful and failed invasions, and encourage future
comparisons between successful and failed invaders

12

Table 1. Ornamental introduced species in three plant families that have been cultivated
in Hawaiʻi for at least 50 years, but with varying degrees of invasion success. These
species were used to study barriers to invasion that occur in seeds, seedlings, and
juveniles.
Category*
invasive
invasive
casual
casual
casual
casual
non-invasive
non-invasive
non-invasive
invasive
invasive
casual
casual
casual
non-invasive
non-invasive
non-invasive
non-invasive
non-invasive
invasive
invasive
casual
casual
non-invasive
non-invasive
non-invasive
non-invasive

Family
Acanthaceae
Acanthaceae
Acanthaceae
Acanthaceae
Acanthaceae
Acanthaceae
Acanthaceae
Acanthaceae
Acanthaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae

Species Name
Asystasia gangetica (L.) T. Anderson
Justicia betonica L.
Hemigraphis alternata (Burm. f.) T. Anderson
Megaskepasma erythrochlamys Lindau
Odontonema cuspidatum (Nees) Kuntze
Thunbergia laurifolia Lindl.
Graptophyllum pictum (L.) Griff.
Pseuderanthemum carruthersii (Seem.) Guillaumin
Thunbergia erecta (Benth.) T. Anderson
Catharanthus roseus (L.) G. Don
Thevetia peruviana (Pers.) K. Shum.
Calotropis gigantea (L.) W.T. Aiton
Hoya australis R. Br. ex J. Traill
Stemmadenia litoralis (H.B.K.) Allorge
Allamanda cathartica L.
Carissa macrocarpa (Eckl.) A. DC.
Marsdenia floribunda Brogn.
Nerium oleander L.
Plumeria rubra L.
Dolichandra unguis-cati (L.) L.G. Lohmann
Spathodea campanulata P. Beauv.
Tabebuia heterophylla (DC.) Britton
Tecoma stans (L.) Juss. ex Kunth
Handroanthus impetiginosus (Mart. Ex DC.) Mattos
Kigelia africana (Lam.) Benth.
Pyrostegia venusta (Ker Gawl.) Miers
Roseodendron donnell-smithii (Rose) Miranda
Tabebuia aurea (Silva Manso) Benth. & Hook. f. ex
non-invasive
Bignoniaceae
S. Moore
non-invasive
Bignoniaceae
Tecoma capensis (Thunb.) Lindl.
*Invasiveness was determined by examining naturalization records (Wagner, Herbst,
and Sohmer 1999; Lau and Frohlich 2012; Wagner et al. 2012).
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Habit
Shrub
Shrub
Herb
Shrub
Shrub
Vine
Shrub
Shrub
Shrub
Shrub
Tree
Shrub
Vine
Tree
Vine
Shrub
Vine
Shrub
Tree
Vine
Tree
Tree
Tree
Tree
Tree
Vine
Tree
Tree
Shrub

Fig 2. Key questions and potential barriers considered for both invasive and non-invasive introduced ornamentals in Hawaiʻi. I
expect invasive species to pass through the flow chart with no obvious barriers, while non-invasive and casual introduced species
should be limited by one or more barriers.
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Chapter 2. Invasion of Ornamental Plants is Limited
by Sterility and Lack of Pollinators
Jennifer L Bufford and Curtis C Daehler

Abstract
Aim Mutualisms, including pollination, have been hypothesized to influence
establishment and success of introduced species. However, lack of pollinators
has rarely been demonstrated as a barrier to plant invasion. We examined
barriers to seed set in nine introduced non-invasive tropical ornamental plants
which do not regularly produce seeds in Hawai'i.
Location Hawai'i
Methods We tested for pollen viability using 1% thiazolyl blue tetrazolium
bromide (MTT) stain. We also hand-pollinated flowers and examined
subsequent fruit set.
Results We found that four species had non-viable pollen, as measured by
pollen staining, and failed to produce seeds. By contrast, the milkweed
Calotropis gigantea produced seeds only when hand-pollinated, indicating that
natural seed set is prevented by a lack of pollinators. The remaining four species
apparently had viable pollen, but did not set seed when hand-pollinated. Seed
set in these species may be limited by lack of compatible mates.
Main Conclusions We document one of the first concrete examples of a lack of
pollinator services inhibiting invasion success in a species outside of the genus
Ficus. Barriers to seed production can function as early barriers to invasion
success and help explain why some ornamental species do not spread much
beyond deliberate plantings. Understanding these early barriers can help us
evaluate the future invasion risks posed by these species.
Keywords
Biological invasions, failed invaders, mutualism, ornamental plants, pollination,
sterility
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Introduction
Invasive species are introduced to a novel range through human activity,
establish reproducing populations, and spread widely, often causing serious
ecological and economic harm (Richardson, Pyšek, et al. 2000; Blackburn et al.
2011; Vilà et al. 2011). Many introduced species do not become invasive, but
the barriers that prevent species from successfully invading are poorly
understood (van Kleunen et al. 2010; Zenni and Nuñez 2013). Understanding
these barriers can yield insights into invasion biology theory and invasive species
management and can further our understanding of the role of mutualisms and
plant-animal interactions in determining the ecological properties and species
composition of a community (Richardson, Allsopp, et al. 2000; Shea and
Chesson 2002; Wilcock and Neiland 2002; Mitchell et al. 2006; Zenni and Nuñez
2013).

Reproduction is an essential part of the transition in introduced plants from noninvasive to invasive (Blackburn et al. 2011). Species or populations may fail to
become invasive because they either do not reproduce, or reproduce
sporadically but do not persist (stages C1 and C2 respectively in Blackburn et al.
2011). Interactions with the existing plant and animal community can affect the
success or failure of establishment (Richardson, Allsopp, et al. 2000; Zenni and
Nuñez 2013). Some plants are dependent on animal pollinators, especially
insects, for reproduction; thus the presence or absence of suitable pollinators
may affect plant community composition and the establishment of new plant
species (Wilcock and Neiland 2002). It has been hypothesized that missing
pollinators might limit invasion success, especially in specialized plant-pollinator
mutualisms (Richardson, Allsopp, et al. 2000). Some studies have found
evidence for pollen limitation in invasive species, potentially slowing their spread
(Parker 1997; Parker and Haubensak 2002), while others have found that
invasive species are sufficiently pollinated (Iponga 2010; Powell, Krakos, and
Knight 2010; Rodger, van Kleunen, and Johnson 2010), or are able to selffertilize in the absence of pollinators (van Kleunen et al. 2008; Powell, Krakos,
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and Knight 2010). By contrast, pollinator limitation of non-invasive introduced
species has rarely been tested empirically and has been demonstrated only in
figs (Nadel, Frank, and Knight 1992).

Our study tested whether non-invasiveness in some introduced species could be
attributed to pollination barriers. We examined nine species of introduced
tropical ornamental plants that rarely or never set fruit and are not invasive in
Hawai'i in order to investigate the mechanisms that prevent natural seed set. We
conducted hand-pollinations to test whether the low invasion potential of these
species in Hawaiʻi can be explained by lack of pollinators or genetic infertility,
both of which are barriers to seed set, and thus invasion. We also used viability
staining to test the hypothesis that low male fertility is a barrier to seed set in
these species.

Methods
Species
We examined pollination barriers in ornamental species which are not invasive in
Hawai'i to determine if sterility or lack of pollinators could explain invasion failure.
As part of a larger experiment on barriers to invasion, potential species were
compiled from a variety of sources (Rock 1917; Neal 1965; Clay and Hubbard
1977; Rauch and Weissich 2000; Daehler et al. 2004; Wood 2005). Only species
widely planted as ornamentals with a minimum residence time (Richardson and
Pyšek 2006) of at least 50 years, as determined by the earliest record in the
Bishop Museum Herbarium (http://www2.bishopmuseum.org/natscidb), were
considered, so that all species have had opportunity to invade (Daehler 2009).
This study examined nine tropical species in three families (Acanthaceae,
Apocynaceae, Bignoniaceae), which local observations and records (Staples and
Herbst 2005) indicate did not produce seeds or only rarely produce seeds in
Hawai'i (Table 2).
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Table 2. Species studied for sterility or pollinator barriers to seed set and invasion.
Family
Acanthaceae
Acanthaceae
Acanthaceae
Acanthaceae
Acanthaceae
Acanthaceae
Apocynaceae
Apocynaceae

Species Name
Graptophyllum pictum (L.) Griff.
Hemigraphis alternata (Burm. f.) T. Anderson
Odontonema cuspidatum (Nees) Kuntze
Pseuderanthemum carruthersii (Seem.) Guillaumin
Thunbergia erecta (Benth.) T. Anderson
Thunbergia laurifolia Lindl.
Allamanda cathartica L.
Calotropis gigantea (L.) W. T. Aiton

Habit
Shrub
Herb
Shrub
Shrub
Shrub
Vine
Vine
Shrub

Bignoniaceae

Pyrostegia venusta (Ker Gawl.) Miers

Vine

Phenology and Floral Observations
Species growing in gardens and landscaping on the island of O’ahu, Hawai'i
were observed at a variety of times throughout the year. Floral observations,
pollen collection, and hand-pollinations were conducted at a variety of sites,
including botanical gardens, campus landscaping, and street landscaping.
Because these species are primarily propagated from cuttings, the genetic
diversity is unknown, and even plants from two different sites may be genetically
similar or identical. Four species (P. carruthersii, T. erecta, C. gigantea, A.
cathartica) have at least two morphologically distinct cultivars in Hawaiʻi.
Observations intentionally incorporated this local genetic variation and hand
pollinations were conducted between cultivars (C. gigantea, A. cathartica) or both
within and between cultivars (P. carruthersii, T. erecta).

Pollen Stainability
Pollen was collected from approximately five flowers per plant, depending on the
number of available flowers. Pollen stainability was tested for individual plants,
but when overall pollen availability was low, or individual plants could not be
distinguished, pollen was combined from flowers within a site. To attain a
representative sample, 4-14 plants (mean = 8) in 3-6 locations (mean = 4) were
sampled, with the exception of H. alternata. Pollen was kept on ice and stained
within a few hours of collection (range = <1 to 9 hours, mean = 3 hours). There
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was no significant negative correlation between time before staining and
stainability for any species (data not shown). Pollen was smeared on a glass
slide and stained with 1% thiazolyl blue tetrazolium bromide (MTT) in 1% or 5%
sucrose. Up to 300 pollen grains per slide were scored as stained or unstained
using a compound microscope after at least 30 minutes of incubation in the stain
(Rodriguez-Riano and Dafni 2000). Pollen grains that were purple or maroon in
color were considered stained, where the proportion stained provides an
estimate of overall pollen viability (Dafni and Firmage 2000). Mean stainability
was calculated using the stainability of pollen collected from a single individual or
location on a particular day as a replicate. Because the sterility of H. alternata
throughout its cultivated range has been well-established (Bremekamp 1944;
Moylan, Pennington, and Scotland 2002; Staples and Herbst 2005), and because
flowers of H. alternata produced very little pollen, pollen stainability for this
species was tested from a single location, and hand-pollinations were not
conducted.

Hand-Pollination
We added pollen by hand to flowers of each species, except H. alternata. Nonself pollen, from a different location or cultivar where possible, was used for hand
pollinations. Pollen from multiple flowers and individuals was combined,
transported cold, and applied to the stigmas of conspecifics with a paintbrush or
tweezers. Pollen was added until pollen clumps were visible on the stigma. For
each species, 32-153 flowers (mean = 68) from 4-14 plants (mean = 10) in 2-6
(mean = 4) locations were hand pollinated and plant was considered the unit of
replication. Flower age could not be determined, so a range of available flowers
with healthy-looking stigmas was used and pollinations were conducted
throughout the day. Flowers and inflorescences were marked and checked
several weeks after hand pollinations to examine fruit set. Unmanipulated
flowers (n = 31-303, mean = 79) were also marked to examine natural rates of
fruit set, and any fruit observed, including fruit from unmarked flowers, was
recorded.
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Results
Pollen Stainability
Mean pollen stainability was less than 15% in four species: Hemigraphis
alternata, Graptophyllum pictum, Pseuderanthemum carruthersii, and Pyrostegia
venusta (Fig 3). All four of these species had a high percentage of pollen grains
that appeared shriveled. These pollen grains appear otherwise normal, but do
not expand in the sucrose solution and do not stain (Fig 4). At the opposite
extreme, pollen stainability was over 70% in Calotropis gigantea and Thunbergia
erecta. Pollen stainability was between 25% and 50% in the remaining three
species (Odontonema cuspidatum, Allamanda cathartica, Thunbergia laurifolia).
These five species with stainability over 25% had fully expanded pollen and the
cytoplasm was clearly visible.

Percent Stainable Pollen
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Fig 3. Percent stainable pollen, using the MTT stain, for nine ornamental species that
are not invasive and do not set seed in Hawai'i. Bars indicate the mean stainability
averaged across individual and collection day (n= 5-19, except Hemigraphis alternata
n=2) Error bars are ± 1 SE.
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Fig 4. Pollen grains of eight ornamental, non-invasive species studied, stained with MTT.
A purple color indicates viable pollen. The black scale bar is 50 µm for all pictures
except A (10 µm) and H (0.5 mm). A) Hemigraphis alternata, B) Graptophyllum pictum,
C) Pseuderanthemum carruthersii, D) Odontonema cuspidatum, E) Thunbergia laurifolia,
F) Thunbergia erecta, G) Allamanda cathartica, H) Calotropis gigantea. Pollen shown in
A-C is unstained and presumed inviable.

Hand Pollination
Hand pollination resulted in fruit set in only one species, Calotropis gigantea, with
a mean success rate of 50 ± 9% (Table 3). The seeds produced subsequently
germinated with 100% success rate in incubators (J Bufford unpublished data).
None of the unmanipulated flowers, of any species, produced fruit, nor were any
natural fruit observed with the exception of three species. Fruit were observed
sporadically on Thunbergia erecta in late spring at multiple sites. At peak fruiting,
a hedge of about 9 individuals had 22 fruits, but when dissected these fruits only
yielded 9 fully formed seeds (out of 88 possible seeds). Fruit production was
sporadic and a nearby hedge of three plants produced no fruit. During the entire
study, only three fruit were seen on Thunbergia laurifolia and whether the seeds
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were fully formed is unknown. However, because T. laurifolia is a vine which
grows through and over tall trees, the entire plant could not be seen. In hedges
of Odontonema cuspidatum, only six fruits were observed, most of which
disappeared, but a closer inspection of two suggested that they were empty.

Table 3. Results of hand-pollination of eight ornamental species that do not set fruit or
invade in Hawai'i.
Species
Family
Sites
Flowers
Fruits
Time
Collected Pollinated Produced of Year
Allamanda
Apocynaceae
4
32
0
Julycathartica
Aug
Calotropis gigantea Apocynaceae
3
49
23
JuneJuly
Pyrostegia venusta Bignoniaceae
4
145
0
Feb,
March,
May
Graptophyllum
Acanthaceae
2
39
0
July
pictum
Odontonema
Acanthaceae
3
97
0
Jan,
cuspidatum
July
Pseuderanthemum Acanthaceae
6
69
0
Junecarruthersii
Aug
Thunbergia erecta
Acanthaceae
5
44
0
AprilMay
Thunbergia
Acanthaceae
4
40
0
Jan,
laurifolia
June

Additional Observations
In the process of conducting these experiments, we observed these plants
sporadically over the course of two years, primarily in early spring to late summer,
when plants were blooming. Here we present our observations about the
reproductive biology of these species, which may prove useful in future studies
(Table 4).
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Table 4. Observations on floral morphology, visitation and phenology made during pollen collection and hand-pollination.
Species
Family
Floral Morphology
Floral Visitors
Flowering
Other Observations
Phenology
Allamanda
Apocynaceae
Pistil, anthers at
Year-round
Anthers directly above
cathartica
narrow corolla base,
stigma, self pollen deposited
blocked by dense
on stigma
hairs
Calotropis gigantea
Apocynaceae
Pollinia, stigmatic
A. mellifera1
Year-round
Outbreaks of D. plexippus
slits
Danaus
larvae result in defoliation and
plexippus1
stops flowering
Pyrostegia venusta
Bignoniaceae Exerted pistil with 2Apis mellifera1,2
Peak bloom
Stigma lobes close when
lobed stigma
Syrphid fly3
Feb-May
touched
Graptophyllum
Acanthaceae
Highly zygomorphic
pictum
Hemigraphis
Acanthaceae
Little pollen
alternata
produced
Odontonema
Acanthaceae
Long style only
Ants1
Year-round
cuspidatum
(heterostylous)
Pseuderanthemum
Acanthaceae
Protandrous
A. mellifera,
Year-round
Var. carruthersii produces
carruthersii
Xylocopa
more pollen
2
sonorina
Thunbergia erecta
Acanthaceae
X. sonorina2
Peak bloom
Ants1
Feb-May
2
Thunbergia laurifolia
Acanthaceae
X. sonorina
Year-round
A. mellifera2,3
Ants1, Earwigs1
1
2
no contact observed with floral reproductive parts, nectar robber, 3collect pollen only
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Discussion
We found evidence that seed production in introduced non-invasive ornamental
plants is limited by male sterility or lack of pollination services. For some species,
the barrier that prevents seed set could not be determined, but may be related to
self-incompatibility and limited genetic stock in cultivation. Low pollen viability, as
indicated by pollen staining, is a barrier to seed set and invasion in four species
(Graptophyllum pictum, Hemigraphis alternata, Pseuderanthemum carruthersii,
Pyrostegia venusta). These species are popular ornamental and medicinal
plants around the tropics. We never observed fruit on any of these species, all of
which are artificially propagated through vegetative cuttings (Staples and Herbst
2005). The cause of pollen sterility in these species is unknown, but may be the
result of hybridization, horticultural selection, or vegetative propagation of a
single or few genetic cultivars, which allows otherwise deleterious reproductive
mutations to persist (Zohary 2004). The native range or closest wild relatives of
G. pictum, H. alternata and P. carruthersii are obscured because the species
have been in cultivation for so long (Bremekamp 1944; Moylan, Pennington, and
Scotland 2002; Staples and Herbst 2005). Meiosis in G. pictum, a proposed
polyploid, is irregular and results in the production of pollen grains of different
sizes, which could explain the high pollen sterility found in this study and others
(Grant 1955; Lakshmi and Rao 1977). Fruits have been found in New Guinea, its
hypothesized native range, but not in cultivation in most of the tropics, and only a
few fruits have apparently been observed in Hawai'i (Staples and Herbst 2005).
H. alternata has sterile pollen and no fruit set across its native or introduced
range (Bremekamp 1944; Moylan, Pennington, and Scotland 2002; Staples and
Herbst 2005). P. venusta, a native of Brazil (Pool 2008), has been studied in
India, where low pollen viability (Aswath, Gowda, and Joshi 1990) or low pollen
germination and incomplete pollen tube growth (Chauhan, Yadav, and Yadav
1987) have been observed. Pyrostegia venusta is described as setting seed in
some areas of India, where the climate is similar to Hawai'i (Singh, Rana, and
Chauhan 2009), but not in other areas (Bor and Raizada 1982), and at least
some specimens are thought to be sterile triploids (Joshi and Hardas 1956). In
24

its native range, P. venusta is self-compatible and apparently reproduces by
seed (Gobatto-Rodrigues and Stort 1992). Therefore, it seems likely that sterility,
possibly the result of a polyploid event that occurred in cultivation, is preventing
spread and invasion of P. venusta in Hawai'i.

