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ABSTRACT 

 
Predicting which species will become invasive when introduced to a novel range is one of 

the main goals of invasion biology.  However, many studies of the factors influencing invasion 
either use the wrong comparison group, fail to control for relatedness, or measure traits in only a 
single environment.  I compared invasive and noninvasive species in the Commelinaceae 
(dayflower family) across multiple environments in the greenhouse and developed a molecular 
phylogeny of invasive and noninvasive Commelinaceae for comparative analyses.  Invasive 
Commelinaceae had faster growth rates, higher fecundity, thinner leaves, and greater vegetative 
reproduction than noninvasive relatives.  However, whether some traits, such as thin leaves, were 
associated with invasiveness is environment-dependent, suggesting that predictive models need 
to take the trait-environment relationship into account to more accurately predict invasiveness.  
Further, invasive Commelinaceae exhibited opportunistic responses to high nutrient 
environments, and noninvasive species did not, suggesting that a lack of opportunism may be 
useful for predicting noninvasive species.  Demographic models parameterized with greenhouse 
data suggest that fecundity (for self-compatible species), time to first reproduction, and 
vegetative reproduction may be particularly important for explaining the greater performance of 
invasive taxa in high nutrient environments.  Phylogenetic analyses based on trnL-trnF (a non-
coding chloroplast region) and 5S NTS (a non-coding nuclear ribosomal repeat) were mostly 
consistent with tribal and subtribal relationships in the Commelinaceae.  There were also 
consistent with a previous rbcL phylogeny at the genus level.  Relationships within genera were 
mostly well-resolved and consistent with current taxonomy, with the exception of Callisia, 
which is not monophyletic in these analyses.  In phylogenetically naive tests, capsule 
dimorphism, autogamous selfing proportion, propagule pressure, and date of first introduction 
were also associated with invasiveness, although those relationships were not significant in tests 
incorporating phylogeny.  Comparative tests incorporating phylogeny suggest that weediness, 
self-compatibility, annual life history, vegetative reproduction, and possibly seed 
heteromorphism all increase the probability of becoming invasive.  Tests incorporating 
phylogeny are probably preferable for inferring causal relationships between traits and 
invasiveness.  Overall, many traits, including several novel ones presented here (e.g. seed 
heteromorphism) were associated with invasiveness in the Commelinaceae.  Also, environment 
and phylogeny both influence trait associations, suggesting that taking these factors into account 
may improve the ability to predict and prevent invasions. 
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INTRODUCTION 
 
 An invasive plant species is novel to a range and has established and spread rapidly there 
(Richardson et al. 2000b).  Invasive species are of growing concern due to their potential 
negative ecological, evolutionary, and economic effects (Vitousek 1990, van Wilgen et al. 1996, 
Vitousek et al. 1996, Gordon 1998, Huxel 1999, Gould and Gorchov 2000, Perrings et al. 2000, 
Mooney and Cleland 2001).  They can alter native species diversity (Vitousek et al. 1996, Gould 
and Gorchov 2000), change nutrient cycling patterns (Vitousek and Walker 1989, Cameron and 
Spencer 1989), influence water cycling (Schmitz et al. 1997), or alter fire regimes (D'Antonio 
and Vitousek 1992).  Species invasions may also have evolutionary implications, including 
changing selective regimes of native species (Barrett 1983, Losos et al. 1997, Huey et al. 2000) 
or hybridizing with native species (Marchant 1967, Gray et al. 1991, Raybould et al. 1991, 
Abbott 1992, Rhymer and Simberloff 1996, Albert et al. 1997, Gallagher et al. 1997, Vila and 
D'Antonio 1998).  Economic effects of invasive species include negative effects on crop yield, 
game, fisheries, and productivity in forestry (van Wilgen et al. 1996, Vitousek et al. 1996, 
Perrings et al. 2000) and costs of controlling the spread of invaders (Perrings et al. 2000, UCS 
2001).  Thus understanding what makes species invasive has broad ecological, evolutionary, and 
economic implications. 

In order to predict potential invaders and prevent their introduction, conservation 
biologists and managers need to know what characteristics are associated with invasive species.  
These traits of invasive species may be used to prediction invasibility of potential introductions 
(e.g. Australia�s Weed Risk Assessment Program, Pheloung et al. 1999).  However, there is also 
considerable controversy over whether invasions are predictable on the basis of species traits, or 
whether they are idiosyncratic (e.g. Mack et al. 2000, Kolar and Lodge 2002). 

There are three basic problems with previous studies of invasive species� traits that 
prevent evaluation of the hypothesis that invasions are predictable.  (1) Most studies use the 
wrong comparison group, comparing invasive species with native species (or alien species with 
native species), rather than comparing invasive species with noninvasive species (e.g. Py�ek et 
al. 1995, Thompson et al. 1995, Baruch and Goldstein 1999, Durand and Goldstein 2001, but see 
Grotkopp et al. 2002, Gerlach and Rice 2003, Bellingham et al. 2004, Lloret et al. 2005, Muth 
and Pigliucci 2006).  (2) Previous comparisons also use limited data, often gathered from floras 
and the literature (e.g. Pheloung et al. 1999).  Many of the traits they use to prediction 
invasiveness may be plastic, changing in expression across environments (e.g. high fecundity, 
Pheloung et al. 1999).  (3) Most previous studies do not incorporate phylogeny, which is 
equivalent to assuming that species are identically and independently distributed (Felsenstein 
1985, Sokal and Rohlf 1995, but see Grotkopp et al. 2002).  However, species are not 
independent, as they are related to one another to various degrees.  The degree of relatedness is 
another source of variation on traits. 

Not taking phylogeny into account may particularly influence the interpretation of 
comparative studies of invasive species.  Previous studies often find that alien floras are 
composed of different taxonomic groups than native floras.  For example, alien floras often have 
a higher relative proportion of grasses (Poaceae) and asters (Asteraceae) than native floras 
(Py�ek et al. 1995, Mack 1996, Daehler 1998a, Py�ek 1998, Kolar and Lodge 2001), and 
abundance is correlated with taxonomic group in invasive taxa (e.g. Lloret et al. 2005).  Thus, 
differences in character states between native and alien floras may be due to shared evolutionary 
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history, functionally important differences between native and alien species, or some 
combination of both.  In addition, due to the conflicting results of many studies of character 
states associated with invasive species, there has been recent controversy over whether there are 
any character states that can be reliably associated with invasion (Williamson and Fitter 1996, 
Williamson 1999, Mack et al. 2000, Sakai et al. 2001).  Few studies have attempted to use 
phylogeny to control for shared history when comparing invasive and noninvasive species (but 
see Grotkopp et al. 2002, Hamilton et al. 2005), and while these studies are a good start, there is 
still not a broad, clear picture of what character states are associated with invasiveness when 
relatedness is taken into account. 

I have compared invasive species to noninvasive relatives to determine whether there are 
traits associated with becoming a successful invader.  First, I compared 2-3 pairs of invasive and 
noninvasive species across water and nutrient gradients to determine the range of responses of 
these species to extreme water and nutrient conditions (Chapter 1).  These experiments were then 
used to choose a subset of water and nutrient treatments for a factorial experiment, with two 
levels of water and nutrient availability. 

Second, five pairs of invasive and noninvasive species were grown in the factorial 
experiment to determine whether there are growth-related characters (as opposed to traits from 
floras) associated with these invasive species.  The water and nutrient experiments examine the 
question of whether traits associated with these invasive species are robust to environmental 
variation (Chapter 2).   

Third, data from the factorial experiment and additional germination experiments were 
used to developing matrix models examining the performance of invasive and noninvasive 
species across the life cycle and the potential role of life-cycle transitions for invasive species 
(Chapter 3).  Plant demography probably contributes significantly to invasion, since invasive 
species are likely to have high population growth rates.  Demographic studies have pointed out 
stages of the life cycle of particular invaders that may be vulnerable to control (e.g. Shea and 
Kelly 1998, Parker 2000).  However, no studies that I am aware of have compared the 
demography of invasive species with that of related noninvasive species to determine the relative 
contribution of different demographic transitions to invasiveness. 

Fourth, I have determined the shared evolutionary history (phylogeny) and character 
states of invasive and noninvasive species in the Commelinaceae (a monocot plant family), to 
determine what character states are associated with invasion, independently of shared 
evolutionary history (Chapter 4).  I used a phylogenetic framework to explore evolutionary 
hypotheses about the character states favoring invasiveness in this family.  This involved the 
generation of a molecular phylogeny of 12 invasive species, 42 noninvasive species, and 14 
species of unknown invasibility.  The phylogeny was then used as a framework for comparisons 
between character states of invasive and noninvasive taxa.  This combination of approaches is 
intended to yield a robust answer to questions about what makes some Commelinaceae invasive. 

This study also generated predictions for management of many important crop invaders.  
The Commelinaceae is a large family (~650 species, Hunt 1993) with a worldwide, mostly 
subtropical and tropical distribution.  The family contains both widely distributed species, such 
as Commelina diffusa, which is pantropical, and more narrowly distributed species, such as 
Commelina fluviatilis, which is native to Tanzania (Smithsonian Institution 2002).  The family is 
divided into two major tribes: most of the diversity in the Commelineae tribe is Asian and 
African and most of the diversity in the Tradescantieae tribe is concentrated in South America 
(Faden and Hunt 1991).  The family contains at least 12 invasive species that are primarily 
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invasive in cropland and disturbed habitat (Table 1), and at least 28 weedy species, which can 
spread rapidly in disturbed habitats in their native range (Table 1).  Many of these invaders, such 
as Commelina benghalensis, cause significant economic damage to agriculture (Wilson 1981).  
Understanding what character states are associated with invasiveness in the Commelinaceae can 
help agencies like the United States Department of Agriculture (USDA) develop pest risk 
assessment protocols (USDA 2000).  Demographic studies can also be used to determine what 
transitions between stages of the life cycle are vulnerable to control (sensu Shea and Kelly 1998). 
 The Commelinaceae is an excellent model system due to its large size, multiple independent 
origins of invasiveness, and potentially interesting character states. 

 
 
 
 

Table 1. Species and genera of dayflowers (Commelinaceae) that were sampled in this study.  Most invaders in the 
Commelinaceae are invasive in cropland and/or disturbed habitats. 
Category: Species sampled Genera sampled 
Weedy: ruderal, spreading rapidly in native habitat 28 8 
Adventive: established in exotic habitat 18 6 
Invasive: established and spread rapidly in exotic habitat 12 5 
Noninvasive 42 10 
Invasive status unknown (not introduced) 14 8 
Total 68 15 

Notes: Number of species and number of genera do not always add up to the total number as some species fall in 
more than one category (for example are weedy in their native range, and are non-indigenous somewhere else).  This 
table includes only those species for which I have some character state and distributional information. 

 
 
 
 
This study will contribute to conservation biology by incorporating shared phylogenetic 

history to determine character states that influence invasibility in the Commelinaceae and using a 
novel combination of demographic studies and comparative biology to develop hypotheses about 
the role of plant demography in invasibility in this family.  This study develops a better 
understanding of the plant characteristics influencing invasion in the Commelinaceae, as well as 
a better understanding of demographic vulnerabilities that may be important to these worldwide 
crop invaders. 
Character states of invasive species 

 Due to the ecological and economic importance of invasive species, many scientists and 
managers are interested in predicting the conditions under which invasions are most likely.  
Some studies have focused on ecosystem and habitat characteristics that influence invasibility 
(e.g. Robinson et al. 1995, Burke and Grime 1996, Lonsdale 1999, Stohlgren et al. 1999).  While 
there has been little experimental work in this area, it is clear from most studies that attributes of 
the invader as well as characteristics of the area invaded are important in determining invasibility 
(e.g. Burke and Grime 1996, Miller et al. 2002). 

Some investigators have focused on character states of species that may make them 
successful invaders.  Studies of the character states of invaders have included (1) case studies, 
(2) comparative studies of native and invasive species character states in a given area, (3) 
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comparative studies of native and invasive congeners or introduced congeners with different 
invasive properties, and (4) comparative studies of native and alien flora using phylogenetic 
hypotheses to control for shared history. 