Male or female sterility is of particular interest to horticulturalists as a means of
reconciling the demand for introduced ornamental plants with the growing
ecological and economic need to minimize the risk of introducing new invasive
species (Li et al. 2004; Vining et al. 2012). Sterility can be induced through
transgenic techniques (Li et al. 2004), through interspecific hybridization, or
through chemically-induced polyploidy to create triploid plants, which are sterile
because of errors in meiosis (Vining et al. 2012). Of the four species in this study
with low male fertility, only H. alternata escapes from cultivation, and this is a
result of vegetative spread (Meyer and Lavergne 2004). This emphasizes the
utility of sterile cultivars, which have a low risk of invasiveness as long as further
hybridization or allopolyploidy does not restore fertility (Lee 2002; Ainouche et al.
2008). Though we did not find evidence of deliberate selection for sterility in
these species, our findings suggest that horticultural selection for sterility may
readily yield additional low-risk, sterile cultivars of popular ornamental
Acanthaceae.

Hand pollination did not result in seed production in four species (Allamanda
cathartica, Odontonema cuspidatum, Thunbergia laurifolia, Thunbergia erecta),
despite 25-75% stainable pollen. These findings highlight the difficulty of
explaining the failure of pollen additions to produce fruit, despite stainable pollen.
Possible explanations include female sterility, pollen sterility that was not
reflected by the pollen stain, or incompatibility between existing cultivars because
of high genetic similarity. Though lack of seed set in our experiment could also
be due to a mismatch between the timing of hand pollination and timing of stigma
receptivity, or of poor pollen placement or retention on the stigma, this still would
not explain why fruit set does not naturally occur.
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We did not observe fruit set in A. cathartica in Hawai'i, though fruit set of an
unusual cultivar has apparently been observed (Staples and Herbst 2005). Nor
is fruit set normally observed in India, where it is also introduced, although pollen
viability is high (Padhye and Kate 1977; Bor and Raizada 1982). Fruits were
similarly absent in southern China, Fiji and Brazil, despite abundant flowers (C
Daehler, J Bufford, personal observation). Other studies have suggested that
pollen germination in vivo is limited by the chemical composition of stigmatic
exudates, thus preventing fertilization and seed set (Padhye and Kate 1977;
Sreekala and Sreedevi 2001). This might indicate a type of self-incompatibility
as a result of low genetic variation in cultivated stock, which is distinct from the
‘wild-type’ (Staples and Herbst 2005).

Odontonema cuspidatum is widely cultivated in the Pacific islands and has
escaped cultivation to become locally established on several islands, likely as a
result of vegetative propagation (Meyer and Lavergne 2004). Natural vegetative
propagation can increase invasion potential in some systems (Theoharides and
Dukes 2007; Burns 2008), but not all (Sutherland 2004). There is no evidence of
more than occasional seed production in O. cuspidatum (Meyer and Lavergne
2004; Staples and Herbst 2005). Fruits are rare and seeds are largely inviable in
Puerto Rico (Francis 2004). In its native range in southern Mexico it is
heterostylous (Daniel 1995), visited by butterflies (Zika and Cardoso 2001) and
hummingbirds and routinely sets fruit (Daniel 1995). Only the long-styled (pin)
form is present in Hawai'i (J Bufford, personal observation) and the Pacific
(Meyer and Lavergne 2004), so intra-morph incompatibility may explain low fruit
set. Squashed stigma stains suggest that pollen tube formation is incomplete in
Hawai'i (J Bufford, personal observation).

Thunbergia laurifolia spreads vegetatively and is considered a serious weed in
Australia, is naturalized on Tahiti and Fiji (Meyer and Lavergne 2004) and can be
found in locally dense patches in Hawai'i (Wagner, Herbst, and Sohmer 1999;
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Staples and Herbst 2005; Wagner et al. 2012). In India it does set fruit (Bor and
Raizada 1982) and it is thought to be bee-pollinated (Schonenberger 1999).
Similarly, T. erecta is bee-pollinated and its non-invasiveness in most Pacific
Islands has been attributed to lack of pollination services (Meyer and Lavergne
2004), though bees are present on most islands. It is apparently cultivated by
seed in some regions (Staples and Herbst 2005). In Hawai'i, the Sonoran
carpenter bee (Xylocopa sonorina) robs nectar, rather than pollinating T. erecta
(Barrows 1980). It remains unclear what limits seed set in T. laurifolia and T.
erecta in Hawai'i and elsewhere in the tropics, though incompatibility between
individuals in cultivation is a possibility. Further research on these two
Thunbergia species in particular is necessary to provide insight into which stages
of pollination and fertilization are failing in their introduced range.

If seed set in these four species (A. cathartica, O. cuspidatum, T. erecta, T.
laurifolia) is limited by the lack of compatible mates, their low risk of invasiveness,
beyond vegetative spread, is dependent on the exclusion of a compatible mate.
If compatible mates exist in cultivation elsewhere, the introduction of these
cultivars could lead to higher seed set and greater invasiveness. If compatible
mates are not found in cultivation, for example because of high genetic similarity
in cultivars throughout the tropics, then the risk of invasiveness associated with
seed production is likely to remain low over time.

Lack of pollination services limits seed set and invasiveness in Calotropis
gigantea in Hawai'i. C. gigantea is native to south and southeast Asia and its
flowers are pollinated by several large Xylocopa species in its native range
(Wanntorp 1974; Ramakrishna and Arekal 1979). Xylocopa sonorina, found in
Hawai'i, is slightly smaller than some of the proposed Xylocopa pollinators in
India (Wanntorp 1974; Ramakrishna and Arekal 1979), and therefore may not
have the right physical configuration to effect pollination. Furthermore, X.
sonorina is often a nectar robber in Hawai'i (Barrows 1980) and was not seen
landing on flowers of C. gigantea (J. Bufford, personal observation). This
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strongly suggests that X. sonorina is not pollinating C. gigantea in Hawai'i, thus
limiting the invasion success of this plant. Interestingly, Calotropis procera, a
more recent introduction to Hawai'i, has slightly smaller flowers, which are
pollinated by Xylocopa spp. in Israel and Africa (Eisikowitch 1986). This species
sets seed readily in Hawaiʻi (Parker and Parsons 2012a), and appears to be
spreading outside of cultivation (Staples and Herbst 2005).

The presence or absence of mutualist pollinators has been hypothesized to play
a role in the success or failure of invasions (Richardson, Allsopp, et al. 2000).
The wide distribution and high abundance of introduced generalist pollinators,
especially European honeybees (Apis mellifera), reduces the likelihood that a
plant would receive no pollination services, unless the plant presents a
specialized pollination syndrome (Richardson, Allsopp, et al. 2000). The most
specialized plant groups include orchids, figs and milkweeds (Johnson and
Steiner 2000). While some studies have shown that pollen limitation can slow
spread in introduced invasive species (Parker 1997), and the absence of
mutualist pollinators prevents the establishment or spread of specialized figs
(Nadel, Frank, and Knight 1992), a study of invasive milkweeds in Australia found
that they could interact flexibly with a variety of related insect species, avoiding
pollinator limitation (Ward and Johnson 2013). Concrete, field-based examples
of reduced invasiveness because of pollinator limitation are few (Richardson,
Allsopp, et al. 2000), so the clear demonstration of such a barrier in C. gigantea
in Hawai'i is especially interesting. In figs, the arrival of fig wasps has resulted in
the production of seeds and invasive spread of some species of fig (Nadel, Frank,
and Knight 1992). Should an appropriate pollinator for C. gigantea arrive in
Hawaiʻi, it could become invasive (Staples and Herbst 2005; Cavalcante and
Major 2006). The large carpenter bees that pollinate C. gigantea in its native
range would be easier to detect than fig wasps as an accidental arrival and are
not likely to be introduced deliberately. Therefore, while the risk of invasion
following pollinator introduction is substantial, screening could reduce the risk of
the introduction of an appropriate pollinator for C. gigantea.
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Conclusion
We examined nine species of ornamental plants that generally fail to produce
seeds, and found that sterility and lack of pollination services were barriers that
reduced invasion potential. By assessing pollen stainability, we found that low
pollen viability was a common barrier to seed set (four of nine species). A lack of
compatible mates (e.g., genetic incompatibility) in cultivation could explain seed
set failure in most other cases (four of nine species), but more definitive tests are
needed. Using hand pollinations, we found that only one of the nine species
assessed was limited by lack of pollination services. This is one of the first
concrete demonstrations of lack of pollinators as an apparently complete barrier
to seed set, and thus invasion, for an introduced species outside of the figs.
Vegetative reproduction has allowed some of these species to spread locally,
creating a management concern in some areas. Nonetheless, the failure of
these species to produce seeds has clearly limited their invasive potential and by
understanding the nature of these barriers to seed production, we are better able
to assess the risks of future invasion by these popular ornamentals.
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Chapter 3. Biotic Resistance to Invasion of Tropical
Ornamentals
Jennifer L Bufford, Matthew Lurie, and Curtis C Daehler

Summary
1. We investigated the role of biotic resistance and species traits in limiting
the establishment of introduced non-invasive and casual plant species in
mesic environments in Hawai'i, where non-invasive species are found only
in cultivation and casual plant species are locally or occasionally found
outside cultivation.
2. Seeds of 21 species of common woody ornamentals in three plant families
(Acanthaceae, Apocynaceae, Bignoniaceae) that are non-invasive, casual
or invasive in Hawai'i were outplanted at two field sites. We measured
germination of seeds and growth and survival of seedlings for one year in
plots with and without competition from the naturally-assembled
community, which was entirely non-native.
3. Competition reduced survival in some species, mostly non-invasive or
casual species. Damage from the existing community of herbivores was
correlated with lower survival in species across invasion categories for the
Acanthaceae and Bignoniaceae, but not the Apocynaceae.
4. Non-invasive and casual species had lower survival and growth rates and
lower photosynthetic rates in competition than invasive species. Noninvasives without competition also had lower specific leaf area than
invasives and casuals.
5. We found evidence for barriers to invasion in some non-invasive and
casual species, including low growth rate, low survival, or low survival in
the presence of competition. By contrast, five of the six invasives flowered
and three began setting fruit within the duration of the experiment, as did
one of the casual species.
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6. Synthesis: Our research demonstrates biotic resistance, primarily as a
result of competition. We also provide evidence for traits-based barriers to
invasion in non-invasive and casual species. However, no single barrier
to invasion was shared across all non-invasive and casual species.

Key-words
Competition, failed invader, germination, herbivory, non-invasive, novel
ecosystem, relative growth rate, seedling, tropical forest, [subject category]

Introduction
Invasive species are introduced species that establish reproducing populations
and spread in their non-native environment (Richardson, Pyšek, et al. 2000).
Invasives can have serious ecological consequences (Vilà et al. 2011) and have
been the subject of intensive research, both because of the ecological and
economic damage they cause (Pejchar and Mooney 2009; Ehrenfeld 2010), and
because they provide a natural experiment in community formation and
population dynamics (Shea and Chesson 2002; Sax et al. 2007; Prach and
Walker 2011).

Not all non-native, introduced species become invasive (Williamson and Fitter
1996; Caley, Groves, and Barker 2007), but understanding the factors that drive
invasion success or failure is still an area of active research (Diez et al. 2009;
van Kleunen, Weber, and Fischer 2010; Zenni and Nuñez 2013). We follow
other recent studies in dividing the invasion process into a series of stages,
separated by barriers (Richardson, Pyšek, et al. 2000; Blackburn et al. 2011).
Introduced plant species may be found only in cultivation (“non-invasive”), found
sporadically along dispersal pathways with limited reproduction (“casual”),
establish localized reproducing populations (“naturalized”), or reproduce and
spread widely in the non-native range (“invasive”). Horticultural plants along this
continuum are of particular interest, since many invasive species are originally
introduced as ornamentals, making the horticultural trade one of the most
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important pathways for invasive species introductions (Reichard and White 2001;
Dehnen-Schmutz et al. 2007a; Pemberton and Liu 2009).

The role of ecological interactions in promoting or limiting plant invasions is of
great interest (Mack 1996; Mitchell et al. 2006). The biotic resistance hypothesis
proposes that competition (Going, Hillerislambers, and Levine 2009), herbivory
(Parker and Hay 2005), or pathogens (Mitchell and Power 2003) from the
existing community can reduce the establishment or success of non-native plant
species (Elton 1958; Levine, Adler, and Yelenik 2004). Biotic resistance can
totally exclude a species, but is more likely to reduce density, abundance or
spread without preventing coexistence (Levine, Adler, and Yelenik 2004). A
meta-analysis showed that competition and herbivory had strong negative
impacts on invader establishment and growth, but did not prevent non-native
species from establishing small populations (Levine, Adler, and Yelenik 2004),
suggesting propagule pressure and abiotic filters may be more important in
establishment (D’Antonio, Levine, and Thomsen 2001; Thomsen et al. 2006).
However, the strength of these conclusions is limited by the lack of experimental
evaluations of non-native, non-invasive species (“failed invaders”) (Levine, Adler,
and Yelenik 2004). The relative importance of ecological interactions and plant
traits in determining invasion success remains unclear.

Most studies of biotic resistance and failed invasions to date have been
conducted in the temperate or Mediterranean zone, often in simplified systems
like grasslands (Levine, Adler, and Yelenik 2004; Hulme et al. 2013). Few
experimental studies have examined biotic resistance in the tropics, where biotic
interactions might be expected to be strongest (Fridley et al. 2000; Pyšek and
Richardson 2006; Schemske et al. 2009). Our work was conducted in Hawai'i, an
extremely isolated island archipelago in the Pacific Ocean well-known for high
levels of endemism and for high numbers of extinct and threatened species
(Wagner, Herbst, and Sohmer 1999; Mitchell et al. 2005). Invasive species are a
serious threat to the remaining native biota, but they also form the majority of
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plants in lowland ecosystems in the islands today (Smith 1985; Wagner, Herbst,
and Sohmer 1999) . Lowland forests in Hawai'i offer an interesting system in
which to study invasions and biotic resistance, because the current plant and
animal communities form novel ecosystems, composed almost exclusively of
introduced species. In this setting, biotic resistance to new invasions is
determined by interactions with a community of non-native species without a
shared evolutionary history. It is still unclear how interactions in these systems
compare to native systems, but novel ecosystems are becoming increasingly
common worldwide, and therefore merit further study (Hobbs et al. 2006).

This study focused on seeds, seedlings and juveniles, as their fate is especially
important in determining species distributions (Donohue et al. 2010). Patterns in
dispersal and seedling recruitment determine patterns in adult abundance and
density, and therefore have long been thought to influence community
composition, coexistence and diversity (Janzen 1970; Nathan and Muller-Landau
2000; Wang and Smith 2002). Seedlings also play a crucial role in the
establishment and spread of invasive species, and poor seedling performance
could prevent some non-native introduced species from becoming invasive
(Stricker and Stiling 2013) or prevent invasive species from spreading to some
habitats or ecosystems (Pattison and Mack 2009).

To examine barriers that prevent establishment and invasion success in
horticulturally-introduced ornamental plants, we outplanted seeds of non-invasive,
casual and invasive plants into two field sites in tropical mesic environments. We
specifically examined the role of competition and herbivory as biotic barriers
through their impact on germination, survival, growth rate and leaf traits by
comparing invasives with failed invaders. We also examined how these traits
varied among invasive, casual and non-invasive species, where we expect noninvasive species to have lower germination, survival, growth, and photosynthetic
rate.
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Materials and Methods
Sites
Field work was conducted at the Harold L Lyon Arboretum and at the Waimanalo
Research Station, both on O’ahu in the Hawaiian Islands and affiliated with the
University of Hawai'i at Mānoa. These sites were chosen to represent the range
of mesic environments in Hawai'i, from mesic-wet to seasonally dry. This
provided our species, all mesic-adapted, with suitable climatic conditions for
success, while allowing for differences in their environmental optima. Both sites
were dominated by non-native plants and the observed herbivore community
consisted of non-native generalist insects and mollusks.

Lyon Arboretum is in a lowland wet forest with approximately 3800 mm of annual
precipitation spread evenly throughout the year (Giambelluca et al. 2013). The
arboretum is a large, semi-managed environment planted with native and nonnative species. The area allocated for this experiment was on Tantalus silt loam
soils (Natural Resources Conservation Service) at about 180 m asl and was
dominated by non-native grasses and forbs. Prior to the experiment, the area
had been routinely mowed. The experimental area was cleared by spraying with
the herbicide glyphosate in April 2010 and was covered with weed cloth until
planting in September. During the experiment, areas around the experimental
plantings were mowed occasionally as part of trail maintenance.

Waimanalo Research Station is a lowland (20-30 m asl) agricultural research
station on the windward side of O’ahu and receives approximately 1000 mm of
annual precipitation, mostly between November and March (Giambelluca et al.
2013). The soils are Waialua clay (Natural Resources Conservation Service).
The area designated for this experiment was adjacent to and under the canopy of
an abandoned macadamia nut (Macadamia integrifolia) grove with an understory
dominated by Guinea grass (Megathyrsus maximus). It was sprayed with
glyphosate in March 2010 and remained bare through the dry season before
being planted in October.
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Plant Species
Potential species were compiled from a variety of sources (Rock 1917; Neal
1965; Clay and Hubbard 1977; Rauch and Weissich 2000; Daehler et al. 2004;
Wood 2005). Only widely planted horticultural species with a minimum residence
time (Richardson and Pyšek 2006) of at least 50 years, as determined by the
earliest record in the Bishop Museum Herbarium
(http://www2.bishopmuseum.org/natscidb/), were considered, so that all species
have had opportunity to invade (Daehler 2009). Minimum residence time
represents a conservative estimate of time since introduction and is used as a
proxy for propagule pressure, which is an important determinant of invasion
success (Colautti, Grigorovich, and MacIsaac 2006; Dehnen-Schmutz et al.
2007b). To account for the role of incompatible climate in limiting invasions
(Petitpierre et al. 2012), we used only tropical species and those which can grow
in mesic or mesic-dry environments, as determined from observations and
literature (Staples and Herbst 2005; USDA ARS National Genetic Resources
Program 2013).
We designated species as non-invasive, casual or invasive (Richardson, Pyšek,
et al. 2000) using local floras (Wagner, Herbst, and Sohmer 1999; Wagner et al.
2012) and reports of naturalization and extent of spread (Frohlich and Lau 2010;
Frohlich and Lau 2012; Lau and Frohlich 2012; Parker and Parsons 2012a;
Parker and Parsons 2012b). From a list of ornamental dicots in Hawai'i, we
restricted our study to three families (Acanthaceae, Apocynaceae, and
Bignoniaceae), which had multiple species in all three categories present in
Hawai'i that were available as common ornamentals. For these experiments,
only species which produce seed in Hawai'i, either naturally or through hand
pollination, were used (Table 5); this excluded all of the non-invasive
Acanthaceae examined, none of which produced seeds.
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Experimental Design
To assess germination, growth and survival in the field, seeds of each species
(Table 5) were planted at each field site and resulting seedlings were monitored
for up to one year after planting. We collected seeds from botanical gardens,
public landscaping, and private gardens and from multiple individuals and
locations, where possible. Three species (Hoya australis, Marsdenia floribunda,
Roseodendron donnell-smithii) were collected from one plant each because of
infrequent seed set and difficult access. The extent of intraspecific genetic
variation present in Hawaiʻi, even for species for which multiple plants were
available, is unknown. Many horticultural plants are propagated through cuttings,
including H. australis and M. floribunda (Staples and Herbst 2005). Limited
genetic variation is a part of the invasion dynamics of these horticultural species.
Therefore seeds from a single individual are not unrealistic as a starting point for
a potential invasion. Seeds for one species (Calotropis gigantea) were collected
from hand pollination experiments. Seeds of most species were collected just
before the start of the experiment, although seeds for some species in some
experiments were up to one year old.