(1) The case study approach has been widely used to attempt to describe the character 
states that make a particular species invasive.  Baker (1974) reviewed the character states that are 
associated with weedy species.  He found that taxonomic group, high seed output, and ready 
germination are all associated with successful weeds.  One "case study" species, the invasive 
grass Spartina angelica, is the product of spontaneous tetraploidization in a hybrid between a 
native and an invasive species in Britain.  The character states that make it invasive include rapid 
vegetative reproduction and competitive exclusion (Thompson 1991).  Another case study 
species, Bromus tectorum, may be particularly invasive due to phenotypic plasticity (Rice and 
Mack 1991).  Experiments intended to define the fundamental niche of invaders have included 
Myers (1983) work with Melaleuca quinquenervia in southern Florida.  Case studies of 
particular invasions have been valuable for understanding particular invasions and allowing 
syntheses (e.g. Lodge 1993) about characteristics of invasive species. 

(2) Some authors have divided species in a given area into categories based on their 
native/introduced status then asked what character states are associated with successful 
establishment.  In the Czech Republic, alien species tend to come from different plant families, 
larger stature, and more competitive or ruderal demographic strategies than native species (Py�ek 
et al. 1995).  Thompson et al. (1995) found that alien species in England, Scotland, Ireland, and 
the Netherlands tend to have vegetative reproduction, a perennial habit, and short-lived seeds.  
However, unlike other studies (reviewed in Lodge 1993), this work did not find that high 
dispersal rate or r-selected character states were associated with alien status.  The differences in 
results among these studies suggest that character states of alien species may depend on the 
environmental context. 

Others have separated introduced species into established/not-established (or 
invasive/not-invasive) categories and asked what character states separate the two categories.  
Scott and Panetta (1993) found for south African plants established in Australia (non-indigenous) 
that time since introduction was the best predictor of invasive status; that is, species that have 
been in the habitat the longest were most likely to be invasive.  They also found that weedy habit 
and broad climatic tolerance in the native range best predicted invasive status in the introduced 
range.  Introduced woody species in North America tend to establish if they are invasive 
elsewhere, reproduce vegetatively, and can germinate under a broad range of conditions 
(Reichard and Hamilton 1997).  These studies have also not controlled for shared evolutionary 
history, though it should be noted that the goal of some of these studies is raw prediction (e.g. 
Reichard and Hamilton 1997), rather than understanding the character states of invaders, per se 
(Daehler and Carino 2000).  Raw prediction may not require understanding which factors are 
causally associated with invasiveness, and incorporting phylogeny may be unnecessary in such 
cases. 

Kolar and Lodge (2001) recently reviewed the literature on studies that have compared 
invasive and noninvasive species.  They noted that some studies compared established (non-
indigenous) species to failed introductions and some studies compared invasive to noninvasive 
species.  However these groups, establish/fail and invasive/noninvasive, are not directly 
comparable.  Studies comparing invasive/noninvasive species find that high fecundity, vegetative 
reproduction, a history of invasiveness, and membership in an invasive family or genus are 
consistently associated with invasion. 
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(3) Experiments that compare native and invasive congeners may be a way to determine 
what makes a species invasive (Mack 1996).  Comparisons among congeners have included 
comparisons of single species pairs.  An invasive honeysuckle was found to have greater 
phenotypic plasticity than its native relative (Schweitzer and Larson 1999) and greater 
vulnerability to local herbivores than the native honeysuckle species (Schierenbeck et al. 1994).  
Comparisons between a native and an alien Agropyron grass demonstrate that this alien species 
has allocation responses that make it better adapted to defoliation than native species (Caldwell 
et al. 1981).  Such experiments give insight into what makes particular invaders successful. 

Other workers have compared invasive and noninvasive (as opposed to native) taxa in 
particular taxonomic groups.  For example, Hulbert (1955) compared the ecological character 
states of the invasive bromegrass, Bromus tectorum, to nine other related, non-indigenous 
species that are less invasive than B. tectorum.  He found that B. tectorum has the highest cold 
tolerance of all the non-indigenous bromegrasses, making it better suited to invade areas where 
cold tolerance is adaptive.  Other studies have compared groups of invasive and noninvasive 
species.  For example, character states of invasive pine species include small seeds, short 
juvenile periods, and short intervals between large seed crops (Rejmánek 1995, Rejmánek and 
Richardson 1996).  In addition, vertebrate dispersal aids invasion of woody species in 
undisturbed habitats, low genome size leads to short generation time, which in turn leads to 
invasion in disturbed habitats, and species from genera not locally present are most likely to be 
invasive (Rejmánek and Richardson 1996). 

(4) Grotkopp et al. (2002) compared the character states of invasive and noninvasive pine 
species in a phylogenetic context.  They found that the results of Rejmánek and Richardson 
(1996) were robust to phylogenetic correction.  Invasive pine species have smaller seeds, 
reproduce earlier, and have higher relative growth rates (at least as seedlings) than their 
noninvasive relatives (Grotkopp et al. 2002).  Hamilton et al. (2005) found that high specific leaf 
area (SLA), or thin leaves, and small seeds are correlated with invasion success (abundance) for 
a variety of taxa.  Note, however, that this measure of invasion success (abundance in the 
introduced range) is not consistent with the general definition of invasiveness most often used, 
where invasive species are defined by their rapid spread rates, not their final abundance 
(Richardson et al. 2000b). 

The results of phylogenetically corrected tests of association do not always mirror non-
corrected tests.  Crawley et al. (1997) compared alien (not invasive) and native species in the 
British Isles, while correcting for phylogenetic relatedness.  They found that alien species are 
taller, have larger seeds, are dispersed by people or explosive fruits, have longer dormancy, and 
are more often insect-pollinated than native species.  They also found that alien species have a 
less extensive distribution in the British Isles than native species.  However, they do not separate 
ephemeral aliens from established non-indigenous or invasive species, so it is unclear what 
significance these character states might have for invasion.  In addition, they point out that many 
species that have been intentionally introduced for horticulture are woody, so taller aliens with 
larger seeds may be an artifact of what species humans have preferred to introduce.  This study is 
also problematic, in that the phylogeny they used to correct for relatedness was constructed from 
multiple published phylogenies, and composite trees can result in solutions that are not globally 
optimal (Donoghue and Ackerly 1997, Sanderson et al. 1998). 

In order to understand what character states are associated with invasiveness, studies 
must correct for shared evolutionary history.  Few studies (but see Grotkopp et al. 2002, 
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Hamilton et al. 2005) have used phylogeny to correct for tests of association with character states 
associated with invasion.  Grotkopp et al. (2002) looked only at character states that were 
associated with invasion in non-phylogenetically corrected tests.  However, tests with 
phylogenetic correction may reveal relationships that were not significant in uncorrected tests 
and phylogenetically independent contrasts may make relationships stronger than uncorrected 
tests (Garland and Adolph 1994).  In addition, Grotkopp et al. (2002) did not take advantage of 
the phylogenetic information to propose hypotheses about the evolution of invasiveness. 
The comparative method 

Comparative methods have traditionally included two species comparisons (e.g. 
Schweitzer and Larson 1999), where character states of two putative congeners have been 
studied in detail to infer causes of differences in physiology, functional morphology, or 
adaptation.  However, there are limits to how much we can infer from these comparisons, as a 
sample size of one gives us no statistical basis for hypothesis testing (see discussion in Garland 
and Adolph 1994). 

Non-phylogenetic, multispecies comparisons give us a larger sample size and allow us to 
ask whether there is statistical evidence for associations between character states or between 
character states and characteristics of the environment (e.g. Scott and Panetta 1993).  However, 
these analyses assume that each species is an independent datum.  Since species share a 
phylogenetic history, they are not statistically independent, and treating them as such is 
equivalent to assuming that the phylogeny is a single polytomy and that all species are equally 
related to one another (Felsenstein 1985).  This is analogous to psuedoreplication (sensu Hurlbert 
1984) in the event that there are fewer evolutionary origins of a trait than there are tip taxa. 

Taxonomic approaches partition the variance among taxa into variance due to shared 
history and variance due to adaptation (or genetic drift, etc.) by using taxonomic rank as an 
independent variable in an analysis such as an ANOVA or ANCOVA (Stark 1998).  These types 
of analyses assume that taxonomic rank reflects phylogenetic relatedness, that taxa in a given 
rank are all equally related, and that the data are independent at some higher taxonomic level.  
While this takes some account of relatedness, this type of analysis still has fairly stringent 
assumptions.  Few authors have attempted to do taxonomic analyses for invasive species (but see 
Daehler 1998a). 

Phylogenetic approaches can make comparisons among multiple species in a phylogeny 
while taking their relatedness into account.  Felsenstein (1985) developed a method to correct for 
the statistical non-independence of taxa used in multispecies comparative studies.  Felsenstein's 
method is typically referred to as a phylogenetically independent contrast (PIC).  This method 
has been further refined, incorporating sensitivity tests that allow the robustness of the tests to be 
evaluated given uncertainty about the phylogenetic hypothesis (Donoghue and Ackerly 1997).  
In addition, general models have been developed that make microevolutionary assumptions 
explicit, allow tests with categorical variables as well as continuous variables to be performed, 
and account for within taxa variability and measurement error (Martins and Hansen 1997). 

Phylogenetically independent contrasts are now widely used across a variety of 
disciplines for testing macroevolutionary hypotheses (Baum and Larson 1991).  Phylogentically 
independent contrasts have a lower type I error rate than comparative analyses that make 
comparisons among operational taxonomic units (OTU) only (Martins and Garland 1991). 

Some authors have questioned the appropriateness of the comparative method for testing 
adaptive hypotheses, even given a statistically valid test of association.  Leroi et al. (1994) point 
out that comparative methods are still correlative, in that they do not directly measure selection 
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on genetic co/variation, and that nothing can be inferred about mechanisms of within-species 
evolution from species mean character state values.  However, others argue that looking for 
repeated, independent examples of putative adaptations, measuring many variables, and 
combining comparative methods with experimental manipulations will lead to robust conclusions 
about adaptation (Martins 2000).  It is clear that significant correlations between character states 
and environmental conditions should be interpreted cautiously, as they may result from selection 
on correlated character states, rather than from the character states under consideration (Leroi et 
al. 1994).  However, the comparative method is still an improvement over previous methods for 
comparing invasive and noninvasive species, which assume that individual species represent 
independent data points. 
The Commelinaceae as a model system 

The Commelinaceae is an interesting model family for studying the evolution of 
invasiveness because it contains invasive and noninvasive taxa in multiple genera, suggesting 
that invasiveness has arisen many times in this family (Table 1).  This allows for tests of 
association between invasiveness and species character states that may be adaptive in the context 
of invasion.  Invasive Commelinaceae include Commelina benghalensis, a federally listed 
noxious weed (APHIS 2004), listed in Alabama (serious threat, 1 out of 2), Georgia, and South 
Carolina (SEEPPC 2004), Murdannia keisak, listed in the South Carolina (unranked list), 
Tennessee (ranked as a serious threat, rank 2 out of 3), and Virginia (low invasiveness, rank 3 
out of 3) (SEEPPC 2004), and Tradescantia fluminensis, an invasive in forest understories in the 
southeastern United States and New Zealand (McMillan, 1999, unpublished dissertation, 
Standish 2002, FLEPPC 2003b), which is weedy in its native range (Cuevas et al. 2004), and is 
highly shade tolerant (Maule and Andrews 1996).  Tradescantia fluminensis is capable of 
changing nutrient cycling regimes where it invades, increasing litter decomposition rates and soil 
nutrient availabilities (Standish et al. 2004). 

Species in the Commelinaceae are over-represented among families that seriously impair 
crop performance, relative to a number of other plant families (20 observed species to the 
expected 5, Daehler 1998a).  Many of the invasive taxa in the Commelinaceae are important crop 
weeds and horticultural species, including Commelina benghalensis L., which is an annual or 
tender perennial native to eastern and southern Asia (Duncan 1967), and is a weed of 25 crops in 
28 countries (Wilson 1981).  The first published description of C. benghalensis in the United 
States is from Sapelo Island, Georgia (Duncan 1967), but it had been in the United States since 
1928 according to Faden (1993a) and has spread throughout Florida and much of the 
southeastern United States. 