To measure germination under ideal conditions, verify seed viability, and as a
comparison with field germination and emergence, we germinated seeds on a
thin layer of damp silica sand in petri dishes in an incubator (Percival
Environmental Controller model I-30VL, Percival Scientific, Inc) simultaneously
with field planting. The incubator was set for a 12 hour light-dark cycle at day
and night temperatures that mimicked conditions at the field sites (Lyon: 27.6˚C
and 20.9˚C, Waimanalo: 28.7˚C and 22.3˚C). Germination was monitored for 3550 days, after which all remaining ungerminated seeds were dissected and
visually examined for viability, as indicated by an intact, firm, white embryo.
These experiments verified that the seeds used were viable (mean germination
or viability of fully developed seeds >50%) for all species except Stemmadenia
litoralis, so seed age was not otherwise considered a concern. In S. litoralis low
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Table 5. Species planted in a field trial of germination, survival and growth of seedlings.
Habit classifications are based on personal observations.
Category

Family

Species Name

invasive
invasive
casual
invasive
invasive
casual
casual
casual
non-invasive
non-invasive
non-invasive
non-invasive
invasive
invasive
casual
casual

Acanthaceae
Acanthaceae
Acanthaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae

non-invasive
non-invasive

Bignoniaceae
Bignoniaceae

non-invasive

Bignoniaceae

non-invasive
non-invasive

Bignoniaceae
Bignoniaceae

Asystasia gangetica (L.) T. Anderson
Justicia betonica L.
Megaskepasma erythrochlamys Lindau
Catharanthus roseus (L.) G. Don
Thevetia peruviana (Pers.) K. Shum.
Calotropis gigantea (L.) W.T. Aiton
Hoya australis R. Br. ex J. Traill
Stemmadenia litoralis (H.B.K.) Allorge
Carissa macrocarpa (Eckl.) A. DC.
Marsdenia floribunda Brogn.
Nerium oleander L.
Plumeria rubra L.
Dolichandra unguis-cati (L.) L.G. Lohmann
Spathodea campanulata P. Beauv.
Tabebuia heterophylla (DC.) Britton
Tecoma stans (L.) Juss. ex Kunth
Handroanthus impetiginosus (Mart. Ex
DC.) Mattos
Kigelia africana (Lam.) Benth.
Roseodendron donnell-smithii (Rose)
Miranda
Tabebuia aurea (Silva Manso) Benth. &
Hook. f. ex S. Moore
Tecoma capensis (Thunb.) Lindl.
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Habit
Shrub
Shrub
Shrub
Shrub
Tree
Shrub
Vine
Tree
Shrub
Vine
Shrub
Tree
Vine
Tree
Tree
Tree
Tree
Tree
Tree
Tree
Shrub

viability (20 ± 7% germinated or viable, mean ± 1 SE) may be due to a mix of old
and fresh seeds, but was still high enough to continue the experiment.

Ten blocks were established at each field site, with blocks arranged to capture a
variety of light environments. Canopy openness was used to describe the light
environment and was measured using a spherical densiometer (Forest
Densiometers Model-A). Each block was divided into two plots (Fig 5). In one
plot, the local plant community was allowed to establish and grow (competition
plot), while in the other plot, non-experimental plants were suppressed (no
competition plot). The no competition plot was maintained with weed cloth
(Polypropylene Landscape Fabric Pro, Easy Gardner) at Lyon Arboretum, which
allows water to pass through, but blocks light to the soil surface and prevents
erosion, which was a serious concern because of high rainfall. At Waimanalo,
the no competition plot was maintained through monthly hand-weeding. The
vascular plant community in the plots at both sites was composed entirely of nonnative species.

In each plot, 10 cm diameter, 4 cm high plastic rings were half buried in the soil
and secured by garden staples where necessary. Rings were spaced approx. 25
cm apart with a 25 cm buffer around the edges of the plot (Fig 5). Ten seeds of a
randomly assigned species were scattered in the ring and lightly covered with
soil, except for Kigelia africana, for which five seeds were used. For Thevetia
peruviana, five fruits were used as the hard, woody endocarp represents the
natural dispersal unit. These fruits have between one and four seeds each.
Because the number of T. peruviana seeds cannot be determined nondestructively, fruits were recovered from the plots after the experiment and
dissected to determine the number of seeds present. Where all fruits were
recollected, the actual number of seeds was used in calculating percent
germination; where some fruits were missing an estimate of nine seeds was used
to calculate germination, which represents the mean and median number of
seeds in five fruits (with a standard deviation of ± 2.1).
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Seeds from most species were planted in late September 2010 at Lyon
Arboretum and mid-October 2010 at Waimanalo Research Station. Seeds of
Megaskepasma erythrochlamys and Catharanthus roseus became available after
the original planting. These two species, as well as Nerium oleander, which had
low field germination and survival after the initial planting, and confamilial
invasives, Justicia betonica and Thevetia peruviana, were added to the blocks at
both sites in May 2011. Hand pollination produced viable seeds of Calotropis
gigantea and these seeds, along with Hoya australis and the confamilial invasive
Thevetia peruviana were planted in November 2011 at both sites.

Once most seedlings in a ring had two fully-expanded true leaves, all but the
largest or least damaged seedling were removed, since the space available was
not sufficient for multiple seedlings. In most cases, this thinning was done
between one and three months after planting, but some species continued to
germinate throughout the experiment. Where needed, we transplanted thinned
seedlings immediately into any plots in which either no seeds of that species had
germinated or no seedlings had survived.

At the end of the experiment, we harvested the above-ground biomass of all
surviving plants. However, plants which flowered and began to set seed before
the end of the experiment were harvested early to prevent seed dispersal in the
field. Plants whose seeds had been planted in September or October 2010 were
harvested in October 2011. We harvested all remaining plants (planted in May or
November 2011) in May 2012. Unfortunately, plants in competition plots in four
blocks at Waimanalo Research Station and two blocks at Lyon Arboretum were
accidentally mowed during grounds maintenance prior to harvest. While some
seedlings did survive mowing, for the purpose of this study only data collected
before the mowing incidents are included.
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Fig 5. Schematic diagram showing the split plot design, with plant competition
suppressed in one plot in the block. Representative seedlings demonstrate the physical
layout of the plots and distances between heterospecific seedlings.

Data Collection
We collected data every 1-2 weeks for the first few months after planting, and
then approximately once a month thereafter. Germination and emergence were
considered together, as the two processes are difficult to separate in the field.
We counted the number of seedlings per species per plot and estimated the
overall damage to each seedling. Damage was estimated in broad categories as
percent of total leaf area damaged (0-10%, 11-25%, 26-50%, >50%), including
leaf material missing or dead. We assume this damage is largely attributable to
herbivores and pathogens (J. Bufford and M. Lurie personal observation),
although the agents of damage were rarely seen. Once seedlings had grown to
at least two true leaves, the number of leaves and height of each seedling were
also recorded.

Data on photosynthetic rates were collected on a subset of seedlings just prior to
harvest using a Junior-PAM Chlorophyll Fluorometer (Heinz Walz GmbH).
Pulse-Amplitude-Modulation (PAM) fluorometry uses intense light to excite the
chlorophyll photosystem II (PS II). The resulting chlorophyll fluorescence is
related to the rate of electron transport from PS II to photosystem I, a key step in
photosynthesis. A rapid light curve measures the fluorescence at different light
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levels and uses a regression on the response curve to calculate the maximum
electron transport rate (ETRm in µmol electrons m-2s-1), which represents the
current photosynthetic capacity of the plant and is correlated with Pn measured
by gas exchange (Beer and Axelsson 2004; Pasquini and Santiago 2012). A
rapid light curve was run at least once per leaf on up to two leaves per plant.
Curves with more than two points with a yield below 0.1 (photochemical quantum
yield of PS II, relative units), were excluded because previous studies have
shown that at low yields the relationship between ETRm and Pn degrades (Beer
and Axelsson 2004).

At harvest, we removed a young, fully expanded leaf and measured chlorophyll
content using a SPAD-502 Chlorophyll Meter (Minolta). The leaf area was
measured from a photograph taken of the leaf under a glass plate using the
program ImageJ (Rasband 2012). The leaf was then dried and weighed
(MS105DU Semi-Micro Balance, Mettler Toledo) to calculate the specific leaf
area (SLA in cm2 g-1 dry mass), which is correlated with relative growth rates
(Shipley 2006; Grotkopp and Rejmánek 2007). The above-ground biomass of
the plant was harvested, dried at 70˚C for at least one week, and weighed
(MS105DU and SB12001, Mettler Toledo and AV213C Adventurer Pro, Ohaus).
Only above-ground biomass was used because below-ground biomass could not
be reliably recovered from the field.

In order to measure competitive pressure, we measured both biomass and
species richness of competitors in the naturally-assembled plant community.
Just before harvesting the experimental plants, we estimated the species
composition of each competition plot in two 1x1 meter quadrats as percent cover
per species, rounded to the nearest 5%. After experimental plants were
harvested, competitors were harvested in 2-3 25x25 cm quadrats. All aboveground plant material inside a vertical column up to about 1.5 meters above the
ground was collected, dried and weighed (SB12001 High Capacity Precision
Balance, Mettler Toldeo), giving a measure of competition as g dry biomass m -2.
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Embryo biomass was also measured for 20 seeds of each species to serve as a
starting weight for relative growth rate calculations. We removed the fruit and
seed coat from the embryo and endosperm before weighing. The seed coat of
two species (Catharanthus roseus, Stemmadenia litoralis) could not be removed
because it formed a thin layer that was tightly fused to the endosperm. The
embryos and seedlings were dried at 60˚C for at least four days and weighed on
a balance readable to 0.01 mg (MS105DU Semi-Micro Balance, Mettler Toledo).
All 20 seed embryos were weighed together and the total biomass was divided
by 20 to obtain the mean weight per embryo.

Analysis
All analyses were conducted in R (version 3.0.0, R Core Team 2013) and graphs
were constructed using ggplot2 (Wickham 2009). Data exploration followed Zuur
et al. (2010). We considered the following measurements: percent germination,
percent survival to one year (± one month), relative growth rate, SLA, chlorophyll
content and ETRm. Relative growth rate (RGR in g g-1 d-1) was calculated as:
(

)

(

)

Damage was calculated as the midpoint of the assigned category and averaged
across time, but is weighted towards early seedling stages, when plots were
visited more frequently, as this is expected to be when herbivory is most likely to
affect establishment.

We tested for the magnitude of biotic resistance as the effect of competition and
damage on survival and biomass or growth. For competition, the effect was
measured as the log response ratio of presence to absence of competition for
survival and aboveground biomass after one year (± 1 month). The log response
ratio, variance, and 95% confidence intervals were calculated following Hedges,
Gurevitch, and Curtis (1999). If the upper 95% confidence interval was below
zero, we considered this evidence of biotic resistance. For survival, 0.0001 was
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added to all species-competition means to allow log transformation for species
with no surviving individuals. For herbivory, biotic resistance was measured as
the Spearman’s rank correlation between damage and survival to one year or
RGR. P-values were calculated using the asymptotic t approximation.

Patterns in suites of traits were evaluated using a non-metric multidimensional
scaling (NMDS) analysis in the package vegan (Oksanen et al. 2013). NMDS
maps points along two axes such that the distance between points in the plot
reflects the distance between the two points in trait space. The plot can then be
examined for evidence of clustering based on the character traits used to
estimate dissimilarity. We measured distance using Bray-Curtis dissimilarity on
the following transformed variables (see Table 8 for transformations):
germination, survival, embryo mass, RGR, damage, and SLA. Each point
represents a species within a plot for a given planting date. Germination, survival
and damage are plot averages, embryo mass is a species average, and RGR
and SLA are from all surviving plants.

We examined whether invasiveness predicts germination, survival, RGR, ETRm,
SLA and chlorophyll content, while accounting for the experimental design and
potential co-variates. To do this, we used linear mixed-effects models (LMMs)
and generalized linear mixed-effects models (GLMMs) implemented in the
packages nlme (Pinheiro et al. 2013), and lme4 (Bates, Maechler, and Bolker
2013). These models demonstrate which explanatory predictor variables
significantly contribute to modeling the response variable. They also indicate the
magnitude and direction of the effects of predictors through the magnitude and
sign of their coefficients.

Mixed-effects modeling can include both explanatory variables (e.g.,
invasiveness) and the multilevel split-split plot design. It has an advantage over
linear models because it can incorporate blocks within site, plots within block,
and species as random effects, without using the degrees of freedom required by
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linear models (Zuur et al. 2009). Furthermore, generalized linear mixed-effects
models relax the assumption of a continuous Gaussian distribution by allowing
for other distributions, including the binomial distribution used here. LMMs and
GLMMs calculate the intercept as the value of an arbitrarily chosen default
seedling, in this case a seedling from an invasive species in the Acanthaceae at
Lyon Arboretum (the wet site) without competition. Mixed models then estimate
the coefficients of each term in the model, which indicate how the response
changes for seedlings that belong to a different category than the default case.
For a binomial GLMM, a logit link function is used, so the intercept and
coefficients represent the log-odds. For a LMM the link function is an identity
function, so the intercept and coefficients represent the values of the
(transformed) response variable. Random effects (i.e. species, plot and block)
allow for variation around the intercept for each fixed effect.

Separate models were constructed for each measured variable. In addition to
invasiveness, competition, phylogenetic family, site, canopy openness, damage,
embryo mass and plant community species richness were added as fixed effects
where relevant. By modeling the effect of invasiveness and its interaction with
competition and damage, we can rigorously assess whether non-invasive
species overall respond differently to biotic resistance, while accounting for the
rest of the experimental design. Although planting date may have influenced the
germination and growth of seedlings in this experiment, e.g. through differences
in seasonal rainfall, it was confounded with species identity and therefore could
not be evaluated. Germination and survival were analyzed using a generalized
linear mixed model with a binomial distribution. For the model of survival, only
seeds planted 11-13 months before harvest were used to avoid biases as a
result of different seedling ages. This excluded Calotropis gigantea and Hoya
australis, which were planted six months before the final harvest. To increase
the reliability of germination and survival estimates, the data for each species
were pooled across 5 blocks per site. For germination, plots within a block were
pooled, because most germination took place when the ground was still
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disturbed from clearing and planting, and before natural competitors were well
established. For survival, plots were pooled across blocks within competition
treatment. The remaining variables, which were continuous, were experimentally
transformed to improve conformity to the assumptions of the model, especially
homogeneity of variances, and were analyzed using a Gaussian distribution.
When analyzing RGR it was necessary to fourth-root transform the data, which
removed negative RGR values (n=33 seedlings, or 9% of records, from 9
species). These were predominately young Thevetia peruviana seedlings and
seedlings at Lyon Arboretum.

In each case, model selection began with a model including all fixed effects and
the most relevant interactions (Table 6) and non-significant terms were
sequentially eliminated in a backwards stepwise approach using likelihood ratio
tests. The likelihood ratio test calculates chi-squared and p-values by fitting a
model using maximum likelihood and comparing it with a model from which the
term of interest had been removed. Models were checked by examining the
residuals for patterns, testing for homoscedasticity in the residuals using the
Levene’s test in the package car (Fox and Weisberg 2011), and testing for
influential observations using Cook’s distance in the package influence.ME
(Nieuwenhuis, te Grotenhuis, and Pelzer 2012), where possible. Where
potentially influential points were detected, they were removed and the optimal
model was refit and compared to the original model. In all cases, these points
had minimal impact on the estimates and were included in the final analysis.
Because of high variability both within and between groups, residuals were
frequently heteroscedastic. This was resolved by fitting models which allowed for
heterogeneous within-species variances (Pinheiro and Bates 2000).
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Table 6. Fixed and random effects and interactions included in the full model. An “x”
represents an interaction. To avoid models more complex than the data can support,
only a subset of possible interactions were tested. From the full model, non-significant
terms were dropped iteratively.
Variables
Fixed Effects
Fixed Interactions Random Effects
Germination
Invasiveness (Invs)
Block
Site
Species
Family (Fam)
Individual
Embryo Mass (Embryo)
Survival
Invasiveness (Invs)
Invs x Comp
Block
Competition (Comp)
Invs x Dmg
Species
Site
Comp x Fam
Individual
Family (Fam)
Comp x Embryo
Embryo Mass (Embryo)
Comp x Dmg
Damage (Dmg)
RGR
Invasiveness (Invs)
Invs x Comp
Block
Competition (Comp)
Invs x Dmg
Plot
Site
Comp x Dmg
Species
Family (Fam)
Damage (Dmg)
Canopy Openness (Canopy)
Plant Community
Species Richness (SppR)
SLA
Invasiveness (Invs)
Invs x Comp
Block
ETRm
Competition (Comp)
Invs x Dmg
Plot
Site
Comp x Fam
Species
Family (Fam)
Comp x Dmg
Damage (Dmg)
Dmg x Fam
Canopy Openness (Canopy)
Plant Community
Species Richness (SppR)
Chl
Invasiveness (Invs)
Invs x Comp
Block
Competition (Comp)
Invs x Dmg
Plot
Site
Comp x Fam
Species
Family (Fam)
Comp x Dmg
Damage (Dmg)
Dmg x Fam

46

Results
Biotic Resistance
Biotic resistance of a naturally assembled plant community decreased survival in
44% (n=4) of non-invasive species, 50% (n=2) of casual species, but only 17%
(n=1) of invasive species (Fig 6). Two non-invasive species had greatly reduced
survival in the presence of competition, but both also had low survival even
without competition. All but three species had lower biomass in the presence of
competition, as indicated by 95% confidence intervals of the log response ratio
which do not overlap zero (Fig 7). In a separate analysis, when competition was
included in mixed models for each of the response variables measured it was
best modeled as either a binary factor (presence/absence) or as a measure of
competitor biomass, but the species richness of natural competitors never
contributed significantly to the models.

Damage due to herbivores was low throughout the study. We observed a few
seedlings, especially seedlings of the invasive Justicia betonica, which were
almost entirely eaten, and this was sufficient, in conjunction with competition, to
prevent seedling establishment of J. betonica in five plots (~6% of plantings), all
planted at the same time and three of which were at the same site and received
high levels of herbivory at about the same time (J Bufford personal observation).
These rare events, though they prevented establishment at a small local scale,
did not prevent species establishment across the larger scale of the field site.
Survival was significantly negatively correlated with damage in 8 species (38%)
across all three invasion categories (Table 7).

Non-metric Multi-dimensional Scaling Analysis (NMDS)
The NMDS did not clearly separate invasive, casual and non-invasive species
when pooled across families (Fig 8), nor were plants separated by competition
treatment or family (not shown). Site is partially separated along the second
NMDS axis (not shown).
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Log Response Ratio of Survival due to Competition
Fig 6. The effect of competition (biotic resistance) on survival as measured by the log
response ratio of survival with and without competition, where a negative value indicates
lower survival with than without competition. Biotic resistance of a plot of naturally
assembling species was demonstrated when the upper 95% confidence interval was
below zero for a particular species. Species are represented by an abbreviation of the
genus and species names (see Table 5 for full species names).
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Fig 7. The effect of competition (biotic resistance) on final biomass as measured by the
log response ratio of aboveground biomass with and without competition, where a
negative value indicates lower biomass with than without competition. Biotic resistance
of a plot of naturally assembling species was demonstrated when the upper 95%
confidence interval was below zero. The size of the points is scaled by the mean
relative growth rate (g g-1 d-1) in no-competition plots. Species are represented by an
abbreviation of the genus and species names (see Table 5 for full species names).
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Table 7. Spearman’s rank correlation, rs, between herbivory and survival. A negative
correlation indicates potential biotic resistance of the herbivore community. P-values are
calculated from the approximate t statistic. P-values < 0.05 are in bold and indicate a
statistically significant correlation.
Category
invasive
invasive

Family
Acanthaceae
Acanthaceae

casual
invasive
invasive
casual
casual
casual
non-invasive
non-invasive
non-invasive
non-invasive
invasive
invasive
casual
casual
non-invasive
non-invasive
non-invasive
non-invasive
non-invasive

Acanthaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae

Species Name
Asystasia gangetica
Justicia betonica
Megaskepasma
erythrochlamys
Catharanthus roseus
Thevetia peruviana
Calotropis gigantea
Hoya australis
Stemmadenia litoralis
Carissa macrocarpa
Marsdenia floribunda
Nerium oleander
Plumeria rubra
Dolichandra unguis-cati
Spathodea campanulata
Tabebuia heterophylla
Tecoma stans
Handroanthus impetiginosus
Kigelia africana
Roseodendron donnell-smithii
Tabebuia aurea
Tecoma capensis

50

rs
-0.38
-0.42
-0.51

P-value
0.02
0.001
0.02

0.18
-0.13
NA
NA
-0.05
0.21
0.22
0.38
-0.31
-0.45
-0.02
-0.10
-0.47
-0.48
-0.49
-0.40
-0.26
-0.25

0.44
0.37
NA
NA
0.84
0.29
0.23
0.10
0.07
0.01
0.90
0.61
0.004
0.01
0.002
0.049
0.12
0.14

Fig 8. NMDS based on traits of plants grown in the field (stress = 0.17). Traits included
germination, survival, relative growth rate (RGR), damage, specific leaf area (SLA) and
chlorophyll content (Chl).

Linear Mixed Models
Invasion category was a significant predictor in models for all response variables
except germination. Competition and the interaction between invasiveness and
competition were often significant, as was the interaction between damage and
invasiveness, indicating, as the log response ratios suggested, that invasive
species respond differently to biotic resistance than non-invasive or casual
species.
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Table 8. Structure and characteristics of the reduced (generalized) linear mixed-effects
model for each response variable. All models had species, block within site and plot
within block as random effects. Explanatory fixed effects included: invasiveness (Invs),
competition (Comp), site, embryo mass (Embryo), canopy openness (Canopy), damage
(Dmg), and phylogenetic family (Fam).
Variable
n
Transform Distribution
VarFinal
Final Model
Covar
Model
Interactions
Fixed
Effects
Germination 82
Binomial
Site
Fam
Survival
142
Binomial
Invs
Invs x Dmg
Comp
Site
Fam
Embryo
Dmg
RGR
339 Fourth-root
Gaussian
Sp
Invs
Comp x Dmg
Comp
Site
Dmg
Canopy
ETRm
157
Log
Gaussian
Invs
Invs x Comp
Comp
Site
SLA
324
Log
Gaussian
Sp
Invs
Invs x Comp
Comp
Invs x Dmg
Site
Canopy
Dmg
Chlorophyll 257
SquareGaussian
Sp
Invs
Invs x Dmg
root
Comp
Site
Dmg
Fam
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Germination
All species germinated both in the lab (Fig 9) and in the field (Fig 10), with up to
100% germination in some locations for some species. Lab germination was
below 25% (mean ± 1 SE) in three species: ungerminated Thevetia peruviana
seeds were still viable after one month in the incubator (63 ± 2% viable), and
germinated in the field at different times throughout the duration of the
experiment; Handroanthus impetignosa seeds often contained aborted embryos,
but fully-formed embryos germinated well (50 ± 11%); and Stemmadenia litoralis
seeds were recalcitrant and sensitive to storage time, but in further trials 90%
germinated immediately after collection (J Bufford personal observation). Nerium
oleander exhibited the lowest percent germination in the field, but had high
germination in a germination chamber. The final GLMM for germination included
site and phylogenetic family, where germination was significantly higher at the
wet site and in the Acanthaceae (Table 9). Invasiveness was not a significant
component of the germination model (p = 0.6) and was therefore removed.

Percent Germination

100

Non-invasive

Casual

Invasive

Car Han Kig Mar Ner Plu Ros Tab Tec
mac imp afr flo ole rub d-s aur cap

Cal Hoy Meg Ste Tab Tec
gig aus ery lit het sta

Asy Cat Dol Jus Spa The
gan ros u-c bet cam per

75

50

25

0

Species

Fig 9. Mean germination after about one month in an incubator on moist sand was high
for almost all species. Species are represented by an abbreviation of the genus and
species names (see Table 5 for full species names). Error bars are ± 1 SE of the mean.
Thevetia peruviana (The per) had low germination after about one month, but many
seeds were still viable, and might have germinated, given more time.
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Fig 10. Percent germination of seeds after up to one year in the field experiment was not
significantly different between invasion categories or competition treatments. Bars are
the mean of the species means for that category and error bars represent the standard
error of the species means.
Table 9. Predictors of germination in a field experiment as indicated by a generalized
linear mixed model. Estimates and standard errors of model coefficients are from the
reduced model. Chi-squared and p-values were calculated using the likelihood ratio test.
The intercept represents germination of seeds in the Acanthaceae at Lyon Arboretum.
Estimates are log-odds, because the binomial model uses a logit link function.
Fixed effects
Estimate Std. Error
(Intercept)
-0.1
0.44
Site
-1.2
0.22
Apocynaceae
-1.1
0.49
Bignoniaceae
-0.3
0.49
Random effects:
Species
Block within Site
Individual

Std. Dev.
0.64
0.15
0.66

P-value
<0.0001
0.36
<0.0001

Fixed effects
Site
Family

Log-Likelihood Ratio
8.6
7.1
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P-value
0.003
0.03

Survival
Non-invasive and casual species had lower survival rates than invasive species
and plants grown in competition had lower survival than plants grown without
competition (Fig 11). There was a significant, but weak, interaction between
invasiveness and damage. The largest effects were decreases in survival in
non-invasives, the Apocynaceae, and seedlings with high damage (Table 10).
Survival depended on the site, with some species surviving longer at one site
than the other. Calotropis gigantea (8 ± 13% in 6 months, mean ± 1 SE), Hoya
australis (8 ± 14% in 6 months), and Nerium oleander (2 ± 6% in one year) were
limited by poor survival in the field, with ≤25% mean post-emergence survival at
their most favorable site without competition. N. oleander seedlings also had low
survival in laboratory germination chambers (J Bufford unpublished data), though
seeds sown in a greenhouse had high survival (M Lurie personal observation).
Stemmadenia litoralis had high survival after one year without competition (63 ±
29%), but low survival with competition (5 ± 7%).
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Fig 11. Invasive seedlings and juveniles had higher survival in field experiments after
one year than non-invasives or casuals. In all invasion categories, competition
decreased survival rates. Bars are the mean of the species means for that category and
error bars represent the standard error of the species means.
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Table 10. Predictors of survival in the field after one year as indicated by a generalized
linear mixed model. Estimates and standard errors of model coefficients are from the
reduced model. Chi-squared and p-values were calculated using the likelihood ratio test.
The intercept represents survival of seedlings in an invasive species in the Acanthaceae
at Lyon Arboretum without competition. Estimates are log-odds, because the binomial
model uses a logit link function.
Fixed effects
Estimate Std. Error
Intercept
5
1.3
Casual
1
1.7
Non-Invasive
-3
1.2
Competition
-1.1
0.20
Site
0.8
0.20
Apocynaceae
-1.4
0.54
Bignoniaceae
-0.4
0.51
Embryo Mass
0.3
0.10
Damage
-1.3
0.56
Casual x Damage
-1.1
0.86
Non-Invasive x Damage
0.9
0.63
Random effects
Species
Block within Site
Individual

Std. Dev.
0.53
0.001
0.69

P-value
0.004
0.89
<0.0001

Fixed effects
Site
Family
Embryo Mass
Competition
Invasiveness x Damage

Log-Likelihood Ratio
8.3
8.0
6.6
28.5
8.2

P-value
0.004
0.019
0.010
<0.0001
0.016

Relative Growth Rate
Invasive species had higher relative growth rates than casual or non-invasive
species and competition decreased RGR (Fig 12). Site and invasiveness were
the greatest predictors of RGR, with higher RGR at the seasonally dry site and in
invasive species (Table 11). Plants with damage grew more slowly, while plants
in open sites grew faster. The interaction between competition, measured as g
dry biomass m-2, and damage was significant, but the magnitude of the effect
was small. Several non-invasive species had slow growth rates which could limit
their invasion potential in these environments. Nerium oleander, Plumeria rubra,
and Stemmadenia litoralis all had a maximum recorded field RGR of <0.01 g g-1
d-1. Six additional species (Carissa macrocarpa, Handroanthus impetignosus,
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Hoya australis, Marsdenia floribunda, Megaskepasma erythromchlamys,
Tabebuia aurea) had a low mean RGR (<0.015 g g-1 d-1 at the site with highest
mean RGR) in the presence of competition.

By contrast, some species with high growth rates reached reproductive maturity
within a year in our field plots. Three invasive species (Catharanthus roseus,
Asystasia gangetica, Justicia betonica), a casual species (Tecoma stans), and a
non-invasive species (Tecoma capensis) grew to maturity, flowered, and set
seed in at least one plot. Two of these did so even with competition (A.
gangetica, J. betonica). Two additional invasives (Spathodea campanulata,
Thevetia peruviana) flowered but did not set seed.

1

Relative growth rate (g g day )

0.03

Without Competition

1

With Competition
0.02

0.01

0.00

Non-invasive

Casual

Invasive

Invasion Category

Fig 12. Invasive species had faster relative growth rates after several months to one
year in the field than non-invasive or casual species. Bars are the mean of the species
means for that category and error bars represent the standard error of the species
means.
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Table 11. Predictors of relative growth rate in a field experiment as indicated by a linear
mixed model. Estimates and standard errors of model coefficients are from the reduced
model, fitted using restricted maximum likelihood. Chi-squared and p-values were
calculated using the likelihood ratio test. The intercept represents the RGR of a seedling
in an invasive species at Lyon Arboretum without competition.
Fixed effects
Estimate
Std. Error
Intercept
0.39
0.024
Casual
-0.05
0.028
Non-Invasive
-0.07
0.025
Competition Biomass
0.0001
0.0011
Site
0.063
0.0059
Damage
-0.034
0.0064
Canopy Openness
0.03
0.013
Competition Biomass x Damage
-0.0013
0.00059
Random effects:
Species
Block within Site
Plot within Block
Residual

Std. Dev.
0.19
0.00014
0.068
0.51

P-value
<0.0001
0.95
0.001

Fixed effects
Invasiveness
Site
Canopy
Competition Biomass x Damage

Log-Likelihood Ratio
7.3
37.7
3.9
4.0

P-value
0.026
<0.0001
0.049
0.046

ETRm
Maximum electron transport rate (ETRm) was higher in the absence of
competition and was higher in invasive species than in non-invasive or casual
species (Fig 13). Site and invasiveness had the greatest effect on ETRm, with
higher ETRm at the seasonally dry site. There was a significant interaction
between invasiveness and competition, where non-invasives had lower ETRm in
the presence of competition than invasives did (Table 12).
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Fig 13. Maximum electron transport rate in a field experiment is higher in invasive
species, especially in the presence of competition. Bars are the mean of the species
means for that category and error bars indicate the standard error of the species means.
Table 12. Predictors of maximum electron transport rate (ETRm) in a field experiment as
indicated by a linear mixed-effects model. Estimates and standard errors of model
coefficients are from the optimal model, fitted using restricted maximum likelihood. Chisquared and p-values were calculated using the likelihood ratio test. The intercept
represents ETRm in a seedling in an invasive species at Lyon Arboretum without
competition.
Fixed effects
Estimate
Std. Error
Intercept
4.57
0.079
Casual
-0.2
0.11
Non-Invasive
-0.21
0.094
Competition Biomass
-0.016
0.0036
Site
0.33
0.070
Casual x Competition Biomass
-0.010
0.0070
Non-Invasive x Competition Biomass
-0.019
0.0061
Random effects:
Species
Block within Site
Plot within Block
Residual

Std. Dev.
0.12
0.08
1.7E-05
0.31

Fixed effects
Site
Invasiveness x Competition Biomass

Log-Likelihood Ratio
9.4
13.9
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P-value
0.03
0.35
1
P-value
0.009
0.0002

SLA
Invasive and casual species have higher specific leaf area in the absence of
competition and at low damage than non-invasives (Fig 14). In the presence of
competition and with increasing damage, SLA increases in non-invasive species
so that SLA is similar across invasion category. SLA was higher at the wet site
than at seasonally dry site and was slightly higher under closed canopies (Table
13). Site and the interaction between invasiveness and competition were the
most important components of the model.
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Fig 14. Specific leaf area (SLA) was higher in invasive or casual species than in noninvasive species when juveniles are grown without competition, but SLA was similar
across invasion categories when competitors are present. Bars are the mean of the
species means for that category and error bars represent the standard error of the
species means.
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Table 13. Predictors of specific leaf area as indicated by a linear mixed model. Estimates
and standard errors of model coefficients are from the reduced model, fitted using
restricted maximum likelihood. Chi-squared and p-values were calculated using the
likelihood ratio test. The intercept represents SLA of a seedling in an invasive species at
Lyon Arboretum without competition.
Fixed effects
Estimate
Std. Error
(Intercept)
5.9
0.16
Casual
-0.5
0.23
Non-Invasive
-0.8
0.21
Competition
0.02
0.044
Site
-0.55
0.055
Canopy
-0.3
0.11
Damage
-0.02
0.065
Casual x Competition
0.43
0.078
Non-Invasive x Competition
0.34
0.062
Casual x Damage
0.1
0.10
Non-Invasive x Damage
0.26
0.091
Random effects:
Species
Block within Site
Plot within Block
Residual

Std. Dev.
0.21
0.10
1.4E-05
0.40

P-value
<0.0001
0.02
1

Fixed effects
Site
Canopy
Invasiveness x Competition
Invasiveness x Damage

Log-Likelihood Ratio
35.7
6.0
36.1
6.8

P-value
<0.0001
0.01
<0.0001
0.03

Chlorophyll
Chlorophyll content was lower in casuals and was slightly lower in the presence
of competition (Fig 15). Non-invasive species had lower chlorophyll content
when damaged by herbivores, while chlorophyll content in invasive and casual
species was not affected by herbivore damage (Table 14). Chlorophyll was
lowest at the wet rainforest site and in the Bignoniaceae, and these were also
important predictor variables in the model.
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Fig 15. Chlorophyll content was similar between invasive and non-invasive species in
the field. Bars are the mean of the species means for that category and error bars
represent the standard error of the species means.
Table 14. Predictors of chlorophyll content in a linear mixed model. Estimates and
standard errors of model coefficients are from the reduced model, fitted using restricted
maximum likelihood. Chi-squared and p-values were calculated using the likelihood
ratio test. The intercept represents the chlorophyll content of a seedling in an invasive
species in the Acanthaceae at Lyon Arboretum without competition.
Fixed effects
Estimate
Std. Error
(Intercept)
6.1
0.49
Casual
-1.2
0.58
Non-Invasive
1.2
0.58
Competition Biomass
-0.019
0.0032
Site
0.4
0.10
Damage
0.07
0.17
Apocynaceae
0.002
0.43
Bignoniaceae
-0.7
0.44
Casual x Damage
0.2
0.26
Non-Invasive x Damage
-0.8
0.25
Random effects:
Species
Block within Site
Plot within Block
Residual

Std. Dev.
0.58
0.16
4.5E-05
0.51

P-value
<0.0001
0.07
1

Fixed effects
Site
Family

Log-Likelihood Ratio
16.9
12.4
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P-value
0.0007
0.015

Discussion
In a field experiment examining the early life stages of non-invasive, casual and
invasive species, we found evidence for biotic resistance, which reduced the
performance of our focal plants. Invasives responded to competitors from the
naturally-assembled plant community differently than casual or non-invasive
species, but there was no strong evidence for differences in the way invasives as
a group responded to herbivory. We also found faster photosynthetic rates, faster
relative growth rates, and higher survival to one year in invasive than noninvasive species.

Biotic Resistance
Previous tests of biotic resistance have focused on the ability of a predominantly
native plant community to prevent or reduce the establishment or growth of an
invasive plant species through competitive interactions (Fridley et al. 2000;
Levine, Adler, and Yelenik 2004; Theoharides and Dukes 2007). Our experiment
examined biotic resistance in the context of a non-native plant community, where
we might expect community properties like biotic resistance to be largely a sum
of the traits of individual species. Novel communities and ecosystems are an
increasing component of the world’s natural areas, but how these novel
communities behave and interact is still poorly understood (Hobbs et al. 2006;
Lindenmayer et al. 2008; Kuebbing, Nuñez, and Simberloff 2013).

We found that natural competitors reduced survival (Fig 6) in some non-invasive
and casual species, as well as one invasive, and had an almost universal
negative impact on growth (Fig 7). This is despite the advantage our focal
species had as a result of the severe, localized disturbance we initiated by killing
the existing plant community with herbicide prior to the experiment. This gave
our focal species the best opportunity to compete with propagules from the
surrounding community for space and resources, which were available following
disturbance. The impacts of competition on plant traits, including growth and
photosynthesis, were explained by the biomass of competing plants, not the
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species richness of the community. However, with the presence of dominant,
high biomass species like Megathyrsus maximus (Jacq.) B. K. Simon & S. W. L.
Jacobs (Guinea grass), the potential effects of community richness and
functional diversity may have been obscured (Kennedy et al. 2002; Fargione,
Brown, and Tilman 2003; Zavaleta and Hulvey 2004; Selmants et al. 2012).

Though competition completely excluded only two species within the year-long
timeframe of our experiment, both of which had low survival even without
competition, if the trends we observed continued, we could expect complete
exclusion of the slow-growing species. By contrast, fast-growing invasive
species are unlikely to be excluded, even given more time. Individuals of two
invasive species (Justicia betonica, Asystasia gangetica) reached reproductive
maturity within a year even in plots with competition, though it generally took
longer than in plots without competition (J Bufford personal observation).
Several other species reached reproductive maturity, but only in plots without
competition. Invasive species also maintained high photosynthetic rates even in
the presence of competition, while photosynthetic rate declined with competition
in both casual and non-invasive species (Fig 13).