Wilson (1981) lists C. benghalensis, C. diffusa, and Murdannia nudiflora (all 
Commelinaceae) as three of the "world's worst weeds."  For example, Commelina benghalensis 
is a weed of rice (India, Philippines, Celyon), coffee (Tanzania, Kenya), corn (Kenya, Angola, 
India, Indonesia, Philippines, Taiwan), sugarcane (India, Mozambique), cotton (Kenya, 
Mozambique, Uganda), tea (India), wheat (Angola), soybeans (Philippines), and peanuts (India, 
Philippines) (Holm et al. 1977).  Commelina diffusa and Murdannia nudiflora are also weeds of 
multiple crops in many countries (Holm et al. 1977).  Other known weedy species in the 
Commelinaceae include Aneilema beniniense, Commelina erecta, C. forskalaei, C. tuberosa, C. 

africana, Cyanotis cucullata, C. axillaris, Gibasis pellucida, Murdannia keisak, and 
Tradescantia fluminensis (Wilson 1981, Clewell 1985). 
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The Commelinaceae is a moderately sized family with roughly 650 species (Evans et al. 
2000) in 40-50 genera (Tucker 1989).  The largest genus in the family is Commelina with from 
170 (Faden 1993) to 230 (Tucker 1989) species.  On the other hand, there are larger families than 
the Commelinaceae that contain many invasive species such as the grasses (Poaceae), the asters 
(Asteraceae), and the mustards (Brassicaceae).  Although this could potentially increase the 
number of invasive species in the sample, larger families will result in more or larger �holes� in 
the phylogeny that cannot be sampled.  The more missing taxa the analysis has, the more likely 
branch length estimates are to be inaccurate.  Thus there is a trade-off between the need for a 
large sample size and the desirability of sampling as completely as possible.  I believe the 
moderate size and high frequency of invasiveness make the Commelinaceae a good choice for 
this study. 

Previous work in this family has included numerous taxonomic treatments (e.g. Hunt 
1980, Faden and Hunt 1991), a morphological cladistic analysis at the genus level (Evans et al. 
2000), and a molecular phylogeny at the genus level (Evans et al. 2003).  The taxonomy suggests 
that there are multiple evolutionary origins of invasiveness in this family, as there are multiple 
genera with both invasive and noninvasive taxa.  To the extent that genera reflect monophyletic 
groups (which may not always be the case, see below), at least six instances of the evolution of 
invasiveness have occurred.  It is also possible that invasiveness has arisen multiple times in 
some genera, such as in the Commelina genus, which has ten weedy, non-indigenous, or invasive 
species. 

It may be that the current taxonomy does not adequately reflect phylogenetic 
relationships.  There are numerous disagreements in the literature about what species belong in 
what genera.  Thus a phylogenetic treatment is presented here.  The members of the 
Commelinaceae family have a diverse set of character states, which may have interesting 
associations with invasiveness.  There are both annual and perennial members of the family and 
of many genera (e.g. Faden 2000).  There are both self-incompatible and self-compatible species 
(Owens 1981), with some species polymorphic for this character (Owens 1981).  Many floral 
characters, such as flower regularity (actino- or zygomorphic), the number of fertile stamens, and 
flower type (chasmogamous or cleistogamous) are also highly variable (e.g. Keighery 1982, 
Faden 1998).  Fruits also vary among species and can be dehiscent, indehiscent, or some 
combination of the two (e.g. Faden 1998), and either a dry capsule (e.g. Commelina communis 
Hsu 1978) or fleshy (e.g. Palisota albertii: Faden 1998). Seeds vary among species in whether 
they are heteromorphic or essentially uniform in size and germination properties (e.g. Budd et al. 
1979).  The Commelinaceae are also cytologically diverse, with basic chromosome numbers 
from x = 4-17, 19, 20 (Brenan 1966, Owens 1981, Patwary et al. 1985, Faden and Hunt 1991) 
and numerous polyploid and anueploid members. 

The invasive species Commelina benghalensis has a particularly interesting set of 
character states.  It produces two types of flowers: aerial chasmogamous (CH) flowers, which 
primarily self-pollinate, and primarily subterranean cleistogamous (CL) flowers.  The CH 
flowers tend to be produced in groups of 2-4 per spathe, and flowering usually begins with a 
solitary male flower, followed by 1-3 bisexual, selfing flowers (Maheshwari and Maheshwari 
1955).  Both CH and CL flowers produce two types of seeds: seeds in the indehiscent (I) part of 
the capsule, which tend to be larger, and seeds in the dehiscent (D) part of the capsule 
(Maheshwari and Maheshwari 1955).  The 4 different seed types (CH-I, CH-D, CL-I, CL-D) 
appear to have different inherent dormancies (Budd et al. 1979, Walker and Evenson 1985, Kim 
et al. 1990).  Larger seeds germinate more readily while smaller seeds have greater dormancy.  
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CL seeds have higher germination rates than CH seeds at greater depths, and I seeds do better 
than D seeds at greater depth.  These germination character states may be purely a function of 
seed size, larger seeds doing better at greater depths.  Most seedlings observed in the field by 
Budd et al. (1979) were the product of CL seeds, but this is the result of one year�s observations 
and may vary with different temperature (Kim et al. 1990) and disturbance (Walker and Evenson 
1985) regimes. 

I conducted greenhouse experiments with five pairs of invasive and noninvasive 
congeners in multiple environments in order to determine whether there are differences in 
performance and traits between invasive and noninvasive congeners, and to determine how 
robust those trait associations are to environmental variation.  These greenhouse experiments 
were used to parameterize matrix models and develop hypotheses about the relative contribution 
of demographic transitions to invasiveness.  I also examined character states associated with 12 
invasive, 28 weedy, 18 adventive, 42 noninvasive species, and 14 species of unknown 
invasiveness in a phylogenetic context in the Commelinaceae (Table 1).  This combination of 
studies was designed to determine characteristics of invaders at varying levels of biological 
organization, from individual traits to population (demographic level) parameters, and to 
determine the robustness of these associations to environmental variation. 
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CHAPTER 1 
 

GROWTH RATES OF CONGENERIC INVASIVE AND NONINVASIVE DAYFLOWERS 
(COMMELINACEAE) ACROSS NUTRIENT AND WATER GRADIENTS  

 
Introduction 

 Due to the ecological and economic importance of invasive species, many scientists and 
managers are interested in predicting the conditions under which invasions are most likely 
(Rejmánek 1995).  Identifying character states associated with invasive species (e.g. Lodge 
1993) can help develop predictive models that may be used to prevent the introduction of likely 
invaders (e.g. Tucker and Richardson 1995, Daehler and Carino 2000, Kolar and Lodge 2001).  
Unfortunately, the best predictors of invasiveness thus far are composite traits such as "invasive 
elsewhere," which do not explain mechanisms of invasiveness (Alpert et al. 2000, e.g. Scott and 
Panetta 1993, Reichard and Hamilton 1997, Maillet and Lopez-Garcia 2000).  A more 
mechanistic understanding of what makes species invasive would improve predictions of 
invasion for species that are not yet introduced elsewhere (Mack 1996).  In addition, it may also 
provide information useful in controlling current invaders. 
 A species is invasive if it has been introduced to a novel range, established, and spread 
there (Richardson et al. 2000b).  This definition does not require a species to displace native 
species or negatively influence them in order to be invasive.  Noninvasive species are those 
species that have had the opportunity to invade (been introduced), but have not established and 
spread. 
 The study of characteristics of invasive species has involved two major types of 
approaches.  First, many studies have compared invasive species with native species (e.g. Doyle 
et al. 2003, Seabloom et al. 2003, Kolb and Alpert 2003, Agrawal and Kotanen 2003).  This 
approach seeks to determine what characteristics of invaders result in higher performance 
relative to native species.  For example, higher resource allocation plasticity (Caldwell et al. 
1981) or plasticity in node elongation (Schweitzer and Larson 1999) may contribute to the 
competitive advantage of some invasive species over native species.   
 However, comparisons between a single native and invasive species have two widely 
recognized problems.  First, comparisons between a single species pair result in a sample size of 
one (Garland and Adolph 1994).  Approaches that compare multiple invasive species to multiple 
native species can correct for this problem (e.g. Pattison et al. 1998).  Second, relatedness can 
confound interpretations of character associations (Felsenstein 1985).  Comparative studies that 
correct for relatedness have often compared two congeners, one invasive and one native 
(advocated by Mack 1996, see, e.g., Schweitzer and Larson 1999).  An even better approach 
addresses both of these potential problems by comparing multiple invasive species to multiple, 
closely related native species (Maillet and Lopez-Garcia 2000, Agrawal and Kotanen 2003), 
though this has rarely been done. 
 A third problem with invasive to native comparisons that is less widely recognized is that 
native species could be invasive elsewhere if they were introduced.  In this case, invasive to 
native comparisons may lack power to detect characteristics associated with invasiveness.  
Comparisons with native species may help inform our understanding of why a given invasive 
species out competes or replaces a native species; they cannot propose mechanisms that might 
favour one potential invasive species over another.  While this point may seem obvious, the 
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distinction between invasive/native comparisons and invasive/noninvasive comparisons has often 
been overlooked, even in the recent literature (Daehler 2003, see, e.g., Doyle et al. 2003). 
 A second approach to the study of characteristics of invaders compares traits in invasive 
and noninvasive species, though studies of this kind have been rare (see discussion in Rejmánek 
and Richardson 1996; Richardson & Rejmánek 2004).  However, where information on failed 
introductions is available, comparisons of invasive and noninvasive species may improve our 
understanding of traits that confer invasiveness and thus predict which species are likely to be 
invasive, something that invasive to native comparisons cannot do.  The same problems of 
sample size and relatedness apply in comparisons of invasive to noninvasive species. 
 Some studies have found differences between invasive and noninvasive species.  A 
comparison between two species of introduced Conyza that differ in distribution and abundance 
in the introduced range found that the more successful invader had a competitive advantage in 
the acquisition of limiting resources (Thebaud et al. 1996).  A comparison among introduced 
Centaurea species indicated that growth plasticity in response to disturbance may influence 
invasive ability in C. solstitialis (Gerlach and Rice 2003).  Since the same variables were not 
measured across studies, it is unclear whether there might be consistent mechanisms responsible 
for the relatively higher performance of these invasive species.  The approach of comparing the 
characteristics of multiple invasive and noninvasive species, while taking relatedness into 
account, has been little used (but see Grotkopp et al. 2002), but has the potential to determine 
whether there are general characteristics of invasive species. 
 It has also become increasingly clear that traits of the environment interact with traits of 
the species to determine invasibility (Robinson et al. 1995, Burke and Grime 1996, Higgins and 
Richardson 1998, Lonsdale 1999, Stohlgren et al. 1999, Miller et al. 2002).  For instance, species 
with smaller seed size are more likely to be favoured by disturbance than species with large 
seeds (Burke and Grime 1996).  The complex interaction among species traits and characteristics 
of the environment means that invasive species do not always have greater performance than 
native or noninvasive species (Daehler 2003).  To develop a better understanding of the 
characteristics that make species invasive, we must compare the performance and traits of 
invasive and noninvasive species across multiple environmental conditions (Daehler 2003). 
 To determine whether there are consistent differences between invasive and noninvasive 
species in the Commelinaceae, I compared the performance of multiple pairs of invasive and 
noninvasive relatives across multiple environments.  Greenhouse experiments with two pairs of 
invasive and noninvasive dayflower congeners across a nutrient gradient and three pairs across a 
water availability gradient were used to demonstrate this approach.  I address three main 
questions in this study.  (1) Are there performance differences between invasive and noninvasive 
species?  (2) Are performance differences environment-dependent?  (3) Are there consistent 
characteristics of the invasive species that might be useful for predicting invasions?  Conducting 
such analyses for multiple pairs of species potentially increases the generality of the conclusions, 
and comparing the species pairs across a range of experimental conditions will allow evaluation 
of the robustness of the conclusions and increase our understanding of the conditions that favour 
invasiveness. 
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Methods 

Study system 

 The Commelinaceae has roughly 650 species (Evans et al. 2000) in 41 genera (Faden 
1998).  Species in the Commelinaceae are over-represented among families that seriously impair 
crop performance (both invasive and weedy species: Daehler 1998a).  The taxonomy (e.g. Faden 
and Hunt 1991) suggests that there are multiple evolutionary origins of invasiveness in this 
family, as there are multiple genera with both invasive and noninvasive taxa (USDA 2002, 
FLEPPC 2003a). 