Our experiment used natural levels of herbivory and damage to examine the role
of herbivores in biotic resistance. The dominant herbivores observed at both
sites were non-native generalists, including insects (especially Orthoptera) and
slugs and snails (Gastropoda) (J Bufford, M Lurie personal observation). No
native herbivores were observed. Overall leaf damage was low (10 ± 0.01%,
mean ± 1 SE), as in other studies in Hawai'i (Funk and Throop 2010) .
Apocynaceae, with their high investment in toxic milky latex, had lower rates of
damage than the Acanthaceae or Bignoniaceae and survival in the Apocynaceae
was not significantly correlated with damage. There were significant interactions
between damage and invasiveness in our models for survival, SLA and
chlorophyll content, but the interaction in the survival model was dependent on a
few points. SLA and chlorophyll content showed changes in leaf construction in
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non-invasive species with high damage, but not in invasive and casual species.
Previous studies have suggested that vertebrate herbivores or specialist insects
are more effective at preventing establishment than generalist insects (Case and
Crawley 2000; Maron and Vilà 2001) and that native herbivores reduce nonnative plants while non-native herbivores do not (Parker, Burkepile, and Hay
2006), which is consistent with the low effect of non-native generalist herbivores
in this study.

Biotic resistance, as a property of the existing community, is very contextdependent, so barriers associated with biotic resistance and competition are also
likely to be context-dependent. A species which is limited by competition in one
community may or may not be limited by competition in a community with a
different species composition or species richness (Levine 2000; Zavaleta and
Hulvey 2004). The species studied here have been present and widespread in
Hawaiʻi for many years, so barriers associated with biotic resistance must be
somewhat robust to have prevented the invasion of many of these species thus
far. However, the constant introduction of new species means that these
communities continue to change as new invasive species are added, and the
ultimate effect of these changes is unpredictable. Furthermore, in many studies,
including this one, biotic resistance, through either competition or herbivory,
reduces the abundance or density of introduced species, but only rarely
eliminates a species entirely (Levine, Adler, and Yelenik 2004). This means that
biotic resistance may have a greater effect on the abundance and impact of an
introduced species than on its initial establishment or geographical spread.

Species Traits
Seedling establishment is crucial to population expansion (Nathan and MullerLandau 2000; Wang and Smith 2002; Myers and Harms 2009; Donohue et al.
2010). Given that low germination or emergence would be strong barriers
capable of explaining invasion failure, it was surprising to find that germination
failure was not a serious barrier for any of our non-invasive species. Nerium
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oleander had very low emergence in the field, but this is probably due to a high
rate of early seedling mortality, as germination was high in the lab, and high
seedling mortality was observed in the germination chamber (J Bufford personal
observation), although not in a greenhouse environment (M Lurie personal
observation). Differences in percent emergence in the field were attributable to
location and species variation, but not to invasiveness. We planted our seeds in
a disturbed substrate with potential competitors initially removed. As a result,
competition did not affect germination or emergence in our experiment, but it
could reduce germination and seedling establishment under other circumstances
(Case and Crawley 2000; Lambrinos 2002; Pattison and Mack 2009).

Similarly, survival over the course of a year was a potential barrier for only two
casual and one non-invasive species of the 15 in this study. Invasives as a
whole did have higher survival through the first year than non-invasives, but the
most dramatic differences were species-specific. In this study, as in others,
species with large seeds had a slightly higher post-emergence survival rate than
those with small seeds (Moles and Westoby 2004), but some invasive species
had large seeds, while others had small seeds, emphasizing that a variety of
different life history strategies may be successful in different contexts or at
different stages of the invasion process (Hodkinson and Thompson 1997; Muth
and Pigliucci 2006; Theoharides and Dukes 2007; Milbau and Stout 2008;
Bufford and Daehler 2011).

Growth rate influences survival and reproduction and changes in response to the
biotic and abiotic environment. Growth rates in our experiment were higher in
invasive than in non-invasive species as found in some previous studies
(Pattison, Goldstein, and Ares 1998; Burns 2004; Vilà and Weiner 2004;
Grotkopp and Rejmánek 2007; Pyšek and Richardson 2007), but not others
(Bellingham et al. 2004). RGR was very low for a few non-invasive and casual
species (Plumeria rubra, Nerium oleander, Stemmadenia litoralis). Though
individuals of these species survived to the end of our one-year experiment, a
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slow growth rate increases the time to reproduction in plants with a minimum
biomass for flowering and thus the risk of death before reproductive maturity.
Greater canopy openness increased growth rates, suggesting that light may be a
limiting factor (Poorter 1999; Pattison and Mack 2009; Brenes-Arguedas et al.
2011). During the course of this study, most of the invasive Asystasia gangetica
and Justicia betonica plants flowered and some began to set seed before being
harvested. Catharanthus roseus individuals reached reproductive maturity
before harvest in plots without competition at the drier site. At least one plant of
Thevetia peruviana, Spathodea campanulata, Tecoma stans, and Tecoma
capensis, all woody species, also flowered within the one year limit of this study
at the drier site, and both Tecoma species began to set fruit. A high growth rate
and early reproduction may promote the success of these species, all of which
are invasive in Hawaiʻi except T. stans (casual) and T. capensis (non-invasive).

Slow relative growth rate was the most commonly encountered potential barrier
among non-invaders and casuals in this study, with many species in the
Apocynaceae and some in the Bignoniaceae having slow RGR, even at their
more favorable sites. Unfortunately, only above-ground biomass could be
collected at the end of the experiment, biasing the results against species that
invest heavily in their root system, including species like Tabebuia aurea, which
has a large taproot (J Bufford personal observation) and was recorded as having
a slow RGR. Thevetia peruviana was also recorded with a low, and often
negative, RGR, especially at the wet site, where it did poorly. Though T.
peruviana seedlings often increased in height quickly in the field, the seeds are
large and oil-rich (Staples and Herbst 2005), so the high dry mass of seeds can
lead to low RGR, especially since it also invests extensively in roots. Despite the
low mean RGR, one individual of T. peruviana grew large enough to flower at the
drier site, indicating that it is not limited by growth rate.

Growth rate is context-dependent and variable both spatially and temporally
(Goldstein and Suding 2013), as the example of T. peruviana illustrates.
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Presumably, growth rate does not prevent establishment of these species in their
native range, either because of a higher growth rate due to genetic variation,
different climatic conditions, the presence of soil mutualists, or other factors or
because competitive pressure is different in the native range. Our experiment
covered two common environments in Hawai'i, and specifically selected
environments in which our focal species ought to be successful. Therefore, we
expect our results to be robust across lowland mesic environments in Hawai'i.
Furthermore, all of these species have been present in Hawai'i for at least 50
years, and a third were planted in gardens around Honolulu as early as 1917
(Rock 1917). The long residence and widespread planting of our focal species
suggests that non-invasiveness is not merely due to lack of access to suitable
sites in the islands.

Other variables measured in this experiment were not as clearly linked to
patterns of non-invasiveness. Specific leaf area, a potential correlate of RGR
and invasiveness (Grotkopp, Rejmánek, and Rost 2002; Grotkopp and Rejmánek
2007), was lower in non-invasive species than in invasive and casual species,
but only in the absence of competition. Similarly, though chlorophyll content
responded differently to damage, overall chlorophyll content was not different
between invasive and casual or non-invasive species.

Site was an important predictor of each response variable, and highlights the
context-dependent nature of invasions and barriers to invasion. Species
performance was different between sites, which differed primarily in seasonality
and quantity of rainfall, but also had different soils, slopes, and plant and animal
communities. Our experiment was able to test only a limited number of
replicates in two sites, but by examining 21 species in 3 families, we demonstrate
the frequency and importance of different barriers, as well as the variation
present among species.
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Invasiveness
We examined three different categories of invasiveness in introduced species:
non-invasive, casual and invasive species. The differences between invasive
and non-invasive species were consistent with expectations, with lower survival,
growth, SLA and photosynthesis in non-invasives. Casual species were similar
to non-invasive species in survival, growth rate and photosynthesis, but were
more similar to invasive species in SLA. In the interactions between
invasiveness and biotic resistance, as either herbivore damage or competition,
casuals and invasives showed no significant interaction, while non-invasives did.
The species classified here as casuals include species found only rarely outside
of cultivation as well as species that appear to be reproducing in the field, which
therefore may be more accurately classified as locally naturalized. This range of
behavior among our casuals may explain why they were difficult to classify with
the traits we measured. When individual species in different invasion categories
are compared within family, the results do not always match the results of the
models, which look at all species together. This emphasizes the utility of large
experiments comparing many species in detecting overarching patterns, but also
cautions against rigidly applying statistical predictions to individual species.
Furthermore, changes in the ecological context, including the introduction of new
genetic material or mutualists from the native range, climate change, and
changes in disturbance regime could change these interactions and the strength
of the observed barriers.

Conclusion
Our field study found evidence for both biotic and traits-based barriers to invasion
success in 15 non-invasive or casual species in a heavily invaded, tropical mesic
environment. By outplanting seeds of these species, along with successful
confamilial invaders, and following their growth and fate through their first year,
we were able to confirm the role of biotic resistance, in the form of competition,
as a potential barrier in the early juvenile stage, but we did not find strong
evidence for herbivory as a barrier. Non-invasive species overall had lower
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survival, relative growth rates and photosynthesis than invasive species, perhaps
leading to poor competitive ability. We conclude that biotic resistance can
prevent some species from establishing, but we also emphasize that these
barriers are species- and context-specific.
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Chapter 4: Starting young: invasive plants grow
faster than non-invasive species at early seedling
stages
Jennifer L Bufford and Curtis C Daehler

Abstract
Invasive species are a serious threat to biodiversity and human well-being worldwide, yet why some introduced species become invasive while many others do
not is still poorly understood. Invasive species are often hypothesized to have
higher growth and photosynthetic rates than non-invasive species, especially in
anthropogenically disturbed, high-light environments. We measured relative
growth rate (RGR), root mass fraction (RMF), specific leaf area (SLA), maximum
electron transport rate (ETRm, a measure of photosynthesis), and chlorophyll
content in seedlings of 21 species (3 families) of introduced ornamentals, which
had been classified as invasive, casual (found occasionally outside cultivation),
or non-invasive in Hawai'i. We grew the seedlings in full light and shade and
collected data at three early seedling ontogenetic stages (cotyledons only, two
true leaves, four true leaves). Invasive species had significantly higher RGR
(0.060 ± 0.0036 g g-1d-1) than non-invasive species (RGR = 0.022 ± 0.0019 g g1 -1

d ) and their cotyledons had higher ETRm and lower chlorophyll content. Light

strongly affected most metrics, and this effect did not differ substantially between
invasive and non-invasive species, except for the ETRm of cotyledons. Casual
species did not differ from invasive species in any metric. Therefore, while we
did not find strong evidence for differences in the way invasive and non-invasive
species respond to light, we found differences in growth rate which could give
invasive species an advantage during the critical stage of seedling establishment,
with the strongest differences very early in seedling ontogeny.

Keywords:
Invasive, Non-invasive, Ornamental plants, Relative growth rate, Shade
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Introduction
Invasive introduced species are well-recognized as a major threat to biodiversity
and human health and well-being, and can cause major alterations in ecosystem
functions (Vitousek and Walker 1989; Simberloff 2005; Pejchar and Mooney
2009; Powell, Chase, and Knight 2011; Vilà et al. 2011; Simberloff et al. 2012).
Many plant species are introduced outside their native ranges by humans
intentionally (e.g., horticulture, agriculture) or unintentionally (e.g., seed
contaminants), but most of these do not become invasive (Williamson and Fitter
1996). A biological invasion is best understood as a process with distinct stages
of invasion and transitions between them, and recent attention has focused on
developing a coherent classification for introduced species across these stages
(Richardson, Pyšek, et al. 2000; Colautti and MacIsaac 2004; Blackburn et al.
2011). Richardson, Pyšek, et al. (2000) identified several categories of
introduced plants based on the stage of invasion in which they are found in the
introduced range: those found only in cultivation (“non-invasive”), those found
sporadically outside of human cultivation (“casual”), and those which have
established reproducing, spreading populations (“invasive”). Comparisons
across these categories of introduced plants can yield insights into the drivers of
invasiveness (Theoharides and Dukes 2007; van Kleunen et al. 2010).

There has been tremendous interest in identifying and quantifying the traits that
make invasive plant species so successful (Pyšek and Richardson 2007),
especially with the goal of creating a system to screen new introductions and
eliminate likely invaders before they are imported (Daehler et al. 2004; Keller,
Lodge, and Finnoff 2007; Dawson, D.F.R.P. Burslem, and Hulme 2009b; Leung
et al. 2012). Most comparisons to date have focused on the differences between
invasive and native species (van Kleunen, Weber, and Fischer 2010; Zenni and
Nuñez 2013). While these comparisons are helpful in understanding why
invasive species out-compete natives, only comparisons between invasive and
non-invasive introduced species can fully address why invasive species
successfully establish and spread (van Kleunen et al. 2010). Furthermore, the
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ability to identify non-invasive, low-impact introduced species is important for
management and regulation, including import regulations using a “green list” of
approved species (Dehnen-Schmutz 2011; Ricordi, Kaufman, and Criley 2013).
Little attention to date has been given to non-invasive introduced species and the
traits which enable some species to establish or spread, or limit or prevent the
establishment of others, have not been clearly elucidated (van Kleunen et al.
2010; Zenni and Nuñez 2013). Higher biomass or growth rate seems to be the
most robust trait distinguishing invasive from non-invasive introduced species
(Grotkopp, Rejmánek, and Rost 2002; Burns 2004; Burns 2006; Grotkopp and
Rejmánek 2007), although this, too, is inconsistent among studies (Nilsen and
Muller 1980a; Bellingham et al. 2004; Muth and Pigliucci 2006). Most of these
studies have been conducted in the temperate or Mediterranean zone, and very
few comparative studies of invasive and non-invasive introduced species have
been done in the tropics (van Kleunen, Weber, and Fischer 2010). Hawaiʻi is an
excellent place to study invasive and non-invasive species in the tropics because
of the importance of invasives, including invasive ornamentals (Staples, Herbst,
and Imada 2000), as a threat to endemic plants and wildlife (Smith 1985), and
the large number of well-documented non-invasive introduced ornamentals
(Staples and Herbst 2005).

The early seedling stage is a crucial phase of population establishment and
growth, including during the spread of an invasion (De Steven 1991; Levine,
Adler, and Yelenik 2004; Pattison and Mack 2009; Donohue et al. 2010; Stricker
and Stiling 2013). Seedlings often face herbivory and strong competition for light
and other resources. Their small biomass makes them vulnerable to
environmental pressures and can result in high seedling mortality. Herbivory and
light environment at the seedling level have been suggested as key factors
affecting diversity in tropical forests (Janzen 1970; Wright 2002; Salgado-Luarte
and Gianoli 2010; Houter and Pons 2012). Similarly, biotic and abiotic factors
acting on the seedling stage could have a great influence in promoting or limiting
the establishment and spread of an invasive species (Lake and O’Dowd 1991;
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Maron and Vilà 2001; Levine, Adler, and Yelenik 2004) and the physiology and
growth rates of seedlings may partly explain the success of invasive species
(Grotkopp, Rejmánek, and Rost 2002; Grotkopp and Rejmánek 2007).

To investigate the underlying physical and photosynthetic traits of seedlings
which might explain invasiveness in the field, we compared 21 introduced
ornamental plant species (Table 15). Ornamentals are an important potential
source of new invasive species because of the sheer number and variety of
ornamental plants and the high propagule pressure associated with large-scale
cultivation and planting (Reichard and White 2001; Mack and Erneberg 2002;
Dehnen-Schmutz et al. 2007a; Dehnen-Schmutz et al. 2007b; Hulme 2011). We
examined seedlings of invasive, casual, and non-invasive introduced species
grown under high and low light conditions, simulating open disturbed areas and
forest understory, to look for determinants of invasion success. Because plants
can change dramatically during ontogeny (Hanley et al. 2004; Boege and
Marquis 2005; Houter and Pons 2012), traits were examined at three different
seedling stages: cotyledons only, first pair of true leaves, and second pair of true
leaves. We expected to find lower growth and photosynthetic rates in noninvasive and casual species than in invasive species.

Methods
Species
Potential species were compiled from a variety of sources (Rock 1917; Neal
1965; Clay and Hubbard 1977; Rauch and Weissich 2000; Daehler et al. 2004;
Wood 2005). Only widely planted species with a minimum residence time
(Richardson and Pyšek 2006) of at least 50 years, as determined by the earliest
record in the Bishop Museum Herbarium
(http://www2.bishopmuseum.org/natscidb/), were considered, so that all species
have had opportunity to invade (Daehler 2009). Minimum residence time (MRT)
represents a conservative estimate of time since introduction (Phillips et al. 2010)
and is often correlated with invasion success (Hamilton et al. 2005; Richardson
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and Pyšek 2006; Pyšek, Krivánek, and Jarošík 2009; Phillips et al. 2010). To
reduce the role of climate in promoting or limiting invasions (Petitpierre et al.
2012), we used only tropical, mesic or mesic-dry adapted species, which should
be compatible with Hawaii’s climate, as determined from observations and
literature (Staples and Herbst 2005; USDA ARS National Genetic Resources
Program 2013).
We designated species as non-invasive, casual or invasive (Richardson, Pyšek,
et al. 2000) using local floras (Wagner, Herbst, and Sohmer 1999; Wagner et al.
2012) and reports of naturalization (Frohlich and Lau 2010; Frohlich and Lau
2012; Lau and Frohlich 2012; Parker and Parsons 2012a; Parker and Parsons
2012b). We examined three families (Acanthaceae, Apocynaceae, and
Bignoniaceae), which had species in all three categories present in Hawai'i as
common ornamentals. Individual species were selected randomly within family
and invasion category. For these experiments, only species which produce seed
in Hawai'i, either naturally or through hand pollination were used (Table 15)
because seeds were not available for the other species. This excluded all of the
non-invasive Acanthaceae examined, none of which produced seeds.