I compared two pairs of closely related invasive and noninvasive species across a nutrient 
gradient and three pairs across a water gradient (Burns 2004, Appendix E).  Relatedness was 
based on taxonomy due to limited knowledge about within-genera phylogenetic relationships 
(for taxonomy see Hunt 1980, Faden and Hunt 1991, for among-genera phylogeny, see Evans et 
al. 2003).  Invasive species were chosen based on invasive status as reported in the literature and 
by government agencies.  Noninvasive relatives were chosen based on (1) putative relatedness, 
(2) introduction potential (e.g. known horticultural availability), (3) failure to invade, and (4) 
similarity of native range.  Tradescantia fluminensis Vell. is native to South America (Brazil�
Argentina), and is invasive in the United States (Faden 1982, McMillan, 1999, unpublished 
dissertation, category I invasive species, FLEPPC 2003a), New Zealand (Faden 1982, Kelly and 
Skipworth 1984, Standish et al. 2001), South Africa (R. B. Faden, personal communication), and 
Australia (FNA 2002).  It is a member of Tradescantia section Austrotradescantia along with 
noninvasive (Wunderlin 1998) T. blossfeldiana Mildbr. (Hunt 1980), which like T. fluminensis is 
native to South America (R. B. Faden, personal communication).  Tradescantia fluminensis and 
blossfeldiana have been planted as a horticultural subjects outside their native range (Page and 
Olds 2001), and are currently available from nurseries in the United States (e.g. Gardino Nursery 
2004, Sunshine Farm and Gardens 2004).  Both species are perennial and planted primarily as 
ornamentals (Faden 2000). 

The invasive Commelina benghalensis L. (Wilson 1981, Kurchania et al. 1991, Faden 
1993, Krings et al. 2002, USDA 2002) is native to tropical Africa and Asia (Wiersema and Leon 
1999, Faden 2000) and invasive in Hawaii, California, Louisiana, Alabama, Florida, and tropical 
America (Faden 1992, Faden 2000, NRCS Plants 2004).  Commelina benghalensis may behave 
as either a perennial or an annual (Faden 2000, R. B. Faden, personal communication) and 
produces dimorphic flowers (Maheshwari and Maheshwari 1955) and dimorphic seeds with 
differing dormancy properties (Budd et al. 1979).  It is probably closely related to the perennial 
Commelina bracteosa Hassk., which has similar blue flowers but a different number of seeds per 
capsule (R. B. Faden, personal communication), and is native to tropical Africa (R. B. Faden, 
personal communication).  Commelina bracteosa is not considered invasive (not listed by USDA 
2002, FLEPPC 2003a) and is available in the United States (R. B. Faden, personal 
communication). 

Murdannia nudiflora (L.) Brenan is an invasive (Faden 1982, Faden 2000, GCW 2004) 
annual (Faden 2000) species from Texas to North Carolina, USA, in Central and South America, 
and in western Australia (Keighery 1982, Faden 2000, NRCS Plants 2004), and is native to 
tropical Asia (Faden 2000).  Murdannia simplex (Vahl) Brenan is a cultivated (NRCS Plants 
2004) perennial (Burns, personal observation) species native to tropical Asia and Africa (FNA 
2002, USDA 2002, FLEPPC 2003a) and is in the same section of Murdannia as M. nudiflora (R. 
B. Faden, personal communication). 

The invasive (FNA 2002) Tradescantia zebrina Bosse is native to southern Mexico and 
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Central America (Wiersema and Leon 1999, Faden 2000) and invasive in Hawaii, Puerto Rico, 
the Virgin Islands, Kentucky, Louisiana, and Florida (Faden 2000, NRCS Plants 2004).  It is 
probably more widely cultivated than its noninvasive congener, Tradescantia brevifolia (Torr.) 
Rose.  Tradescantia brevifolia is native to south Texas and northern Mexico (Faden 2000, NRCS 
Plants 2004), and both T. zebrina and T. brevifolia are perennial (Faden 2000) and have fused 
petal bases, possibly indicating relatedness (R. B. Faden, personal communication). 

All the invasive species in this study are invasive in disturbed habitats in Florida (Holm 
et al. 1977, Wilson 1981, Faden 1982, FLEPPC 2003b) and only one is known to invade 
relatively undisturbed forest understories (Tradescantia fluminensis, Standish et al. 2001).  All of 
these species were probably introduced as ornamentals (Wiersema and Leon 1999, NRCS Plants 
2004, Gardino Nursery 2004, Sunshine Farm & Gardens 2004), with the exception of 
Commelina benghalensis, which was probably accidentally introduced as a seed contaminant 
(Wiersema and Leon 1999).  All of the noninvasive species have been introduced outside their 
native range, primarily as ornamentals, (e.g. Gardino Nursery 2004, NRCS Plants 2004), 
although not necessarily with the same propagule pressure as the invaders (see Chapter 4, 
Appendix C, Table 28). 
Nutrient gradient experiment 

I compared the performance of two pairs of invasive and noninvasive species across a 
nutrient gradient (Tradescantia fluminensis with T. blossfeldiana and Commelina benghalensis 

with Commelina bracteosa).  Not all species were available at the beginning of this experiment, 
so some pairs (above) were not used.  A single genotype was used per species, due to limited 
availability of multiple genotypes.  I applied four levels of Peter's special fertilizer (20-20-20) as 
an aqueous solution to soil saturation biweekly.  The four nutrient treatments were: no nutrient 
addition (0) and 0.5, 1 and 1.5 times the recommended application rate, respectively, to bracket 
potential rates of nutrient enrichment in Florida, since most of these species are thought to invade 
disturbed, nutrient enriched sites (e.g. FLEPPC 2003b).  The recommended rate for applications 
applied less frequently than weekly is 200 ppm N, or 2.4 g/L.  The design included 4 treatments 
x 4 species x 4 replicates for a total of 64 pots arranged in randomized blocks in the Florida State 
University greenhouse.  Temperatures were kept at 22°C and a relative humidity of 
approximately 50%. 
 I established plants as vegetative cuttings because many of these species spread 
vegetatively (e.g. Tradescantia fluminensis, Standish et al. 2001) and planted them in square 
plastic pots 14 cm wide and 13.3 cm tall.  All cuttings came from uniformly cultured greenhouse 
specimens.  I filled all pots with 2 parts coarse sand and 1 part Promix soil, to approximate the 
predominately sandy, nutrient poor soils in Florida (Brown et al. 1990), where these invasive 
species can be found (FLEPPC 2003a).  The experiment was terminated before plants were pot-
bound. 
 I used cuttings with two fully expanded leaves and one leafless stem node per cutting.  
Since rooting is initiated at the leafless, buried node, I standardized cuttings by leaf and node 
number.  Before planting, I measured the following morphological variables: leaf length and 
width for each of the two leaves and cutting length.  Cuttings were as uniform as possible and 
were planted haphazardly with respect to treatment. 

I estimated initial cutting biomass for use in calculating the relative growth rate (RGR) by 
harvesting an additional 30 cuttings/species as for the experimental cuttings, measuring them for 
the morphological variables (above), then drying and weighing them.  I used regression 
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equations to estimate cutting dry mass for the experimental cuttings.  All measured 
morphological variables for the experimental cuttings fell within the range of values used to 
calculate the regressions. 

The experiment lasted for 55 d, after which I dried and weighed each plant to determine 
shoot, root, and reproductive biomass.  Relative growth rate was calculated as RGR=[ln(Final 
Biomass)-ln(Initial Biomass)]/days.  Total biomass and RGR were analyzed with a model 
including Block, Pair, Treatment, Invasive(Pair), and their interactions (GLM, SAS).  All effects 
were treated as fixed.  A measure of initial cutting size (leaf length*leaf mass=Initial Size) was 
used as a covariate for the analysis of total biomass.  All interactions with Block were tested, and 
dropped from the model if they were not significant (F-ratio < 1.0 and P  > 0.05).  Homogeneity 
of variance was tested using Levene's test for one-way ANOVA for Treatment and Invasive 
separately.  Total biomass (g) was natural log transformed, to improve the distribution of 
residuals and increase homogeneity of variance.  If the assumption of homoscedasticity was not 
met, then the robustness of the overall ANCOVA/ANOVA results were tested by performing a 
variance-massed one-way ANOVA (Welch 1951).  Residuals were tested for normality using the 
Kolmogorov-Smirnov test. 

In order to preserve power across tests, and because a small subset of all possible 
comparisons were of interest, contrasts were used to test several specific predictions.  Contrasts 
for an ANCOVA on total biomass including Initial Size as a covariate, Block, Treatment, 
Species, and Treatment x Species was used to determine whether the results of significant effects 
in the ANCOVA were driven by differences in a single pair.  This slightly modified model was 
used in order to allow contrasts to be made within individual species pairs (Invasive, Pair, and 
Invasive x Pair in the full ANCOVA for total biomass is the same as Species in this modified 
model).  I predicted that the invasive Commelina species had greater total biomass than the 
noninvasive Commelina species and that the invasive Tradescantia species had greater total 
biomass than the noninvasive Tradescantia species.   

Because there was a significant treatment by invasive interaction for total biomass, 
separate contrasts were also used to determine whether the invasive species were on average 
bigger than the noninvasive species at high (1.5x treatment) or low (0x treatment) nutrient 
availabilities.  Separate models were used for these tests, which predicted total biomass using 
Initial size and Invasive status at only the high (or low) nutrient availability.  The same 
predictions were tested for RGR.  Significance values for contrasts were corrected for multiple 
comparisons using the Dunn-�idák method, across comparisons within a single response variable 
(Sokal and Rohlf 1995).  All analyses were performed in SAS using Proc GLM (SAS version 
8.01, SAS Institute, Cary, North Carolina, USA).  For an alternate version of these analyses, see 
Appendix G. 
Water gradient experiment 

I compared the performance of three pairs of species (Commelina benghalensis with C. 

bracteosa, Murdannia nudiflora with M. simplex, and Tradescantia zebrina with T. brevifolia) 
across four water availabilities and estimated initial cutting size as for the nutrient gradient 
experiment (above).  The four watering treatments maintained no less than 92%, 64%, 36%, and 
8% of the soil's water holding capacity (determined by daily weighing plantless calibration pots 
at each end of the greenhouse bench).  In other words, each treatment received water when the 
calibration pot reached the water holding capacity threshold mass.  No additional nutrients 
(beyond nutrients in the potting mix) were added during the course of this experiment.  Watering 
treatments were chosen to bracket a wide range of water availabilities as evenly as possible.  The 
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experimental design included 6 species x 4 treatments x 4 individuals.  Treatments plants were 
arranged in randomized blocks in the greenhouse.  Plants were harvested and weighed as in the 
nutrient gradient experiment (above) after 31 days. 

Total biomass was analyzed for fixed effects of Treatment, Pair, Invasive(Pair), and their 
interactions.  Initial size had no significant effect on final total biomass for the water gradient 
experiment (F-ratio < 1.0 and P > 0.05 for all measures of initial size and their interactions), and 
so was not included as a covariate.  RGR was analyzed using the same model as for total 
biomass.  Interactions with block were dropped if they were not significant.  A total of eight dead 
plants were excluded from the water gradient analysis.  Homogeneity of variance was tested 
using Levene's test for one-way ANOVA for Treatment and Invasive separately, and total 
biomass was natural-log transformed to meet the homoscedasticity assumption of ANOVA. 
Residuals for the full model were tested for normality using the Kolmogorov-Smirnov test.  For 
an alternate version of these analyses, see Appendix G. 

As with the nutrient gradient experiment, contrasts were used to test specific predictions 
about whether Commelina, Murdannia, and Tradescantia species differed in total biomass and 
RGR between high and low water availabilities.  Significance levels were corrected for multiple 
comparisons as described above. 

 
Results 

Initial cutting size regressions were significant for each of the eight species, although the amount 
of variation in initial cutting dry mass that morphological measures were able to explain varied 
from 16 to 88%.  For the species with the lowest R2 (Commelina benghalensis L.), there was 
little variation in cutting size (CV = 26.2).  Initial biomass differences probably had little effect 
on calculations of RGR (Initial Biomass estimated at mean = 0.0128 g, ± 0.00046 95% CI). 
Nutrient gradient experiment 

Assumptions of the analysis for transformed total biomass were met with one exception: 
variances were not equal between invasive and noninvasive species (P < 0.05, Levene's test for 
homogeneity of variance).  Massing one-way ANOVA results for Invasive by the variance 
(Welch 1951) did not change the qualitative result, and only results from the unmassed, full 
model are presented (Table 2).  There was no significant interaction between initial cutting size 
and species for the ANCOVA on total biomass.  All ANOVA assumptions for the analysis of 
RGR were met. 
 
Table 2.  The natural log of total biomass across a nutrient gradient for two pairs of invasive and noninvasive species 
(GLM, SAS).  Invasive variances were not equal (P < 0.05) (Levene's test for homogeneity of variance), but 
weighing the results for the one-way ANOVA by the variance (Welch 1951) does not change the qualitative result.  
Results of contrasts with Dunn-�idák corrected P-values (k = 4). For an alternate version of these analyses, see 
Appendix G. 
Source DF MS F-ratio P-value 
Initial Size 1 0.28 2.2 0.15 
Block 1 1.2 8.9 < 0.01 
Treatment 3 7.2 56 < 0.001 
Pair 1 1.7 13 < 0.001 
Invasive(Pair) 2 5.2 40 < 0.001 
T x P 3 0.26 2.0 0.13 
T x I(P) 6 0.97 7.5 < 0.001 
Error 46 0.13   
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Table 2. (cont.) 
Contrasts DF MS F-ratio P-value 
Tradescantia fluminensis vs. T. blossfeldiana 1 0.46 3.6 0.26 
Commelina benghalensis vs. C. bracteosa 1 10 80 < 0.001 
Invasive vs. Noninvasive (High nutrients, 1.5) 1 4.0 21 < 0.01 
Invasive vs. Noninvasive (Low nutrients, 0) 1 0.0001 0 1.0 
 
 

Fig. 1.  Total biomass and RGR (Relative Growth Rate) across a nutrient gradient for (A,C) Tradescantia 

fluminensis Vell. (invasive) and T. blossfeldiana Milbraed (noninvasive) (B,D) Commelina benghalensis L. 
(invasive) and C. bracteosa Hassk. (noninvasive).  Treatments were (0) no nutrient addition, (0.5) half the 
recommended application amount, (1) the full recommended amount, and (1.5) 1.5 times the recommended amount, 
all applied biweekly.  Backtransformed means and 95% CI are shown for total biomass (g), and means and 95% CI 
are untransformed for RGR. 

 
 
 
Invasive and noninvasive species differed in final biomass (Table 2).  The invasive 

species responded more to increased nutrient availability than the noninvasive species (Fig. 1, 
Table 2), and the total biomass was higher on average for the invasive than noninvasive species 
at higher nutrient availabilities, but not different at low nutrient availabilities (contrasts, Table 2). 
 The invasive species also had greater plasticity in biomass response than the noninvasive species 
(Fig. 1, Treatment*Invasive(Pair), P < 0.001, Table 2).  Invasive and noninvasive species 
differed in RGR (Table 3), and the invasive and noninvasive species differed in their RGR 
plasticity (Table 3).  RGR was similar for the invasive and noninvasive species in the no nutrient 
addition treatment, but significantly higher for the invasive species with nutrient addition 
(contrasts, Table 3). 
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Table 3.  Relative growth rate (RGR) as a function of nutrient availability for two pairs of invasive and noninvasive 
species (GLM, SAS).  Variances were equal among treatments and invasive and noninvasive species (P > 0.05, 
Levene's test).  Results of contrasts with Dunn-�idák corrected P-values (k = 4). For an alternate version of these 
analyses, see Appendix G. 
Source DF MS F-ratio P-value 
Block 1 0.0005 10 < 0.01 
Treatment 3 0.002 49 < 0.001 
Pair 1 0.002 44 < 0.001 
Invasive(Pair) 2 0.01 220 < 0.001 
T x P 3 0.0006 1.4 0.27 
T x I(P) 6 0.0005 11 < 0.001 
Error 47 0.00005   
Contrasts     
Tradescantia fluminensis vs. T. blossfeldiana 1 0.0003 68 < 0.001 
Commelina benghalensis vs. C. bracteosa 1 0.005 110 < 0.001 
Invasive vs. Noninvasive (High nutrients, 1.5) 1 0.009 90 < 0.001 
Invasive vs. Noninvasive (Low nutrients, 0) 1 0.0008 4.0 0.27a 
a Marginally significant (P = 0.07) before correction for multiple comparisons. 

 
 
 
 

Analyses for individual species pairs suggest that the difference in biomass between 
invasive and noninvasive species was due primarily to differences between Commelina species. 
The invasive Commelina species had both a greater biomass at high nutrient availabilities (Fig. 
1D, Table 2) and greater RGR (Fig. 1B, Table 3) than the noninvasive species, and the invasive 
Tradescantia species had greater RGR than the noninvasive species (Fig. 1A, Table 3).  
However, the total biomass of noninvasive T. blossfeldiana was no different than the invasive 
Tradescantia fluminensis (Fig. 1C, Table 2).  This was probably due to large initial size 
differences in the cuttings between the two species (Tradescantia fluminensis = 0.04 g ± 0.005 
SD, T. blossfeldiana = 0.4 g ± 0.09 SD). 
Water gradient experiment 

The assumptions for both analyses on total biomass and RGR were met.  Mortality was low for 
the water gradient experiment (8% of individuals) and did not differ significantly by treatment 
(χ2= 4.0, P > 0.10) or species (χ2= 4.0, P > 0.10).  One Murdannia nudiflora, five Tradescantia 

brevifolia, and two Tradescantia zebrina individuals died. 
Average biomass increased across a gradient of water availabilities (Fig. 2, P < 0.001, 

Table 4).  As in the nutrient gradient experiment, the invasive species had greater average total 
biomass than the noninvasive species (Fig. 2, P < 0.001, Table 4), as well as greater RGR (Fig. 2, 
P < 0.001, Table 5).  Invasive and noninvasive species did not appear to differ in biomass or 
RGR plasticity across the water gradient (Treatment x Invasive(Pair), P > 0.10, Tables 4, 5). 

The invasive Tradescantia and Murdannia species were larger than their noninvasive 
congeners, but invasive and noninvasive Commelina species did not differ significantly (Fig. 2, 
contrasts, Table 4).  There was no significant difference in RGR between Tradescantia zebrina 

and T. brevifolia (contrasts, Table 5).  A power analysis suggests that a sample size of 28 would 
have been necessary to see a difference in RGR between these two species for treatment �92%� 
(highest water availability, Power = 0.15).  Similarly, there was low power (N = 4) in the other 
treatments, and is probably at least partly the result of 5 deaths for T. brevifolia (noninvasive) 
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and 2 for T. zebrina (invasive).  However, the direction of the difference was consistent with the 
general pattern, with the mean RGR for the invasive T. zebrina being consistently higher across 
treatments than that for T. brevifolia (Fig. 2A). 
 
 
 
 

Fig. 2.  Total biomass and RGR (Relative Growth Rate) across a water availability gradient for (A,D) Tradescantia 

zebrina Bosse (invasive) and T. brevifolia (Torrey) Rose (noninvasive), (B,E) Commelina benghalensis L. (invasive) 
and C. bracteosa Hassk. (noninvasive), and (C,F) Murdannia nudiflora (L.) Brenan (invasive) with M. simplex 
(Vahl) Brenan (noninvasive).  Treatments correspond to reduction of water availability to no lower than 8, 36, 64 
and 92% of the water holding capacity.  Backtransformed means and 95% CI are shown for total biomass (g), and 
means and 95% CI are untransformed for RGR. 
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Table 4.  Total biomass (natural-log transformed) for the water gradient experiment with three pairs of invasive and 
noninvasive species (GLM, SAS).  Variances are equal among treatments and between invasive and noninvasive 
species (P > 0.05, Levene's test). Results of contrasts with Dunn-�idák corrected P-values (k = 3). For an alternate 
version of these analyses, see Appendix G. 
Source DF MS F-ratio P-value 
Block 1 16 17 < 0.001 
Treatment 3 13 14 < 0.001 
Pair 1 5.1 5.6 < 0.01 
Invasive(Pair) 2 5.7 6.2 < 0.001 
T x P 6 0.29 0.32 0.93 
T x I(P) 9 0.41 0.45 0.90 
Error 63 0.93   
Contrasts     
Tradescantia zebrina vs. T. brevifolia 1 9.7 11 < 0.01 
Commelina benghalensis vs. C. bracteosa 1 0.68 0.75 1.0 
Murdannia nudiflora vs. M. simplex 1 6.7 7.3 0.03 
 

 
 
 
Table 5.  RGR for the water gradient experiment with three pairs of invasive and noninvasive species (GLM, SAS).  
Variances are equal among treatments and between invasive and noninvasive species (P > 0.05, Levene's test).  
Results of contrasts with Dunn-�idák corrected P-values (k = 3).  For an alternate version of these analyses, see 
Appendix G. 
Source DF MS F-ratio P-value 
Block 1 0.016 17 < 0.001 
Treatment 3 0.013 14 < 0.001 
Pair 1 0.007 8.1 < 0.001 
Invasive(Pair) 2 0.0097 10 < 0.001 
T x P 6 0.0003 0.32 0.93 
T x I(P) 9 0.0004 0.45 0.90 
Error 63 0.001   
Contrasts     
Tradescantia zebrina vs. T. brevifolia 1 0.001 1.1 0.88 
Commelina benghalensis vs. C. bracteosa 1 0.016 17 < 0.001 
Murdannia nudiflora vs. M. simplex 1 0.012 13 < 0.01 

 

 

 

 

Discussion 

I found higher average performance of invasive than noninvasive dayflowers at high 
nutrient availabilities and for all water availabilities.  The nutrient gradient experiment 
demonstrated that the invasive species on average exhibited greater performance plasticity, 
suggesting that they had greater opportunistic responses to resource availability.  In addition, the 
invasive species had higher average RGR than noninvasive species under some conditions 
(Tables 3, 5).  High RGR might assist managers in predicting invasive potential in species that 
have not yet been introduced. 
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Performance differences 

 These invasive Commelinaceae had higher total biomass in some environments.  
Preliminary data for some species suggests that biomass is highly correlated with reproduction 
(and presumably fitness).  If biomass reflects potential reproductive capacity, then the invasive 
species out-performed the noninvasive species in high resource conditions.  However, the 
performance advantage of invasive species disappeared at low resource availabilities. 

As in this study, performance rankings seem to be environment-dependent in the few 
other comparisons between invasive and noninvasive congeners (Maillet and Lopez-Garcia 
2000, Gerlach and Rice 2003, but see Thebaud et al. 1996).  For example, the invasive 
Centaurea solstitialis had relatively higher seedling leaf production (possibly correlated with 
performance) than the less invasive C. sulphurea under high levels of disturbance, but this 
relationship differed at intermediate levels of disturbance (Gerlach and Rice 2003).  Other 
studies have found that invasive species had higher biomass than noninvasive species at high 
nutrient availabilities and that invasive and noninvasive species did not differ at low nutrient 
availabilities (e.g. Maillet and Lopez-Garcia 2000, Kolb and Alpert 2003).  Understanding that 
the performance of invasive species depends on resource availability and disturbance can help 
managers predict what species will become invasive (by measuring relative performance of 
potential invaders under a range of resource availabilities). 