Experimental Design
We collected seeds from botanical gardens, public landscaping, and private
gardens and from multiple individuals and multiple locations, where possible.
Two species (Hoya australis, Marsdenia floribunda) were collected from one
plant each because of infrequent seed set and/or difficult access. The extent of
intraspecific genetic variation present in Hawaiʻi, even for species for which
multiple plants were available, is unknown. Many horticultural plants are
propagated through cuttings, including H. australis and M. floribunda (Staples
and Herbst 2005) and limited genetic variation is a part of the invasion dynamics
of these horticultural species. Therefore seeds from a single individual are not
unrealistic as a starting point for a potential invasion. Seeds for one species
(Calotropis gigantea) were collected from hand pollination experiments. Most
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Table 15. Species used in experiments addressing seedling growth and photosynthesis.
Family
Acanthaceae
Acanthaceae
Acanthaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Apocynaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae
Bignoniaceae

Species Name
Asystasia gangetica (L.) T. Anderson
Justicia betonica L.
Megaskepasma erythrochlamys Lindau
Catharanthus roseus (L.) G. Don
Thevetia peruviana (Pers.) K. Shum.
Calotropis gigantea (L.) W.T. Aiton
Hoya australis R. Br. ex J. Traill
Stemmadenia litoralis (H.B.K.) Allorge
Carissa macrocarpa (Eckl.) A. DC.
Nerium oleander L.
Plumeria rubra L.
Marsdenia floribunda Brogn.
Dolichandra unguis-cati (L.) L.G.
Lohmann
Spathodea campanulata P. Beauv.
Tabebuia heterophylla (DC.) Britton
Tecoma stans (L.) Juss. ex Kunth
Handroanthus impetiginosus (Mart. Ex
DC.) Mattos
Kigelia africana (Lam.) Benth.
Roseodendron donnell-smithii (Rose)
Miranda
Tabebuia aurea (Silva Manso) Benth. &
Hook. f. ex S. Moore
Tecoma capensis (Thunb.) Lindl.
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Habit
Shrub
Shrub
Shrub
Shrub
Tree
Shrub
Vine
Tree
Shrub
Shrub
Tree
Vine
Vine
Tree
Tree
Tree
Tree
Tree
Tree

Category
invasive
invasive
casual
invasive
invasive
casual
casual
casual
non-invasive
non-invasive
non-invasive
non-invasive
invasive
invasive
casual
casual
non-invasive
non-invasive
non-invasive

Tree
Shrub

non-invasive
non-invasive

seeds were collected in the fall of 2011, just before the start of the experiment,
although seeds for some species were up to eighteen months old and seeds for
Plumeria rubra were up to two years old.

We germinated seeds on a thin layer of damp silica sand in petri dishes in an
incubator (Percival Environmental Controller model I-30VL, Percival Scientific,
Inc). The incubator was set for a 12 hour light-dark cycle at 27˚C and 21˚C
respectively, to mimic typical field conditions low elevation environments in
Hawai'i. Germination was noted daily and seedlings were transplanted from the
germination chamber usually within a few days (mean = 2.3 days) and before
epigeal cotyledons were fully expanded.

Seedlings were transplanted into 21 cm deep plastic cones with a total volume of
164 cm3. According to a recent meta-analysis (Poorter et al. 2012), ideal pot
sizes should be large enough to produce a ratio of less than 2 g of dry plant
biomass per liter of pot volume. These cones were large enough such that this
ratio was met for all but the largest seedlings (4% of seedlings, max = 5.1 g L -1).
A cinder rock (~2 cm diameter) was placed at the bottom of each cone to
improve drainage and the cone was filled with a 3:1 mixture of Premire Promix
Bx Mycorrhizae (Premier Tech Horticulture) and small volcanic cinders (<2 cm,
Niu). Fertilizer (Osmocote 14-14-14 NPK, 0.055 g) was added to the center of
the cone at about 2 cm depth. The growing medium was thoroughly wet before
transplanting.

The experiment included two light treatments and three harvest stages for each
species. Seedlings grew in plastic racks raised on cinder blocks on the roof of
the St. John Plant Sciences Building at the University of Hawai'i at Mānoa
campus in Honolulu, Hawai'i. St John is less than 100 m asl and receives
approximately 1100 mm of rainfall yearly, with slightly more of that rain falling
between October and April (Giambelluca et al. 2013). They were partially
sheltered from the local trade winds, but were exposed to natural sunlight and
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rainfall. Seedlings were randomly placed in one of two light treatments: full light
or dense shade. The shade treatment was created using a 70 cm high frame
covered with shade cloth on four sides, with the fifth side placed against a wall.
Light conditions were measured throughout the experiment as photosynthetically
active radiation (PAR) using a 0.3 m line sensor (Fieldscout PARmeter,
Spectrum Technologies). Overall, full sun readings ranged from 143 to 2156
μmol photons s-1m-2 across the day (mean = 1300 μmol photons s-1m-2) and the
shade cloth reduced available light to 10 ± 0.7% of full sunlight. This reduction is
comparable to the light reductions found in local forest understories (Pattison,
Goldstein, and Ares 1998, J.Bufford unpublished data). We conducted the entire
experiment twice, once in the fall (2011) and once in the spring (2012). For
logistical reasons, the light treatment was replicated temporally and not spatially,
with one block of each treatment in the fall and again in the spring.

Seedlings (n = 596 total seedlings) were grown until they reached one of three
pre-assigned developmental stages: fully expanded cotyledons, first set of true
leaves (2 leaves), or second set of true leaves (4 leaves). The developmental
stage was considered complete when leaves were fully expanded and/or leaf
primordia for the next set of leaves were visibly developing. Most seedlings
produced leaves in pairs; if an individual seedling or a species (e.g., Hoya
australis) produced single leaves, then we harvested seedlings with cotyledons
only, at the first true leaf, and at 3-4 true leaves. Dolichandra unguis-cati was the
only species with hypogeous cotyledons, which play no photosynthetic role.
Therefore for this species, harvest began with the first true leaf/leaves and
continued through three sets of true leaves.

We monitored seedlings regularly during the experiment, and watered them
when the growing medium began to dry. Because of the potential influence of
position in the racks on the amount of light received, seedlings were haphazardly
rotated around the experimental block every one to two weeks. The experiment
lasted three months, but the duration of growth for each seedling depended on
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the growth rate and stage at harvest. The unit of replication was considered the
number of seedlings per light treatment per developmental stage per species.
Replication varied by species due to differences in germination and early
seedling survival, with a mean of 4.7 seedlings per species at a given light
treatment and harvest stage (range = 0-11).

Data Collection
Seedlings were harvested once they reached the assigned developmental stage.
Just prior to harvest, the seedlings were watered and placed briefly in the sun to
obtain measurable photosynthetic rates. Photosynthetic rates were measured
between 9 am and 1 pm on the youngest fully expanded cotyledons or leaves
using chlorophyll fluorescence and gas exchange. The use of chlorophyll
fluorescence reduced the time needed to collect data and allowed data collection
on leaves and seedlings that were too small for traditional gas exchange.
Additional data collected included chlorophyll content, leaf area, and the biomass
of the plant, separated by leaves, stem and roots.

Photosynthesis was measured by gas exchange using a CI-340 Handheld
Photosynthesis System (CID Bio-Science, Inc) for seedlings in the largest
developmental stage (2 sets of fully expanded leaves). Only seedlings with large
enough leaves and petioles to reach into the device’s gas exchange chamber
could be used. Photosynthesis was measured at 1500 μmol photons s -1m-2 after
a 5 min acclimation period. All readings of net photosynthesis (Pn) and stomatal
conductance (gs) acquired after the first five minutes were averaged, with the
exception of any readings collected during a deviation from the average incoming
CO2 of more than 5 ppm, because this can affect the reliability of the readings.
Photosynthetic rate data were collected on all possible seedlings at harvest using
a Junior-PAM Chlorophyll Fluorometer (Heinz Walz GmbH). Pulse-AmplitudeModulation (PAM) fluorometry uses intense light to excite the chlorophyll
photosystem II (PS II). The resulting chlorophyll fluorescence is related to the
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rate of electron transport from PS II to photosystem I, a key step in
photosynthesis. A rapid light curve measures the fluorescence at different light
levels and uses a regression on the response curve to calculate the maximum
electron transport rate (ETRm in µmol electrons m-2s-1), which represents the
current photosynthetic capacity of the plant and is correlated with Pn measured
by gas exchange (Beer and Axelsson 2004; Pasquini and Santiago 2012). We
ran a rapid light curve at least once per leaf on up to two leaves per plant.
Curves with more than two points with a yield below 0.1 (photochemical quantum
yield of PS II, relative units), were excluded because previous studies have
shown that at low yields the relationship between ETRm and Pn degrades (Beer
and Axelsson 2004).

At harvest, one of the two youngest, fully expanded leaves was randomly
selected for further analysis. The chlorophyll content was measured at two
locations on the leaf using a SPAD-502 Chlorophyll Meter (Minolta) and
averaged, with the exception of Thevetia peruviana cotyledons, which were too
thick to measure. We measured the leaf area from two photographs taken of the
leaf under a glass plate using the program ImageJ (Rasband 2012) and
averaged them. The leaf was separately dried and weighed to calculate the
specific leaf area (SLA in cm2 g-1 dry mass), which is correlated with relative
growth rate (Shipley 2006; Grotkopp and Rejmánek 2007). We harvested the
entire plant, cleaned the roots to remove dirt and debris, and separated roots,
leaves, and stems. Embryo biomass was also measured for 20 seeds of each
species to serve as a starting weight for relative growth rate calculations. We
removed the fruit and seed coat from the embryo and endosperm to measure
only biomass which would later develop into the seedling. The seed coat of two
species (Catharanthus roseus, Stemmadenia littoralis) could not be removed
because it formed a thin layer that was tightly fused to the endosperm. The
embryos and seedlings were dried in wax envelopes at 60˚C for at least four
days and weighed on a balance readable to 0.01 mg (MS105DU Semi-Micro
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Balance, Mettler Toledo). All 20 seed embryos were weighed together and the
total biomass was divided by 20 to obtain the mean weight per embryo.

Analysis
All analyses were conducted in R (version 3.0.0, R Core Team 2013) using the
standard base packages, as well as the packages car (Fox and Weisberg 2011),
ggplot2 (Wickham 2009), MASS (Venables and Ripley 2002), nlme (Pinheiro et
al. 2013), and stringr (Wickham 2012).
Data exploration followed Zuur et al. (2010). Relative growth rate (RGR in g g-1
d-1) was calculated using dry biomass as:
(

)

(

)

Pn was measured for a subset of the seedlings (n = 140 of 596) and compared
with ETRm. As expected, the two were moderately correlated (two-sided
Pearson’s correlation, r = 0.61, p<<0.001, Fig 16). Therefore, ETRm was used as
the measure of photosynthesis for all further analysis.

We used linear mixed-effects models (LMMs), implemented in the package nlme
(Pinheiro et al. 2013) and lme4 (Bates, Maechler, and Bolker 2013), to examine
the ways in which light environment, seedling stage, and invasiveness predict
RGR, root mass fraction (fraction of total biomass invested in roots, RMF), SLA,
chlorophyll content and ETRm. Linear mixed-effects modeling can include the
explanatory variables light environment, seedling stage and invasiveness as
crossed fixed effects. Mixed-effects models indicate which explanatory predictor
variables significantly contribute to modeling the response variable, and the
magnitude and direction of those effects. Mixed-effects models have an
advantage over linear models because it can also allow the model to differ
between species by including species as a random effect, without using the
prohibitively high degrees of freedom required by linear models (Zuur et al. 2009).
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Fig 16. Maximum electron transport rate (ETRm), measured by fluorescence, and rate of
net photosynthesis (Pn), measured by gas exchange on the same seedling, are
positively correlated (Pearson’s r = 0.61, n = 140). The line is a linear regression with 95%
confidence intervals. Graph includes data from all species except Carissa macrocarpa,
for which leaves were too small to measure Pn.

Furthermore, linear mixed models can incorporate a variety of variancecovariance structures (Pinheiro and Bates 2000). In addition to the fixed effects
mentioned above, phylogenetic family and a block effect (fall and spring
replicates) were added as fixed effects and species was included as a random
effect. Separate models were constructed for each measured variable. In each
case, model selection began with a model including all fixed effects and most
relevant 2-way interactions between fixed effects (Table 16). Non-significant
terms (p ≥ 0.05) were sequentially eliminated in a backwards stepwise approach
using likelihood ratio tests (LRT). LRT is calculated by fitting the model using
maximum likelihood and comparing with a model from which the term had been
removed, where possible. Reliable chi-squared and P-values could not be tested
for first order terms that were also involved in a second-order interaction. Terms
which did not significantly improve model fit, as measured by the log-likelihood,
were removed sequentially from highest to lowest order terms.
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Because the variables were all continuous, the models were fit to a Gaussian
distribution, and the response variables were transformed to improve conformity
to the assumptions of the model, especially homogeneity of variances (Table 8).
Models were checked by examining the residuals for patterns and testing for
homoscedasticity in the residuals using the Levene’s test in the package car (Fox
and Weisberg 2011). Because of high variability both within and between groups,
residuals were frequently heteroscedastic. This was resolved by fitting models
which allowed for heterogeneous within-group variances (Pinheiro and Bates
2000), usually by species, and by modeling seedlings with cotyledons and
seedlings with true leaves separately for chlorophyll content. In order to model
RGR, SLA, and chlorophyll content of true leaves, Thevetia peruviana had to be
removed from the models because low and uneven replication prevented the
models from being able to reliably estimate coefficients. P-values were
calculated using the likelihood ratio test, which fits a model using maximum
likelihood and compares it with a model from which the term of interest has been
removed.

Table 16. Table showing fixed and random effects and interactions included in the
original model. From the original model, non-significant terms were dropped iteratively.
An “x” represents an interaction. Factors included: invasiveness (Invs), light level (Light),
seedling stage at harvest (Stage), block, phylogenetic family (Fam), and species (Sp).
Invasiveness was assigned at the species level and was only partially crossed with
family, so an invasiveness x family interaction could not be included.
Fixed Effects
Fixed Interactions
Random Effects
Invasiveness (Invs)
Invs x Light
Species (Sp)
Light Level (Light)
Invs x Stage
Seedling Stage (Stage)
Light x Stage
Block
Light x Fam
Family (Fam)
Stage x Fam

Patterns in suites of traits within family were evaluated using a discriminant
function analysis (DFA) in the package ‘MASS’ (Venables and Ripley 2002). A
discriminant function analysis uses the group means of linear recombinations of
predictor variables to separate categories designated a priori. In this case, the
designated categories were the unique combinations of invasion category and
light environment. A jackknife approach then classifies each record using a
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model that was built excluding that record, and the results are compared to the
known a priori groups to assess model accuracy. The model used RGR,
reciprocal square-root transformed ETRm, square-root transformed RMF and
square-root transformed SLA. These transformations were selected to improve
homogeneity of variances, to which DFA is sensitive (Quinn and Keough 2002).
Replication varied by species due to differences in seed availability and survival
rates. To reduce heteroscedasticity and control for phylogenetic effects, only
records from the largest stage (stage 3: four leaves) from seedlings in the family
Bignoniaceae were used, as this family had the best replication within species
and across groups. The resulting variances were homogenous across the a
priori designated groups. A DFA was also carried out for the family
Apocynaceae, using mid-sized seedlings (stage 2: 2 leaves), which best fit the
assumptions of the DFA, and the results were similar (data not shown).

Results
Linear Mixed Models
LMMs were fit to the five response variables (RGR, RMF, SLA, ETRm, chlorophyll
content) measured in this experiment (Table 17). Invasion category was a
significant predictor in every model, except for RMF and the chlorophyll content
of leaves, and light environment was important in every model.

RGR
Relative growth rate (RGR) was greater in invasive and casual species, and in
later ontogenetic stages, but did not substantially differ with light environment
(Fig 17). There was a significant interaction between invasiveness and ontogeny,
where the difference between invasive species and both casual and non-invasive
species increased slightly over time (Table 18). Family was also an important
part of the model, and species in different families had RGR change differently
across ontogeny and light environments. Models of RGR could only be run when
T. peruviana was excluded because of poor replication.
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Table 17. Structure and characteristics of the optimal reduced linear mixed-effects model
for each response variable. All models used species as a random effect. Other
explanatory variables included: invasiveness (Invs), light level (Light), seedling
ontogenetic stage at harvest (Stage), block, and phylogenetic family (Fam). ‘*’ indicates
both terms and their interaction were included.
Variable
n
Transformation
Variance-Covariance
Fixed Effects
RGR
587
None
Sp*Light
Invs*Stage
Light*Fam
Stage*Fam
RMF
594
Square-root
Sp
Light*Stage
Stage*Fam
SLA
575
Square-root
Sp
Block
Stage*Fam
Light*Stage
Invs*Stage
Invs*Light
ETRm
557
Reciprocal
Sp
Invs*Light
square root
Invs*Stage
Light*Stage
Block
Chlorophyll
157
None
Light*Block
Fam
(cotyledons)
Invs
Chlorophyll
383
None
Sp*Light
Block
(leaves)
Stage*Fam
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Fig 17. Seedling relative growth rate (RGR) for 21 species (see Table 15) in three
invasion categories: non-invasive (circle, n = 9 species), casual (triangle, n = 6 species)
and invasive (square, n = 6 species). Seedlings were grown in the full sun (left panel) or
in shade (right panel) and harvested at three different ontogenetic stages (x-axis). Bars
represent standard errors of the species means.
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Table 18. Effects of light environment and invasion category on relative growth rate
(RGR) of seedlings (Table 15, excluding Thevetia peruviana) across three
developmental stages estimated by a linear mixed-effects model. Estimates and
standard errors of model coefficients are from the reduced maximum likelihood model.
P-values were calculated using the likelihood ratio test. The intercept represents the
RGR of a seedling in an invasive species in the Acanthaceae at the cotyledon stage in
the shade during the fall block.
Fixed effects
Estimate
Std. Error
Intercept
0.03
0.017
Casual
-0.008
0.018
Non-invasive
-0.03
0.017
Light
0.001
0.0032
2 Leaves
0.040
0.0056
4 Leaves
0.042
0.0059
Apocynaceae
-0.01
0.021
Bignoniaceae
-0.0001
0.020
Casual x 2 Leaves
-0.024
0.0053
Non-invasive x 2 Leaves
-0.010
0.0050
Casual x 4 Leaves
-0.022
0.0058
Non-invasive x 4 Leaves
-0.011
0.0055
Light x Apocynaceae
0.001
0.0039
Light x Bignoniaceae
0.008
0.0038
2 Leaves x Apocynaceae
0.002
0.0045
4 Leaves x Apocynaceae
0.003
0.0054
2 Leaves x Bignoniaceae
-0.019
0.0052
4 Leaves x Bignoniaceae
-0.012
0.0057
Random effects:
Species
Residual
Fixed effects
Invasiveness x Stage
Light x Family
Stage x Family

Std. Dev.
0.036
0.031
Log-Likelihood Ratio
20.0
7.3
25.8
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P-value
0.0005
0.026
<0.0001

RMF
Root mass fraction (RMF) is greater in older seedlings and in the sun and the
difference between sun and shade seedling increases over ontogeny (Table 19).
RMF increased more slowly over ontogeny in the Apocynaceae than in the other
two plant families. RMF was higher in invasives than non-invasives, especially in
later seedling stages, but these trends were not significant (Fig 18).
Sun
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Fig 18. Seedling root mass fraction for 21 species (see Table 15) in three invasion
categories: non-invasive (circle, n = 9 species), casual (triangle, n = 6 species) and
invasive (square, n = 6 species). Seedlings were grown in the full sun (left panel) or in
shade (right panel) and harvested at three different ontogenetic stages (x-axis). Bars
represent standard errors of the species means.
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Table 19. Effects of light environment and invasion category on root mass fraction (RMF)
of seedlings (Table 15) across three developmental stages estimated by a linear mixedeffects model. Estimates and standard errors of model coefficients are from the reduced
maximum likelihood model. P-values were calculated using the likelihood ratio test. The
intercept represents the transformed RMF of a seedling in an invasive species in the
Acanthaceae at the cotyledon stage in the shade during the fall block.
Fixed effects
Estimate
Std. Error
Intercept
0.44
0.047
Light
0.03
0.011
2 Leaves
0.08
0.018
4 Leaves
0.12
0.019
Apocynaceae
-0.00005
0.055
Bignoniaceae
-0.07
0.054
Light x 2 Leaves
0.03
0.015
Light x 4 Leaves
0.05
0.016
2 Leaves x Apocynaceae
-0.05
0.021
4 Leaves x Apocynaceae
-0.08
0.023
2 Leaves x Bignoniaceae
0.008
0.020
4 Leaves x Bignoniaceae
0.025
0.021
Random effects:
Species
Residual