Performance rankings for invasive and native species can also switch across some 
environmental gradients (Alpert et al. 2000, Daehler 2003, e.g., nutrient gradients: Hobbs et al. 
1988, or disturbance gradients: Sher et al. 2000).  Sites with high nitrogen (e.g. Huenneke et al. 
1990, Kolb et al. 2002) and water availability (e.g. Hobbs and Mooney 1991, Milchunas and 
Lauenroth 1995, White et al. 1997) may be more invasible than sites with lower productivity (but 
see Cleverly et al. 1997, Seabloom et al. 2003).  Comparisons of invasive and native congeners 
are mostly consistent with this observation (e.g. Maillet and Lopez-Garcia 2000). 
Predicting invasions 

 I also found that higher average RGR is associated with invasive Commelinaceae species 
for high nutrient availabilities and all water availabilities.  Thus RGR (at least under some 
conditions) might be a predictive characteristic of some invasive Commelinaceae (but possibly 
not for Tradescantia zebrina, Table 5, Fig. 2A).  If this relationship proves to be robust across 
families, growth-rate assays may be useful as part of a pre-importation screening procedure. 
 The few other comparisons of RGR between invasive and noninvasive congeners have 
generally also found that invasive plants have higher RGR (Maillet and Lopez-Garcia 2000, 
Grotkopp et al. 2002, see also Kolar and Lodge 2002 for RGR in invasive fish).  In environments 
where high growth rates translate to increased performance (e.g. low stress environments), 
invasive species should out-perform noninvasive species, suggesting that this characteristic may 
have predictive potential. 
 There are many comparisons of growth rates between invasive and native species, as 
opposed to noninvasive species (e.g. Pattison et al. 1998), and there is evidence that invasive 
species do not have consistently higher RGR than native species across environments (Maillet 
and Lopez-Garcia 2000, Daehler 2003).  However, invasives might have higher RGR in some 
types of environments, such as those with high light availability (Yamashita et al. 2000).  This 
pattern is consistent with the hypothesis that invasives are faster growers that are able to acquire 
resources quickly (e.g. Melastomaceae: Baruch et al. 2000, Phalaris: Green and Galatowitsch 
2002, but see Cleverly et al. 1997).  
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Limitations and future directions 

 In this study, there was one exception to the tendancy for invasive dayflower species to 
have greater biomass than noninvasive congeners (Figs. 1, 2).  The invasive Tradescantia 

fluminensis had a smaller final biomass than the noninvasive T. blossfeldiana across all nutrient 
treatments.  Given the short duration of the experiment (55 d), RGR probably more accurately 
reflects the ability of these species to spread, and RGR was higher for the invasive T. fluminensis 

(contrast, Table 2).  However, longer-term growth experiments are clearly needed to more 
accurately reflect performance, especially in the perennial species. 
 This study focused only on growth, but other traits, such as germination characteristics, 
survival, and fecundity might also be related to invasiveness.  In addition, comparisons here were 
made between two and three pairs of species for the nutrient and water gradient experiments, 
respectively.  Obviously, the small number of replicates at the invasive category level make 
generalizations difficult.  Future studies will involve greater among-species sampling.  
Additional genotypes would also be useful to evaluate the within species variance in these traits. 
 It is possible that species now classified as noninvasive may some day become invasive, 
given additional propagule pressure or lag times.  Further studies will determine whether the 
association between invasiveness and species traits in the Commelinaceae is robust to correction 
for the potentially confounding effects of propagule pressure and time since introduction. 
 

Conclusions 

This study demonstrates that some invasive species have higher relative growth rates and 
greater biomass than their noninvasive congeners.  This suggests that some growth related traits 
are associated with invasiveness in these Commelinaceae.  Tradescantia zebrina is the slowest 
spreading of these invasive species (Chapter 4, Appendix C, Table 28, Appendix D, Table 29), 
and also does not differ from its congener in relative growth rate (Table 5).  The other invasive 
species have spread more quickly than T. zebrina, and also differ from their noninvasive 
congeners in relative growth rates (Tables 3, 5). 

Ecologists and conservation biologists would like to be able to predict what species were 
invasive from easily measured traits (e.g. Daehler and Carino 2000).  This has proven to be a 
complex problem (Williamson 1999).  Many studies have focused on invasive to native 
comparisons, which, while useful for answering some questions, cannot reliably identify 
characteristics of invaders.  Other studies have compared invasive to noninvasive species or not 
measured performance across multiple environments.  Correcting for relatedness across multiple 
pairs of species, under multiple environmental conditions, will yield more robust answers about 
what characteristics (if any) are consistently associated with invasiveness.  Though the results 
from this study apply only to the species studied, this comparative approach has broad potential 
to improve our understanding of what makes some species more invasive than others, when 
extended to additional taxa. 
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CHAPTER 2 
 

RELATEDNESS AND ENVIRONMENT AFFECT TRAITS ASSOCIATED WITH 
INVASIVE AND NONINVASIVE INTRODUCED COMMELINACEAE 

 

Introduction 

Because of the potentially large ecological and economic effects of biological invasions 
(see, e.g., Vitousek and Walker 1989, Perrings et al. 2000), interest has increased in determining 
what characters are associated with invasive plant species (see, e.g., Daehler and Carino 2000, 
Kolar and Lodge 2001, Marchetti et al. 2004).  Invasive species are introduced species that have 
spread rapidly outside their native ranges (Richardson et al. 2000b).  A better understanding of 
traits associated with invasion may allow us to predict the potential invasiveness of exotics that 
have not yet been introduced (Pheloung et al. 1999, Daehler and Carino 2000) and better control 
existing invaders (Parker 1997). 

Many workers have attempted to identify traits that may be associated with invasive plant 
species.  For example, broad correlative studies have revealed that invasive plant species often 
have small seeds (e.g., Pinus, Pinaceae, Grotkopp et al. 2002), prolific seed production 
(Pheloung et al. 1999), and vegetative reproduction (woody species: Reichard and Hamilton 
1997), but no single trait predicts invasiveness across the vascular plants (see, e.g., Py�ek 1998, 
Pheloung et al. 1999).  Reports also disagree about whether some traits are associated with 
invasiveness.  For example, Grotkopp et al. (2002) found high relative growth rates to be 
associated with invasiveness in Pinus, whereas Bellingham et al. (2004) found that relative 
growth rate was unrelated to invasiveness, even in some of the same Pinus species.  These 
conflicting reports, and the observation that individual traits are insufficient to predict 
invasiveness, suggest that the problem of what makes a species invasive is far from solved 
(Mack et al. 2000). 

One difficulty is that broad studies of invasive species� traits often fail to take into 
account variation in trait expression across environments.  The expression of many plant traits is 
environment dependent, and the performance of invasive species relative to native species can 
differ with environment (Daehler 2003).  For example, some invasive Commelinaceae species 
have higher relative growth rates than noninvasive species under high-nutrient conditions, but 
under low-nutrient conditions this relationship no longer holds (Burns 2004).  Studies under a 
single set of conditions can still be useful, but taking into account variation in trait expression 
across environments is a next logical step in efforts to understand what traits influence 
invasiveness. 

Environment dependence of traits means that models predicting invasiveness must 
consider the conditions under which those traits were measured, potentially increasing the 
accuracy of predictions, and allowing for evaluation of trait plasticity.  Finally, understanding the 
environment dependence of performance will generate predictions about environments subject to 
invasions, allowing managers to focus on more vulnerable environments. 
Designing comparative studies of invasive species 

A growing number of authors recognize that traditional approaches to understanding 
characteristics of invaders have often lacked correction for relatedness (Grotkopp et al. 2002, 
Gerlach and Rice 2003, Burns 2004).  Phylogenetically naive analyses (that do not take 
relatedness into account) of trait associations with invasiveness cannot separate the effects of 
relatedness and invasiveness and may yield incorrect type I errors (Rohlf 2006).  Therefore traits 
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associated with invasion in a broad correlative study may be associated either with invasion per 
se or with taxonomic groups that are predominantly invasive. 

Many previous studies have compared invasive species to native species (e.g., Baruch 
and Goldstein 1999, Kolb and Alpert 2003; reviewed in Daehler 2003; but see Goodwin et al. 
1999, Grotkopp et al. 2002, Burns 2004, Marchetti et al. 2004), but this comparison cannot 
reveal why some introduced species become invasive and others do not.  A stronger case can be 
made for comparing invasive species with introduced species that have failed to spread and 
become invasive.  The wrong comparison group can lead to erroneous conclusions about 
characteristics of invaders (see e.g., Sutherland 2004). 

Broad correlative studies are often based on traits that can easily be gleaned from the 
literature (e.g., Reichard and Hamilton 1997).  Traits more closely related to fitness, such as 
growth rates and fecundity, are harder to obtain but may make better predictors of invasiveness 
than traits like seed size (see e.g. Wu et al. 2005).  However, such traits may also vary in 
expression across environments, and few studies of traits associated with invasion have taken 
trait plasticity into account. 

This study takes phylogenetic relatedness into account, compares invasive species to 
noninvasive species, and examines traits closely tied to fitness across multiple environments.  I 
compared five pairs of invasive and noninvasive congeners from the Commelinaceae, a family 
with a number of invasive species, some of which are important crop invaders (Faden 1982).  
These pairs were compared in a factorial experiment with two levels of water and nutrient 
availability to determine (1) under what conditions some invasive species outperform their 
noninvasive congeners, (2) which traits are associated with invasive species and to what extent 
trait associations with invasive or noninvasive species are environment dependent, and (3) 
whether incorporating information about relatedness increases the ability to detect trait 
associations.  Unlike a previous study (Burns 2004), this study used 5 pairs of congeners (as 
opposed to the previous 2-3 pairs, see Chapter 1) to allow for tests of the influence of relatedness 
on analyses and uses a factorial experiment to determine the role of interactions between 
environmental factors on traits of invasive species (Appendix A, Table 23).  It also incorporates 
five new traits that may influence invasiveness (e.g. seed number). 

 
Methods 

Study system 

 The Commelinaceae is a family of herbaceous monocots with approximately 630 species 
in 40 genera (Faden 2000).  Twelve of those species are known to be invasive (Table 1, e.g. 
USDA 2002, FLEPPC 2003; not �weedy�, of which there are 28, see INTRODUCTION).  
Molecular phylogenetic analysis is consistent with traditional taxonomic classifications (Faden 
and Hunt 1991) that break the family up into two major tribes: the primarily old world 
Commelineae and the primarily new world Tradescantieae (Evans et al. 2003).  An unpublished 
chloroplast region phylogeny is consistent with Commelina and Murdannia being monophyletic 
genera (Burns, unpublished data).  Tradescantia blossfeldiana and T. fluminensis are also sister 
to one another in this phylogeny, consistent with taxonomic classifications (Hunt 1980).  
Tradescantia zebrina and T. brevifolia are however, rather distantly related, and Tradescantia 
does not appear to be monophyletic (Evans et al. 2003, Burns, unpublished data). 
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Experimental design 

I conducted a greenhouse experiment comparing the morphological and performance 
traits of five species pairs of invasive and noninvasive congeners in the Commelinaceae 
(Appendix A, Table 23).  Much of this manuscript is reprinted with permission from Ecological 
Applications (Burns 2006, Appendix F).  Commelina benghalensis is an African and Asian 
native (Wiersema and Leon 1999, Faden 2000, GCW 2004) that is a problem weed in cotton 
crops in Georgia (T. Flanders, personal communication).  It was paired with the African 
noninvasive Commelina bracteosa.  Commelina benghalensis is one of the worst weeds in the 
Commelinaceae, earning it a listing on the United States federal noxious weed list (USDA 2002). 
 Murdannia nudiflora is a tropical Asian and African (Faden 2000, GCW 2004) weed invasive in 
the southeastern US, and was paired with the noninvasive M. simplex, also native to tropical 
Africa and Asia (Hsu 1978).  Murdannia keisak is an Asian (Faden 2000) weed that invades rice 
crops in the southeastern United States (Dunn and Sharitz 1990).  It was paired with noninvasive 
Asian native M. bracteata (Hong and DeFilipps 2000).  Tradescantia fluminensis is a South 
American native (Wiersema and Leon 1999) that has invaded New Zealand (Standish et al. 
2001) and the southeastern United States (Wunderlin and Hansen 2004), which was paired with 
South American native T. blossfeldiana.  Tradescantia zebrina is an invasive species in southern 
Florida (FLEPPC 2003b), and is native to the tropical Americas (Wiersema and Leon 1999).  It 
was paired with noninvasive T. brevifolia, which is native to Texas (Faden 2000).  These species 
are not necessarily sister species but are more closely related to one another than to other species 
in this experiment, with the exception of Murdannia keisak, which is sister to the remaining three 
species of Murdannia (see Chapter 4).  Relatedness was judged on the basis of taxonomic 
classifications (Hunt 1980, Faden and Hunt 1991), a genus-level chloroplast phylogeny (Evans et 
al. 2003), and an unpublished species-level chloroplast phylogeny (Burns, unpublished data). 

For the purposes of the experiment, species were considered invasive if they were so 
classified by published sources and authorities (e.g., USDA 2002, FLEPPC 2003).  Species were 
considered noninvasive if they have not been reported to be invasive but have been widely 
introduced outside their native range (Appendix A, Table 23, Burns 2004, Burns and Winn 
2006).  Species in each pair were chosen to be as similar as possible in native range (Faden 1982, 
2000, Wiersema and Leon 1999, R. B. Faden personal communication) and life history 
(Appendix A, Table 23), within the constraints of availability and relatedness, but the Murdannia 
pairs differ in life history (one member of each pair is annual and the other perennial).  Pairs 
differ in mating system; three pairs consist of self-compatible species (Commelina and both 
Murdannia pairs) and two of self-incompatible species (both Tradescantia pairs).   In as much as 
species within pairs are similar (e.g. in life history), this controls for life history, but does not 
give this study the power to detect whether factors such as life history, native range, or self-
compatibility influence invasiveness. 

A preliminary experiment with two species (Commelina benghalensis and Tradescantia 

fluminensis) at two levels of water and nutrient availability revealed a significant interaction 
between the effects of water and nutrient availabilities on total biomass (F1,32-ratio = 34, P < 
0.0001), suggesting that a factorial experiment would be necessary to reveal how these 
environmental factors can interact to influence the performance of the invasive and noninvasive 
species. 

The factorial experiment reported here had two levels of water and nutrient availability.  
Fifteen replicates were included for a total of 600 pots�2 (water) × 2 (nutrients) × 10 (species) × 
15 (replicates).  Individuals were randomly assigned to six blocks designed to account for 
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microsite variation in the greenhouse.  All four treatment combinations were represented in each 
block, and their positions in the block were randomly assigned.  All species were found in all six 
blocks.  Individual plants were grown in 14 × 14 × 13.3 cm pots in 2 parts coarse sand and 1 part 
Promix soil, following Burns (2004).  The greenhouse temperature was maintained at and 
average of 24°C (range 18.3�28.3°C) with a relative humidity of 52�93%. 

Planting started on 18 August 2004 and lasted until 30 August 2004.  Each cutting had 
three nodes and two leaves and the meristem was removed, and cuttings for each species pair 
were planted on the same day, such that response variables are always comparable within a pair. 
 Cuttings all originated from plants grown in a common greenhouse environment for at least a 
year to minimize maternal effects.  Individuals that died during the first week after transplant 
were replaced.  Plants were allowed to establish before the treatments were begun. 

Treatments were initiated on 1 September 2004 and continued until plants were harvested 
approximately 60 days later.  The treatments were chosen to cover a broad range of responses by 
these species, on the basis of previous nutrient- and water-gradient experiments for a subset of 
species pairs (Burns 2004).  Individuals in the high- and low-water treatments were watered with 
tap water when soil-filled, plant-free calibration pots fell below 92% and 8% of water holding 
capacity, respectively.  Individuals in the low-nutrient treatments received no nutrient addition 
(other than ambient levels in the soil potting mixture), whereas high-nutrient individuals received 
balanced Peter's special fertilizer 20-20-20 NPK (W. R. Grace, Fogelsville, Pennsylvania), 
applied as an aqueous solution (2.4 g/L) to soil saturation.  To avoid confounding water and 
nutrient treatments, I applied nutrients only when both high- and low-water treatments required 
water, and low-nutrient treatments were given water to soil saturation as a control for the water 
applied in the aqueous nutrient solution.  Some nutrients may have been flushed from the high 
nutrient, high water availability treatment pots during watering. 

Flowers were allowed to self-pollinate in the greenhouse, and no pollinators were 
observed in the greenhouse during the course of the experiment.  Flowers were bagged so that all 
seeds could be collected.  Cleistogamous seeds (produced by strictly selfing flowers) produced 
underground by Commelina benghalensis were collected at the harvest and typically remain 
attached to the stolon.  Cleistogamously and chasmogamously (produced by flowers capable of 
being outcrossed) produced seeds were pooled in this study, but their potential differential effects 
on plant fitness will be examined in a future study.  Autogamous seed production is a 
conservative measure of potential reproduction and approximates an invasion scenario where 
pollinators are limited, specialize on native species, or have not yet learned to recognize invading 
flowers (see, e.g., Parker 1997, Daehler 1998ab, Larson et al. 2002, Davis et al. 2004, but see 
Richardson et al. 2000a, Parker and Haubensak 2002).  Response variables total biomass of 
seeds per plant and number of seeds per plant were recorded. 

A single most recently fully expanded leaf per individual plant was harvested between 9 
and 11 October 2004 for use in estimating specific leaf area (SLA) (n = 15 per species/treatment 
combination).  Leaf areas were measured with a leaf-area meter (CI-201, CID, Inc., Camas, 
Washington) to the nearest 0.01 cm2 and then leaves were dried and weighed to the nearest 1 mg. 
 Specific leaf area was calculated as the area of a leaf divided by its dry mass. 

To estimate the potential for vegetative reproduction in these plants, the number of above 
ground nodes per plant on 13 October 2004 was recorded, including nodes on both upright and 
prostrate stems.  This variable was used as an approximate measure of the maximum potential 
vegetative reproduction that any individual could express at that particular moment in time.  All 
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of these individuals can root at nodes, and a single node can be sufficient to establish a new 
individual.  Although arbitrary, this measure is comparable among individuals within a species 
pair (but not across pairs because of differences in planting times).  Plants were harvested by 
species-pair, beginning with the species that were planted earliest, between 25 October 2004 and 
1 November 2004.  Individuals grew for 44 to 74 days, depending on harvest and planting dates. 
 Plants were dried and biomass allocated to roots, shoots, and reproduction (e.g., spathes) was 
then weighed to the nearest 1 mg.  Relative growth rate was calculated on a natural log scale 
(RGR = (ln(final biomass)-ln(initial biomass))/(days grown)) using estimated initial biomass 
(Appendix A, Table 24). 
Data analysis 

To determine whether invasive species differed on average from their noninvasive 
congeners, and whether that difference was environment dependent, I performed ANOVAs on 
total number of seeds per individual, total seed mass (mass of all seeds produced by a given 
individual), number of nodes, SLA, root-to-shoot ratio (R:S), RGR, and final total biomass.  I 
analyzed a mixed model, including block, and pair as random effects and water, nutrients, 
invasive nested within pair, and all of their interactions as fixed effects (PROC MIXED, 
METHOD=Residual Maximum Likelihood).  Post-hoc tests were performed on a general linear 
model with water, nutrients, invasive class and their interactions treated as fixed effects.  Seed-
related biomass and growth related response variables were natural-log transformed for 
ANOVA, and zero values were dropped for seed-related variables to improve homoscedasticity.  
Dead individuals were treated as missing values for biomass variables.  Ratio response variables 
(SLA, R:S) were square-root transformed before analysis, and relative growth rate was not 
transformed. 

Because apparent differences in allocation between invasive and noninvasive species 
could be due either to actual differences in allocation or to differences in ontogeny (Coleman et 
al. 1994, Müller et al. 2000), differences in effects of ontogeny were tested for R:S with an 
ANCOVA that included final biomass as a covariate (sensu Moriuchi and Winn 2005).  No 
effect of final biomass was found (F1,380 = 0.41, P > 0.10), and results from the ANOVA are 
presented.  For an alternative version of these analyses, see Appendix H. 

Taking relatedness into account may influence the interpretation of trait associations.  To 
determine whether nesting invasive within pair influenced the interpretation of the ANOVA, I 
performed identical ANOVAs with no effect of pair.  These additional analyses revealed whether 
invasive and noninvasive species differed in the average value of the response, regardless of 
relatedness (or planting date). 

Where invasive and noninvasive species, high- and low-water treatments, or high- and 
low-nutrient treatments had unequal variances (by Levene�s test), Welch�s one-way ANOVA 
was used to determine the robustness of full ANOVA to correction for heteroscedasticity. 

Paired t-tests controlled for relatedness and revealed whether the invasive species 
differed from their noninvasive congeners in a consistent direction.  Hypotheses were directional, 
so paired t-tests were one-tailed, unless otherwise specified.  Species that are self-incompatible 
were excluded from the analysis for seed-related traits (n = 3).  Paired t-tests were not Bonferroni 
corrected because they are already conservative tests of the hypothesis that invasive and 
noninvasive species differ. 

Backwards and stepwise, logistic regressions were used for two binary-response 
variables.  The first was intended to determine the effects of water, nutrients, invasive class, and 
their interactions on the probability that an individual would produce any seeds.  The second was 
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used to determine whether invasive class or treatment influenced the probability of survival.  
Data analyses were conducted with SAS (SAS), and data are presented as backtransformed 
means with asymmetrical 95% confidence limits (Sokal and Rohlf 1995). 

 
Results 

Morphological traits 

Specific leaf area was significantly influenced by invasive class, water, nutrients, the 
interaction between water and nutrients, and the interaction between nutrients and invasive class 
in an ANOVA with invasiveness paired (Table 6, Fig. 3).  However, the paired t-tests suggest a 
weaker relationship: invasive species had marginally greater SLA than noninvasive species 
(paired t-test, P = 0.091, n = 5) under low water and high-nutrient conditions, but did not differ 
from them in other environments (paired t-tests, P > 0.10, n = 5).  There was not a significant 
effect of invasiveness on mean overall SLA when no control for relatedness was included 
(Tables 7). 

Node production was influenced by invasive class, water, nutrients, the interaction 
between water and nutrients, and interaction between and nutrients and invasive class (Table 6, 
Fig. 3).  Invasive species produced significantly more nodes per individual than their 
noninvasive congeners under high nutrient availability (paired t-test, high water/high nutrients, P 

< 0.016, n = 5; low water/high nutrients, P < 0.014, n = 5) and marginally more nodes than 
noninvasive species at low water and nutrient availabilities (paired t-test: P = 0.090, n = 5), but 
one invasive species (Commelina benghalensis) produced fewer nodes per individual (mean = 
3.1) than its noninvasive congener (Commelina bracteosa) (mean = 4.5) in the low-water, low-
nutrient treatment.  The numbers of nodes per individual did not differ in the high-water, low-
nutrient treatment (paired t-test: P > 0.10, n = 5).  Incorporating relatedness did not influence the 
interpretation of invasiveness (Tables 6,7). 