Std. Dev.
0.078
0.084

Fixed effects
Stage x Family
Light x Stage

Log-Likelihood Ratio
23.6
8.8

P-value
0.0001
0.012

ETRm
Invasive and casual species had higher maximum electron transport rate (ETRm)
at the cotyledon stage in full sun than non-invasive species, but there was no
difference in older seedlings or between invasion categories in the shade at any
stage (Fig 19), leading to significant interactions between invasiveness and both
stage and light. ETRm was greatest in cotyledons and in the sun; this drives the
significant interaction between light and stage (Table 20).
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Fig 19. Seedling maximum electron transport rate (ETRm) for 21 species (see Table 15)
in three invasion categories: non-invasive (circle, n = 9 species), casual (triangle, n = 6
species) and invasive (square, n = 6 species). Seedlings were grown in the full sun (left
panel) or in shade (right panel) and harvested at three different ontogenetic stages (xaxis). Bars represent standard errors of the species means.
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Table 20. Effects of light environment and invasion category on maximum electron
transport rate (ETRm) of seedlings (Table 15) across three developmental stages
estimated by a linear mixed-effects model. Estimates and standard errors of model
coefficients are from the reduced maximum likelihood model. P-values were calculated
using the likelihood ratio test. The intercept represents the transformed ETRm of a
seedling in an invasive species at the cotyledon stage in the shade during the fall block.
Fixed effects
Estimate
Std. Error
Intercept
-0.125
0.0048
Casual
0.002
0.0068
Non-invasive
-0.008
0.0061
Light
0.015
0.0033
2 Leaves
-0.020
0.0034
4 Leaves
-0.021
0.0036
Block
0.012
0.0016
Casual x Light
0.006
0.0038
Non-invasive x Light
-0.007
0.0034
Casual x 2 Leaves
-0.009
0.0046
Non-invasive x 2 Leaves
0.009
0.0042
Casual x 4 Leaves
-0.007
0.0048
Non-invasive x 4 Leaves
0.010
0.0042
Light x 2 Leaves
0.011
0.0036
Light x 4 Leaves
0.011
0.0036
Random effects:
Species
Residual
Fixed effects
Block
Invasiveness x Light
Invasiveness x Stage
Light x Stage

Std. Dev.
0.0094
0.012
Log-Likelihood Ratio
46.0
9.6
15.7
11.1

P-value
<0.0001
0.008
0.003
0.004

SLA
Specific leaf area (SLA) was greater, indicating larger, thinner leaves, in the
shade and in true leaves (Fig 20) especially in invasive and casual species
(Table 21). Invasive and casual species had higher SLA than non-invasive
species, but only at the cotyledon stage. Thevetia peruviana, an invasive
species with extremely thick cotyledons, is an obvious exception, but this was
removed from the model because low replication of this species compromised
the model.
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Fig 20. Seedling specific leaf area (SLA) for 21 species (see Table 15) in three invasion
categories: non-invasive (circle, n = 9 species), casual (triangle, n = 6 species) and
invasive (square, n = 6 species). Seedlings were grown in the full sun (left panel) or in
shade (right panel) and harvested at three different ontogenetic stages (x-axis). Bars
represent standard errors of the species means.
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Table 21. Effects of light environment and invasion category on specific leaf area (SLA)
of seedlings (Table 15, excluding Thevetia peruviana) across three developmental
stages estimated by a linear mixed-effects model. Estimates and standard errors of
model coefficients are from the reduced maximum likelihood model. P-values were
calculated using the likelihood ratio test. The intercept represents the transformed SLA
of a seedling in an invasive species in the Acanthaceae at the cotyledon stage in the
shade during the fall block.
Fixed effects
Estimate
Std. Error
Intercept
19
1.3
Casual
-4
1.4
Non-invasive
-13
1.4
Light
-4.3
0.52
2 Leaves
5.5
0.63
4 Leaves
1.9
0.65
Block
-1.0
0.21
Apocynaceae
6
1.6
Bignoniaceae
4
1.5
Casual x Light
1.5
0.54
Non-invasive x Light
3.6
0.51
Casual x 2 Leaves
2.0
0.74
Non-invasive x 2 Leaves
9.9
0.79
Casual x 4 Leaves
3.6
0.80
Non-invasive x 4 Leaves
10.8
0.84
Light x 2 Leaves
-2.9
0.44
Light x 4 Leaves
-3.1
0.44
2 Leaves x Apocynaceae
-6.6
0.81
4 Leaves x Apocynaceae
-5.3
0.89
2 Leaves x Bignoniaceae
-2.8
0.75
4 Leaves x Bignoniaceae
-1.4
0.83
Random effects:
Species
Residual
Fixed effects
Block
Invasiveness x Light
Invasiveness x Stage
Light x Stage
Stage x Family

Std. Dev.
1.9
2.7
Log-Likelihood Ratio
23.8
43.5
128.3
48.2
75.0
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P-value
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

Chlorophyll
Chlorophyll content was highest in cotyledons and did not differ substantially
between sun and shade-grown plants either in cotyledons or true leaves (Fig 21).
Chlorophyll content patterns in cotyledons were so different from patterns in true
leaves, that they were best modeled separately. Non-invasive species had
higher chlorophyll content in cotyledons than invasives and casuals, but this was
only significant if family (itself marginally non-significant) was included in the
model and there was no significant difference when true leaves were measured
(Table 22). The Apocynaceae had the highest chlorophyll content in true leaves
of the families measured. T. peruviana was excluded from both models because
the cotyledons were too thick to measure chlorophyll content with the SPAD
meter and the true leaves were not replicated sufficiently and therefore their
contribution could not be reliably estimated.
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Fig 21. Seedling chlorophyll content for 20-21 species (see Table 15) in three invasion
categories: non-invasive (circle, n = 9 species), casual (triangle, n = 6 species) and
invasive (square, n = 5 species for cotyledons, 6 species for 2 or 4 leaves). Seedlings
were grown in the full sun (left panel) or in shade (right panel) and harvested at three
different ontogenetic stages (x-axis). Bars represent standard errors of the species
means.
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Table 22. Effects of light environment and invasion category on chlorophyll content of
seedlings in three families (Table 15, excluding Thevetia peruviana) across three
developmental stages estimated by a linear mixed-effects model. Estimates and
standard errors of model coefficients are from the reduced maximum likelihood model.
Chi-squared and p-values were calculated using the likelihood ratio test. The intercept
represents the chlorophyll content of a seedling in an invasive species in the
Acanthaceae at the cotyledon stage in the shade during the fall block.
Cotyledons
Fixed effects
Intercept
Casual
Non-invasive
Apocynaceae
Bignoniaceae
Random effects:
Species
Residual
Fixed effects
Invasiveness
Family

Estimate
50
10
25
-25
-16

Std. Error
9.3
9.6
9.5
11
11

Std. Dev.
14.9
6.4
Log-Likelihood Ratio
7.9
5.5

P-value
0.019
0.065

Leaves
Fixed effects
Intercept
4 Leaves
Block
Apocynaceae
Bignoniaceae
4 Leaves x Apocynaceae
4 Leaves x Bignoniaceae

Estimate
23
2.0
-2.2
10
0.4
-4
-0.3

Random effects:
Species
Residual

Std. Dev.
5.1
2.2

Fixed effects
Block
Stage x Family

Std. Error
3.0
0.97
0.53
3.6
3.5
1.3
1.2

Log-Likelihood Ratio
6.9
12.3
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P-value
0.032
0.0004

Discriminant Function Analysis
A discriminant function analysis (DFA) of data from the seedlings in the largest
growth stage, four true leaves, in the family Bignoniaceae on each unique
combination of invasion category and light environment (Fig 22) most effectively
classified seedlings by light environment, and poorly classified them according to
invasion status (Table 23). Seedlings of non-invasive species were most likely to
be correctly classified, which may be partly attributable to the greater number of
species in that category, as jackknife methods are sensitive to sample size. The
first linear discriminant axis was driven by decreasing SLA and increasing ETRm
with increasing light and the second axis was most highly correlated with SLA
and RMF (Table 24). The DFA for the family Apocynaceae at the first pair of true
leaves had similar accuracy and (62%) and axis scalings, but a lower influence of
ETRm (data not shown).
Table 23. Percent correct classification of seedlings in the Bignoniaceae for each unique
combination of invasiveness and treatment using a linear discriminant function analysis.
The final column shows the number of records classified to the correct invasion category,
regardless of classification to light treatment, and the final row shows classification to
light treatment. Overall, 53% of records were correctly classified.
Total (Invasiveness)
Sun
Shade
75%
82%
Non-invasive 74%
36%
40%
38%
Casual
0%
13%
6%
Invasive
53%
Total (Light)
93%
86%

Table 24. Scalings of the first and second linear discriminant axes (96% of variance)
against centered, scaled plant traits of seedlings in the Bignoniaceae. Traits measured
included relative growth rate (RGR), root mass fraction (RMF), specific leaf area (SLA)
and maximum electron transport rate (ETRm).
LD1
LD2
RGR
0.33
-0.23
RMF
0.56
-0.77
SLA
-0.94
-1.00
ETRm
0.73
-0.51
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Fig 22. A plot of Bignoniaceae seedlings (n = 88 seedlings of 9 species) at final harvest
against the first two linear discriminant axes. Sun (filled symbols) and shade (open
symbols) treatments are clearly separated along LD1, while differences between
invasive (square), casual (triangle) and non-invasive (circle) species are not clearly
resolved.

Discussion
We found that non-invasive seedlings had lower RGR than invasive and casual
seedlings. In cotyledons, but not true leaves, non-invasives also had higher
chlorophyll content, lower SLA, especially in the shade, and lower photosynthesis
in the sun (measured as ETRm). Seedling responses to light did not otherwise
differ across invasion categories, and RMF did not differ across categories.
These differences indicate that trait differences contribute to invasiveness, but
emphasize the importance of ecological context and ontogeny in determining
these differences.

Invasiveness
Non-invasive plant species, compared to invasive species, had a lower RGR,
lower ETRm in full light and higher chlorophyll content at the cotyledon stage, and
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a lower SLA at the cotyledon stage. In invasives, a high early RGR, perhaps
driven by high cotyledon SLA and ETRm, would be advantageous in competitive
interactions, especially competition for light in the understory of a mesic or wet
rainforest, where most of these species are found. High RGR has often been
associated with invasiveness (Grotkopp, Rejmánek, and Rost 2002; Burns 2004;
Burns 2006; Grotkopp and Rejmánek 2007; van Kleunen, Weber, and Fischer
2010), and in this study invasives had higher RGRs than non-invasive species,
but casuals were not different from non-invasives. Unlike previous studies
(Grotkopp, Rejmánek, and Rost 2002; Grotkopp and Rejmánek 2007), among
the species studied here, SLA was significantly different between invasive and
non-invasive species only at the cotyledon stage, and only when Thevetia
peruviana, which has extremely thick cotyledons, was excluded (but see
Bellingham et al. 2004; van Kleunen, Weber, and Fischer 2010). Shipley (2006)
also found that SLA was not as closely related to RGR as previously thought, but
that net assimilation rate was more closely correlated with RGR. ETRm was only
different between invasion categories at the cotyledon stage in full light, which is
also when ETRm was the greatest. Fast-growing, high-light species in tropical
rainforests have been associated with high SLA, higher photosynthesis on a per
mass basis, and lower investment in chlorophyll, with greater investment in
photosynthetic machinery like RUBISCO (Poorter and Evans 1998). At the
cotyledon stage in high light conditions, invasives in this study expressed a
similar suite of traits, but seedlings of species across invasion categories
converged on a similar phenotype as they developed, driven largely by light
availability.

This analysis revealed few significant interactions between light environment or
ontogenetic stage and invasiveness. Differences in growth parameters (RGR,
RMF) between invasive and non-invasive species increased over development,
while differences in leaf traits (SLA, ETRm, cholorophyll) declined. In most cases,
invasive and non-invasive species responded similarly to sun and shade, but
there was a significant interaction between invasion and light in the model for
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ETRm, where cotyledons of invasive and casual species in the sun supported
higher photosynthetic rates than cotyledons of non-invasive species. Because
we collected only a point measure of photosynthesis it is difficult to assess what
the overall contribution of this difference in rate is to seedling growth rates, but it
is suggestive that we also saw higher RGR in invasive species. Though this
difference in ETRm was not maintained through ontogeny, it may provide an early
advantage to invasive species, allowing them to reach higher RGRs in later
stages.

At the oldest seedling stage, invasive species in the Bignoniaceae were not
clearly distinguished from casual and non-invasive species in a DFA, but noninvasive species were identified with relatively high accuracy. This could indicate
that diverse growth forms and strategies may characterize successful invasives
in the Bignoniaceae, but it may also reflect a strong effect of light that caused
seedlings across invasion classifications to converge on a similar morphology,
especially by the oldest developmental stage. Unfortunately, heteroscedasticity
in the data only allowed us to use part of our dataset for the DFA, and excluded
the cotyledon stage, where most of the differences between invasion categories
were seen. By contrast, non-invasive species, which also had a high diversity of
growth forms, were nonetheless ~75% correctly classified, which is higher than
would be expected by chance alone. Similar results were seen for a subset of
the Apocynaceae (data not shown), but how readily they can be generalized to
other families is unclear.

In addition to overall differences between invasive and non-invasive species, we
examined individual species for evidence of limitations which might prevent noninvasive species from becoming invasive. The natal plum (Carissa macrocarpa,
non-invasive), a common hedge plant, experienced high mortality during the
experiment (J. Bufford, personal observation), had low or negative RGR, and had
low RMF. This combination of traits may limit its success by reducing its ability to
compete against other seedlings. Hoya australis (casual) also had low survival
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during the experiment. Thevetia peruviana (invasive), Stemmadenia litoralis
(causal), and Tabebuia aurea (non-invasive) also all had low or negative RGR
across all the developmental stages studied here. T. peruviana and T. aurea had
by far the largest embryos in the experiment, which may explain an initial decline
in mass as they use up stored endosperm. S. litoralis has a large embryo
relative to most of the species studied here; nonetheless, slow seedling growth
rates may be reducing its establishment in Hawai'i, especially as Hawaiian
forests are already occupied by fast-growing, aggressive invasive species.

Light Environment
Shading had a strong effect on seedling performance, consistent with the body of
work which has examined the effects of shade on plant growth in the context of
invasions (Pattison, Goldstein, and Ares 1998; Bellingham et al. 2004; Pattison
and Mack 2009; van Kleunen et al. 2011) and tropical forest dynamics (Kitajima
1992; Kitajima 1994; Poorter 1999; Poorter and Bongers 2006; Houter and Pons
2012). Although only one treatment was conducted per time block, the close
spatial arrangement, consistency between blocks, and the similarity between
these responses with those found in other studies indicates that it is reasonable
to assume that the differences between seedlings in the sun and shade blocks
were a result of differences in light availability. This study found decreased
photosynthesis (ETRm), lower RGR, lower RMF, and higher specific leaf area
(SLA) under shaded conditions, all of which are plastic responses to maximize
light gain (Kitajima 1994; Valladares and Niinemets 2008). Of these responses,
an increase in SLA and decrease in ETRm relative to seedlings grown in full light
were the most important in distinguishing sun and shade-grown seedlings in a
discriminant function analysis. Chlorophyll content was not significantly different
between light treatments, and although an increase in chlorophyll content has
been implicated in long-term adaptive shade tolerance (Poorter and Bongers
2006; Valladares and Niinemets 2008; Houter and Pons 2012), chlorophyll
content was less plastic under the short-term changes in light conditions in this
experiment. Additionally, there is evidence that differences accumulate over time
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in young seedlings in low light conditions, as differences between shade and
light-acclimated seedlings increased in older seedlings for SLA, RMF and ETRm.
This is likely due to prolonged exposure, and perhaps to higher plasticity of true
leaves than cotyledons.

Ontogenetic Stage
The greatest ontogenetic differences were between cotyledons and true leaves,
with little difference between the first and second set of true leaves. Cotyledons
had the highest ETRm and chlorophyll concentrations, but lower SLA. In all but
one species, cotyledons were functioning photosynthetic organs; however, they
also function as storage organs, leading to a lower SLA than true leaves. For
SLA and ETRm, differences between invasive and non-invasive species were
evident only in cotyledons. It would be interesting to examine whether such a
short-lived difference provides long-lasting advantages.

Conclusion
This study looked at a broad range of plant species (n = 21) in three families to
investigate seedling characteristics associated with invasiveness. Three classes
of introduced species were explicitly examined: introduced non-invasive, casual,
and invasive species. This study is one of the larger studies to date to
experimentally examine invasive and non-invasive species, while controlling for
phylogeny (see references in Van Kleunen et al. 2010). Though the measured
traits did not reliably discriminate between late-stage seedlings of invasive and
non-invasive species in the Bignoniaceae, invasion category was a significant
predictor in many linear mixed models, especially in early seedling stages, and
invasives, under some conditions, had high RGR, SLA, and ETRm and lower
chlorophyll content.

Interestingly, casual species were similar to non-invasives in some traits (early
RGR) but similar to invasives in other traits (SLA, chlorophyll). One possible
explanation is that species currently classified as casual will become invasive
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eventually. However, it is also possible that some of these traits are important in
limiting the success of these species in Hawai'i.

Non-invasive species were a relatively stable, predictable group using the traits
measured here. Furthermore, some species demonstrated seedling traits,
including low survival or very slow growth rates, which could prevent them from
being successful invaders in Hawai'i. Focusing on this group of species may be
a fruitful avenue of future research, as 1) consistently non-invasive species may
have more traits in common than invasive species and 2) species which are
unlikely to become invasive can be promoted in landscaping and horticulture
(e.g., a “green list”) as an alternative to invasive species, or species whose
potential invasiveness is unclear (Dehnen-Schmutz 2011). Finally, invasions
represent a powerful natural experiment that can yield insights into general
principles in population and community ecology (Shea and Chesson 2002).
Identifying the traits that prevent some species from becoming invasive could
inform not only invasion biology, but also the conservation of rare and
endangered species, which may currently face similar barriers in their native
range.
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Chapter 5. Conclusion
Summary
By examining failed invaders (non-invasive and casual species) across a range
of potential barriers in Hawaiʻi, this study provides empirical support for barriers
that prevent species invasion, despite extensive propagule pressure and a
suitable environment. Using 29 ornamental plants in Hawaiʻi, I investigated
barriers to seed production, including male sterility and missing pollinators,
collected observational evidence for a dispersal barrier, and measured
germination rates to test for a germination barrier. I also experimentally
assessed seedling survival and seedling growth, especially in the presence of
competition, as potential barriers. I found empirical and/or observational support
for each of these barriers in at least one species, except a barrier to germination.

Barriers to Invasion
Limited seed production was the most common barrier in these species (39% of
species) and was especially prevalent in the Acanthaceae. Seed set in the
Acanthaceae, including many popular ornamentals, may be a key predictor of
invasiveness (Meyer and Lavergne 2004). The majority of these species were
limited by either low pollen viability (<15%) or by a mechanism which could not
be determined, but is likely related to incompatibility of genetically similar
cultivars. Of the species limited by lack of seed set, only one, Calotropis
gigantea, produced fruit when hand-pollinated. C. gigantea is apparently limited
by lack of pollinators in Hawaiʻi, a result of the specialized pollination syndrome
that C. gigantea and other milkweeds present. The large C. gigantea flowers
require a large pollinator, which may explain the lack of seed set in this species,
despite seed set in other milkweeds in Hawaiʻi, including Calotropis procera.
Pollinator limitation in C. gigantea is one of the first demonstrations, outside of
the genus Ficus, of the commonly proposed hypothesis that missing pollinator
mutualists can act as a barrier to invasion success, especially in specialized
pollination mutualisms (Richardson, Allsopp, et al. 2000).
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Dispersal, by contrast, was only rarely a barrier in this study, largely because
most the study species were abiotically dispersed; of species with animaldispersed fruit, one third are clearly limited by lack of appropriate dispersers.
Dispersal syndrome was assessed by examining fruit and seed morphologies
and by considering dispersal records from the species’ native range. Among the
Bignoniaceae studied here, only Kigelia africana is not wind-dispersed.
Commonly called the “African sausage tree”, K. africana has large (up to 75 cm
long), sausage-shaped woody fruit (Staples and Herbst 2005), which in their
native range are dispersed by large mammals including elephants and primates
(Theuerkauf et al. 2000; Mduma, Sinclair, and Turkington 2007; Nakagawa 2008).
Hawaiʻi has no large mammals that would fill these functional roles and could
reasonably eat or move the large, heavy fruit, therefore this species is dispersal
limited, representing another example of a missing mutualist (Richardson,
Allsopp, et al. 2000). Among the Apocynaceae, Carissa macrocarpa and
Stemmadenia litoralis are both animal-dispersed and could be dispersal limited in
Hawaiʻi. In its native range in South Africa, C. macrocarpa is dispersed by both
monkeys and birds (Foord, van Aarde, and Ferreira 1994). S. litoralis is native to
Central and South America and is apparently dispersed by birds (Suzio 2013).
Its congener (S. donnell-smithii) is also dispersed by both birds and spider
monkeys (McDiarmid, Ricklefs, and Foster 1977; Cant 1979). Although no
dispersers were recorded for either of these species in Hawaiʻi, it is possible that
introduced bird species may occasionally disperse the seeds. The dispersal
mode of the invasive Thevetia peruviana is unclear, but water dispersal along
riparian zones seems likely (Rejmánek 1996).

Germination was not a barrier for any of the species studied here. All species
had greater than 10% germination either in incubators which mimicked field
temperatures or at their most favorable site in the field, and only two species
(Handroanthus impetignosus, Stemmadenia litoralis) had less than 20%
germination in both the lab and the field. Low germination can be explained by a
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large number of aborted, unformed embryos in H. impetignosus; germination in H.
impetignosus was over 50% when only fully formed seeds were considered.
Stemmadenia litoralis seeds lost viability quickly in storage, but fresh seeds had
germination rates over 90% (J. Bufford, personal observation). Both species
nonetheless had germination percentages high enough that I did not consider
germination or seed viability to be a barrier. Germination in the field was often
lower than in the incubator, but never below 10%. Field germination is
confounded with pre-emergence seedling mortality, which likely explains some of
the differences between incubator and field germination rates, in concert with
abiotic factors like water availability.

High seedling or juvenile mortality formed a barrier to invasion success in five
species. Survival, even in the absence of competition, was a barrier for Nerium
oleander, which had only 7% survival in its most favorable site. No seedlings of
N. oleander or Roseodendron donnell-smithii survived in competition plots and
only one seedling of S. litoralis survived in competition. R. donnell-smithii and S.
litoralis both had high survival in competition-free plots (≥40%), which suggests
that competition played an important role in reducing their survival. C. gigantea
and Hoya australis were both planted six months before final harvest and had
less than 20% survival in competition plots. Though survival was higher than the
threshold (10%) designated for species planted one year before harvest, I would
expect mortality to continue if C. gigantea and H. australis had been allowed to
grow for an additional six months. Though a threshold of 10% survival is
somewhat arbitrary, these are all woody species, which would normally require
several years to reach reproductive maturity, and all were over-shadowed by
their competitors. Therefore, it is unlikely that juveniles of these species would
survive to reproductive maturity.

Both growth rate and survival rate determine the likelihood that an individual will
survive to reproductive maturity in plants which have a minimum size
requirement for flowering, which may explain why relative growth rate (RGR) was
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a major limitation for non-invasive and casual species in this study. I examined
RGR in the field, averaged across the first months of life, and in pots, where
RGR was measured on seedlings which had up to four true leaves, and found
that some non-invasive or casual species were limited by low RGR, while
invasive species had high RGR. Results were similar whether I used average
growth rates of potted plants in full sun or average growth rates from the most
favorable site in the field experiments, with the exception of H. impetignosus,
which had RGR in potted plants comparable to those of invasive species, but had
low RGR in the field. Similarly, within the field experiment whether I examined
the mean RGR from the most favorable site or the maximum RGR across plots
for each species, the results were similar, with changes only to the status of
Kigelia africana, which had a lower maximum, but comparable average RGR
when compared to its confamilial invasives. Slow-growing species, including
several species in the Apocynaceae, which take longer to reach reproductive
maturity, may be at a competitive disadvantage in a tropical mesic environment.
Since this study was constrained to a single year of observations, slow growth
rate is an important consideration because it indicates species which were likely
to die (e.g., after being over-grown by more vigorous competitors), had the
experiment run longer.

Three non-invasive or casual species, all in the Bignoniaceae, were not clearly
limited by any of the barriers tested in my experiments. Tabebuia heterophylla is
a pioneer tree species from Puerto Rico (Marín-Spiotta, Silver, and Ostertag
2007) and is already established on disturbed hillsides on O’ahu (Oppenheimer
2004, J. Bufford personal observation) and has recently been observed
establishing on Hawaiʻi Island (Parker and Parsons 2012b). It appears this tree
is on the verge of becoming invasive in Hawaiʻi, which is consistent with the lack
of barriers observed in this study. Similarly, Tecoma stans is described as
“sparingly naturalized” in Hawaiʻi (Wagner, Herbst, and Sohmer 1999) and is
invasive in Australia (Randall 2001) and in Brazil, where it forms dense
monocultures (Zenni and Ziller 2011). In the drier field site, T. stans flowered in
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four of the 10 competition-free plots by one year after planting, began to set fruit
in one of these plots, and one non-flowering individual was over three meters tall,
all signs that this species could become a successful invader in Hawaiʻi (J.
Bufford, personal observation). Among seeds collected from several individuals
of T. stans at one site on O’ahu, seed predation by beetle larvae was extensive,
which may limit its escape from cultivation in Hawaiʻi (J. Bufford, personal
observation). Further assessment is needed of possible limitation by seed
predation in T. stans (Madire et al. 2011). Tecoma capensis, which also was not
limited by any of the barriers addressed by this study, has not been recorded as
naturalized in Hawaiʻi and is only rarely reported as naturalized elsewhere (US
Forest Service 2013). It grew well at the drier field site and survived not only
competition, but also accidental mowing. One individual in a competition-free
plot both flowered and began setting fruit by one year after planting (J. Bufford,
personal observation). From what I observed in this study, I would expect T.
capensis to be or to become invasive in Hawaiʻi. Only one T. capensis individual
flowered and began to set fruit in the field, and viability of seeds could not be
examined, so it is possible that processes operating at a later life stage limit the
success of this species. Alternatively, despite a 50-year introduction history
(Daehler 2009), populations of this species may still be in a pre-invasion lag
phase, the causes of which are still poorly understood (Crooks 2005; Caley,
Groves, and Barker 2007).

The invasive species included in this study passed through all the barriers I
tested. Though Catharanthus roseus had fairly low germination in the field
(<15%), seedlings that did germinate had high survival and growth rates and
fruits of this species produce abundant, small seeds, so even a relatively low field
germination rate would result in a large number of established seedlings. Three
species, all invasive sub-shrubs to shrubs, (C. roseus, Asystasia gangetica,
Justicia betonica) flowered and produced seeds in less than a year in our field
plots. These species not only grow quickly, but their ovules are evidently readily
fertilized, even when relatively rare. Two additional species (Spathodea
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campanulata, Thevetia peruviana) flowered in at least one plot at the drier site,
which was surprising given that both are trees at maturity. They did not set fruit,
either because they did not receive adequate pollination or because they were
too small to sustain fruit. Dolichandra unguis-catii and T. peruviana had the
lowest growth rates of any invader in this study and growth rates of young
seedlings of T. peruviana were sometimes negative. T. peruviana has large, oilrich seeds, so initial growth in this species likely results in loss of dry biomass
because seedlings convert this energy into tissues with a much higher water
content. Both species invest substantially in roots as older juveniles, which may
explain the low growth rate measured in the field, since that measure included
only aboveground biomass. D. unguis-catii resprouted readily from enlarged
storage roots at the drier field site, and repeated control was necessary after
harvest to remove all remaining individuals. Even two years after harvest, a
single small individual remained, despite mowing and repeated attempts to
remove the roots. Therefore, while barriers to invasion were observed for most
non-invasive species in these experiments, invasive plants were successful, as
predicted a priori.

Recommendations
The invasive species studied here can be extremely aggressive and are not
recommended for future horticultural use. Both of the invasive Acanthaceae, A.
gangetica and J. betonica, and the Apocynaceae C. roseus demonstrated the
ability to begin naturalizing at a new site with a year of planting. D. unguis-catii is
a vine which can overtop small trees and form dense growths, and it is extremely
difficult to remove even small plants, which can form persistently resprouting
roots along the prostrate stems. T. peruviana and S. campanulata, though they
take longer to develop, have also demonstrated the ability to establish quickly
when they escape from cultivation.
Several of the species currently recorded as casuals in Hawaiʻi should also be
treated with caution. T. stans set fruit within a year at one of my field sites, and I
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could not identify the barrier(s), if any, that prevent invasion in this species,
although heavy pre-dispersal seed predation may be a limiting factor. T.
heterophylla is already extremely common as a street tree in Honolulu, but it
seems likely to become invasive in dry to mesic disturbed sites, so further
planting of this tree is not recommended. Although my study indicated that
Megaskepasma erythrochlamys is limited by low growth rates, this species has
become locally naturalized at Lyon Arboretum, has apparently spread up to 70 m
from its original planting site, and is now being controlled to prevent further
invasion (J. Bufford, personal observation). I therefore recommend against
extensive use of this species. Thunbergia laurifolia, also a casual in the
Acanthaceae, sets seed in Hawaiʻi very rarely, and therefore has limited potential
to spread far from the original planting location, but it is an aggressive vine and
can top trees and create dense local stands, which can cause problems in both
urban and natural areas.

Two other species are of particular interest: C. gigantea and T. capensis. C.
gigantea is only occasionally found outside of cultivation in Hawaiʻi and is
apparently limited by lack of pollination services, although seedlings also had low
survival in our field sites. It has a large native range (Wanntorp 1974) and is
invasive in Israel (D. Eisikowitch, personal communication) and Brazil (Zenni and
Ziller 2011). A congener, C. procera, is invasive here in Hawaiʻi (Parker and
Parsons 2012a), as well as elsewhere (Randall 2001; Zenni and Ziller 2011).
Lack of seed set is a powerful barrier, but the introduction of a suitable large bee
pollinator could change the invasion dynamics of this species. T. capensis has
been widely planted in Hawaiʻi in the past, though presently it is less popular as
an ornamental (C. Daehler, personal observation). The lack of clearly identifiable
barriers for this species, and its ability to set fruit after one year in the field, both
indicate that it might become invasive, but its invasion history suggests otherwise.
This species would be worth further study.
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There were many species in this study which are not invasive in Hawaiʻi and
which demonstrate one or more barriers that should also limit invasion in the
future, making these species attractive for use in horticulture and landscaping.
Species in the Acanthaceae are popular ornamentals, and those which do not set
seed have lower invasion potential, although they may still pose a threat as
locally dense infestations due to slow vegetative expansion (Meyer and Lavergne
2004). Developing sterile cultivars within this family represents a possible source
of desirable, low-risk ornamentals. Many of the non-invasive Apocynaceae
examined in this study have low seedling and juvenile survival or slow growth
rates, so although these species may require more effort to grow successfully
than fast-growing species, they may also be low-risk horticultural plantings. Of
the Bignoniaceae, K. africana and P. venusta experience early barriers to
invasion and three additional species have low survival or slow growth.
Handroanthus impetignosus has relatively slow growth and low germination, but
it resprouted extensively from roots in our field experiment, so it has a lower risk
of invasion, but may be difficult to remove from landscaping.

Barriers to Invasion: Thresholds and Limitations
To determine barriers, I set ecologically relevant thresholds, where a species’
failure to cross this threshold implies the presence of a barrier to invasion
success (Fig 23). Seed production was defined as a barrier when seeds were
never or very rarely produced naturally in Hawaiʻi. Dispersal syndrome was
estimated by observing the fruit of each species. Dispersal was considered a
barrier where the plant is apparently animal dispersed and there is no known
disperser in Hawaiʻi. Germination was considered a barrier only if mean
germination was less than 10% in both an incubator, set to field temperatures,
and the field. Low germination in the incubator could indicate a specialized
germination requirement or dormancy condition, such as vernalization, which is
not met under the temperature regime found in the field and could form a barrier
to invasion. Low germination in the field indicated a specialized germination
requirement, high seed predation or removal, or high mortality of newly
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germinated seedlings. Survival of seedlings and juveniles was designated as a
barrier to invasion success if survival in the field in the presence of competition at
the species’ most favorable site had a mean of less than 10% after one year. In
these cases, any surviving plants were overshadowed by their competitors. Two
species were present in the field for only six months and both had less than 25%
mean survival; therefore, these were also designated as limited by seedling and
juvenile survival. The final barrier assessed was a very slow growth rate. I had
similar results whether I used a threshold of 0.015 g g-1 d-1 mean RGR in the
most favorable site or a threshold of a maximum RGR in the field of less than
0.02 g g-1 d-1. At such low growth rates, almost all of these plants had become
overshadowed by their competitors and were unlikely to survive to reproduction,
although they were still alive after one year. All of the barriers tested limit
introduced species success in at least one species, except for the germination
barrier (Fig 24).

Conclusions and Consequences for Invasion Biology
This study is one of very few to explicitly test hypotheses about barriers to
invasion by comparing invasive and non-invasive, introduced species in their
novel range. I found that barriers to seed set were the most common, especially
in the Acanthaceae, and were very effective at limiting plant invasion. The
mechanism that prevented seed set was almost always associated with sterility
or incompatibility. One species was limited by lack of pollination services, which
has been often hypothesized for introduced plants, but rarely demonstrated.
Dispersal was rarely a barrier across the entire species set, but among animaldispersed fruits dispersal limitation was important in at least one of three species.
Germination was not a barrier for these species. Some species were limited by
low juvenile survival in the field, and others are apparently limited by low growth
rates. Invasive species, as expected, were not limited by any of the potential
barriers tested. Casuals and non-invasives were both limited by a variety of
different barriers, perhaps reflecting a range of naturalization potential in species
classified here as “casuals”, some of which are only found sporadically along
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dispersal pathways, and others which are beginning to naturalize locally. Two
casuals and one non-invasive in the Bignoniaceae were not limited by any of the
barriers tested here.

This work contributes to invasion biology theory by providing explicit tests of
potential barriers and provides a foundation for further work in this area. Recent
research has highlighted the need for comparisons between invasive and noninvasive introduced species to refine our understanding of invasions (van
Kleunen et al. 2010; van Kleunen, Weber, and Fischer 2010; Stricker and Stiling
2013). Already this study has contributed to our understanding of the role of
mutualisms, by demonstrating two species in which lack of mutualists, a
pollinator and a disperser, have limited invasion success. This research has also
contributed to our understanding of the strength and role of biotic resistance,
through the effect of competition on limiting survival of several species, but also
through the low effect of herbivory on invasion success overall.

My research also has direct applications to management of species introductions.
Species introductions for horticulture are both a major business and an important
potential source of new invasions (Reichard and White 2001; Mack and Erneberg
2002; Dehnen-Schmutz et al. 2007b). Understanding what prevents some
introduced species from becoming invasive can allow us to promote responsible
horticultural practices, by substituting the importation and use of high-risk species
with low-risk or native species (Dehnen-Schmutz 2011; Ricordi, Kaufman, and
Criley 2013). My results suggest that, especially in the Acanthaceae, sterile
cultivars are a low-risk option, but that cultivars which set seed are likely to be
high-risk and should be avoided. In the other plant families, the patterns were
less clear, but species with dispersal barriers or with low inherent seedling
survival or growth rates, while perhaps more difficult to cultivate from seed, are a
lower risk than species with widely-dispersed seeds and vigorous seedlings.
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Further studies with a similar framework will yield more information about which
barriers are stronger than others, and how the frequency of barriers is distributed
between stages of invasion and among introduced species. My work was unique
in assessing barriers for 29 species in the same introduced range, where most
studies have focused on one or a few species (Case and Crawley 2000; Stricker
and Stiling 2013). Unfortunately, as a consequence replication in this study was
low, restricting the ability to generalize across species or to examine fine-scale or
subtle effects. This research was restricted to the first year after planting for
most species, after which time individuals of every species were still present in at
least one plot in the field. This makes it difficult to predict whether and when
species would ultimately be excluded because of poor growth and low survival.
Future studies that can follow woody species over a longer time period will yield
further insights. The thresholds chosen to denote barriers in this work, especially
barriers to germination, survival and growth, also deserve further exploration and
quantification to determine what truly constitutes a barrier to success and under
what conditions that barrier is more or less likely to be effective. This will be
most successful in studies that are structured similarly, but can be followed for a
greater length of time. Nonetheless, the usefulness of short-term observations of
reproduction and seedling ecology, as used in the framework adopted here, is
evident by the number of barriers or deficiencies clearly identified in this study
and their power to explain invasion failure in these species. Other areas of
particular interest for future work include how frequently different barriers are
encountered among non-invaders in other plant families, and how barriers differ
between plants introduced for different purposes, from different source regions,
or across different introduction regions.
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Fig 23. Barriers to invasion in 29 introduced ornamentals in Hawaiʻi. Arrows represent the progress of a given species through a
series of potential barriers, represented as horizontal black lines. The horizontal bar representing growth rate is fuzzy because this
barrier is more context-dependent and less definitive than the others. Species names are abbreviated at the top of each arrow (see
Table 1 for complete species names) and color represents invasiveness where red species are invasive, green are casuals and blue
are non-invasive. An “X” represents a barrier that was experimentally overcome to test for further barriers. A “?” represents a barrier
that was not conclusively tested.
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Fig 24. Distribution of barriers to invasion across a flow chart showing the potential barriers assessed. The number of species limited
at each barrier is given, and in parentheses is the percentage of non-invasive or casual species limited. Some species were limited
by multiple barriers, so the total percent is greater than 100. As expected, invasive species passed through the flow chart with no
barriers and are not included.
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