Root-to-shoot ratio was influenced by invasive class, water, nutrients, the interaction of 
nutrients with invasive class, and the interaction among water, nutrients, and invasive class 
(Table 6, Fig. 3).  It averaged higher for the invasive than the noninvasive species but only in the 
low-water and nutrient treatment (paired t-test: P= 0.036, n = 5).  The invasive species were 
more plastic with respect to biomass allocation to roots and shoots than were noninvasive species 
(Table 6, Fig. 3), but only across two environments (paired t-tests, low water/low nutrients vs. 
low water/high nutrients, P = 0.03, n = 5; all other comparisons, P > 0.10, n = 5).  Incorporating 
relatedness did not influence the interpretation of invasiveness for root-to-shoot ratio (Tables 
6,7). 
Performance traits 

Seed number was affected by invasive class, nutrient availability, and their interactions, 
but not by water availability (Table 6).  Invasive species produced a marginally greater number 
of seeds than their noninvasive congeners in the high-water, low-nutrient treatment (Fig. 4a, 
paired t-test, P = 0.068, n = 3) and in the low-water, low-nutrient treatment (Fig. 4b, paired t-test, 
P = 0.066, n = 3).  Both species in the Commelina and Murdannia 1 pairs produced seed, as did 
the invasive species in the Murdannia 2 pair (Fig. 4).  incorporating relatedness did not influence 
the interpretation of invasiveness (Tables 6,7). 
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Table 6.  Mixed model, nested ANOVA (residual maximum likelihood method) summary for traits measured in five 
invasive and noninvasive congeneric pairs of species in the Commelinaceae.  The factorial experiment involved two 
levels of water and nutrient availability.  Block and pair were treated as random effects, were considered nuisance 
variables, and are not shown here.  For an alternative version of these analyses, see Appendix H. 
Source Numerator df Denominator df F P 

Dependent variable 
Specific leaf area 

Invasive(pair) 9 522 15 <0.001
Water 1 522 10 0.002
Nutrients 1 522 270 <0.001
Water × Nutrients 1 522 4.3 0.039
Nutrients × Invasive(pair) 9 522 5.4 <0.001
Water x Invasive(pair) 9 522 1.3 0.241
Water x Nutrients x Invasive(pair) 9 522 1.1 0.362

Number nodesa 
Invasive(pair) 9 555 15 <0.001
Water 1 555 21 <0.001
Nutrients 1 555 1100 <0.001
Water × Nutrients 1 555 16 <0.001
Nutrients × Invasive(pair) 9 555 12 <0.001
Water x Invasive(pair) 9 555 062 0.784
Water x Nutrients x Invasive(pair) 9 555 1.1 0.345

Root to shoot ratio 
Invasive(pair) 9 538 46 <0.001
Water 1 538 11 0.001
Nutrients 1 538 680 <0.001
Water × Nutrients 1 538 0.68 0.410
Nutrients × Invasive(pair) 9 538 32 <0.001
Water x Invasive(pair) 9 538 1.4 0.183
Water x Nutrients x Invasive(pair) 9 538 2.6 0.005

Number of seeds 
Invasive(pair) 4 170 81 <0.001
Water 1 170 0.74 0.389
Nutrients 1 170 73 <0.001
Water × Nutrients 1 170 1.7 0.189
Nutrients × Invasive(pair) 4 170 12 <0.001
Water x Invasive(pair) 4 170 1.8 0.132
Water x Nutrients x Invasive(pair) 4 170 1.1 0.374

Biomass seeds 
Invasive(pair) 4 170 7.7 <0.001
Water 1 170 2.0 0.162
Nutrients 1 170 61 <0.001
Water × Nutrients 1 170 0.88 0.350
Nutrients × Invasive(pair) 4 170 8.8 <0.001
Water x Invasive(Pair) 4 170 2.3 0.061
Water x Nutrients x Invasive(Pair) 4 170 0.96 0.430

Total biomass 
Invasive(pair) 9 538 200 <0.001
Water 1 538 35 <0.001
Nutrients 1 538 1300 <0.001
Water × Nutrients 1 538 16 <0.001
Nutrients × Invasive(pair) 9 538 18 <0.001
Water x Invasive(pair) 9 538 1.9 0.047
Water x Nutrients x Invasive(pair) 9 538 1.8 0.065

RGR 
Invasive(pair) 9 483 130 <0.001
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Table 6. (cont.) 
Source Numerator df Denominator df F P 

RGR 
Water 1 483 15 <0.001
Nutrients 1 483 1100 <0.001
Water × Nutrients 1 483 11 0.001
Nutrients × Invasive(pair) 8 483 22 <0.001
Water x Invasive(pair) 8 483 1.3 0.253
Water x Nutrients x Invasive(pair) 8 483 2.0 0.046
Notes:  NA = not applicable.  RGR = relative growth rate.  Number of seeds, biomass of seeds, number of nodes, 
and total biomass were ln transformed, and specific leaf area and root-to-shoot ratio were square-root transformed 
prior to analysis. 

a Number of nodes was rescaled (ln(Number of Nodes)*200) to improve the convergence of the residual 
maximum likelihood model. 

 
 
 

Table 7.  An unpaired ANOVA was used to determine whether invasiveness or growing environment influenced 
plant traits on average between invasive and noninvasive species.  Mixed model, nested ANOVA (residual 
maximum likelihood method) was used for traits measured in five invasive and noninvasive congeneric pairs of 
species in the Commelinaceae.  The factorial experiment involved two levels of water and nutrient availability.  
Block was treated as a random effect and is not shown here. 
Source Numerator df Denominator df F P 

Dependent variable 
Specific leaf area 

Invasive 1 554 0.41 0.523
Water 1 554 7.93 0.005
Nutrients 1 554 211.18 <.0001
Water × Nutrients 1 554 2.93 0.087
Nutrients × Invasive 1 554 3.84 0.051
Water x Invasive 1 554 4.18 0.042
Water x Nutrients x Invasive 1 554 0.55 0.460

Number nodes 
Invasive 1 592 63.05 <0.001
Water 1 592 14.85 <0.001
Nutrients 1 592 802.89 <0.001
Water × Nutrients 1 592 11.51 <0.001
Nutrients × Invasive 1 592 12.64 <0.001
Water x Invasive 1 592 0.59 0.44
Water x Nutrients x Invasive 1 592 0.94 0.33

Root to shoot ratio 
Invasive 1 570 5.08 0.025
Water 1 570 4.53 0.034
Nutrients 1 570 306.58 <0.001
Water × Nutrients 1 570 0.33 0.566
Nutrients × Invasive 1 570 2.27 0.132 
Water x Invasive 1 570 0.05 0.818
Water x Nutrients x Invasive 1 570 0.30 0.583

Number of seeds 
Invasive 1 182 24.45 <0.001
Water 1 182 0.96 0.328
Nutrients 1 182 45.01 <0.001
Water × Nutrients 1 182 0.00 0.973
Nutrients × Invasive 1 182 0.54 0.464
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Table 7. (cont.) 
Source Numerator df Denominator df F P 

Number of seeds 
Water x Invasive 1 182 0.01 0.920
Water x Nutrients x Invasive 1 182 0.31 0.577

Biomass seeds 
Invasive 1 182 28.86 <0.001
Water 1 182 7.60 0.006
Nutrients 1 182 60.03 <0.0001
Water × Nutrients 1 182 0.43 0.515
Nutrients × Invasive 1 182 15.73 <0.001
Water x Invasive 1 182 3.21 0.075
Water x Nutrients x Invasive 1 182 0.15 0.701

Total biomass 
Invasive 1 574 2.40 0.122
Water 1 574 7.26 0.007
Nutrients 1 574 299.76 <0.001
Water × Nutrients 1 574 3.34 0.068
Nutrients × Invasive 1 574 3.29 0.070
Water x Invasive 1 574 1.95 0.163
Water x Nutrients x Invasive 1 574 0.07 0.796

RGR 
Invasive 1 513 112.05 <0.001
Water 1 513 3.98 0.047
Nutrients 1 513 369.37 <0.001
Water × Nutrients 1 513 3.77 0.053
Nutrients × Invasive 1 513 5.85 0.016
Water x Invasive 1 513 2.06 0.152
Water x Nutrients x Invasive 1 513 0.32 0.571

 
 
 
 

The total biomass of seeds produced was also affected by invasive class, nutrients, and 
the interaction between invasive class and nutrients, but not water (Table 6, Fig. 3).  The invasive 
species produced marginally more biomass in seeds than their noninvasive congeners (paired t-
test, P = 0.056, n = 3) in the high-water, high-nutrient treatment and significantly more in all 
other treatments (paired t-test, P < 0.05, n =3).  Relatedness did not influence the interpretation 
of invasiveness for total seed biomass (Tables 6,7).  The probability of producing any seeds was 
influenced only by invasive class (χ2 = 120, P < 0.0001) and not by water, nutrients, or any of 
their interactions (Fig. 5). 

Final biomass was influenced by invasive class, water, nutrients, and the interactions of 
water with nutrients, nutrients with invasive class, and water with invasive class (Table 6, Fig. 
3).  Final total mass was marginally greater for the noninvasive species in the high-water, low-
nutrient treatment (two-tailed paired t-test, P = 0.089, n = 5), but not in the low-water, low-
nutrient treatment (two-tailed paired t-test, P = 0.144, n = 5).  Invasive species were never 
significantly larger than the noninvasive species, though there were differences in biomass 
between invasive and noninvasive species within a pair (Tables 6,7). 
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Fig. 3.  Means and 95% backtransformed confidence intervals of all invasive (open bar) and noninvasive species 
(hatched bar) (Sokal and Rohlf 1995).  Means and CI are based on species means, because species is the unit of 
replication.  Letters indicate means that are not statistically different from one another by Tukey-Kramer post-hoc 
tests across all possible pair-wise comparisons.  Seed biomass is reported on a per-plant basis. 

 
 
 

Relative growth rate was affected by invasive class, water, nutrients, the interaction of 
water with nutrients, the interaction of nutrients with invasive class, and the interaction of water, 
nutrients, and invasive class (Table 6, Fig. 3), and invasive class was significant both with and 
without relatedness in the model (Tables 6,7).  It was generally higher for invasive than 
noninvasive species in the low-water, high-nutrient treatment (paired t-test, P < 0.013, n = 5), 
but the noninvasive Murdannia bracteata had a slightly higher average RGR (0.0445 g/g/d) than 
the invasive Murdannia keisak (0.0399 g/g/d). 
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Fig. 4.  Number of seeds per plant in the high-water, low-nutrient treatment (a) and in the low-water, low-nutrient 
treatment (b) for the three pairs of species that produced seeds. 

 
 
 
 

Fig. 5.  The proportion of invasive (open bars) and noninvasive (grey bars) across treatments that produce seeds with 
standard errors.  The probability of an individual producing seed is dependent on whether or not that species is 
invasive (n = 5, χ2 = 31.5, P < 0.0001), and not on water availability, nutrient availability, or any interactions among 
invasive class, water, or nutrients. 
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The probability of survival was not affected by invasive class, treatment, or any 
interaction (P > 0.10). 
Analysis issues 

The assumptions of most ANOVAs were met, with the exception that variances of invasive and 
noninvasive species for the total number of seeds were not equal, and tests for an effect of 
invasiveness were significant in the ANOVA and not in Welch's one-way ANOVA.  Also, in an 
analysis of the total biomass of seeds produced including 0 values, there is an effect of water, 
and interactions with water, which did not exist in the analysis excluding 0 values.  However, in 
the analysis including 0 values, the homogeneity of variance assumption was violated for 
�water,� and Welch�s ANOVA suggested that �water� was not significant when correcting for 
differences in the variance.  Therefore, the analysis without 0 values was presented.  Residuals 
for all ANOVAs appear approximately normal (Quinn and Keough 2002). 
 

Discussion 

In five pairs of invasive and noninvasive congeners compared here, invasive species 
outperformed their noninvasive congeners in fecundity and relative growth rate under favorable 
conditions.  Invasive species appeared to be able to respond to enhanced nutrient and water 
availability by increasing growth and seed production to a greater extent than their noninvasive 
congeners.  Other traits were also associated with invasive class, but these associations were 
environment dependent. 
Invaders outperformed noninvasive congeners in high-quality environments 

Invasive species are expected to out perform noninvasive ones under at least some 
conditions.  Because this was a greenhouse experiment, pollinators were absent and only 
autogamous seed production was measured, so any differences between the self-incompatible 
Tradescantia species in seed production remain unknown.  However, autogamy may be the most 
important type of seed production for invasive species, as it eliminates the need for pollinators or 
other genotypes, which are likely to be limiting in the early stages of colonization.  I found that 
invasive species do have greater fecundity than noninvasive congeners, especially at high 
nutrient availabilities.   

Relative growth rate was higher for invasive than noninvasive species under some 
conditions, and the noninvasive species never had higher RGR.  This result is consistent with 
other studies, which have found RGR to be positively associated with invasiveness (Grotkopp et 
al. 2002, Burns 2004, but see Bellingham et al. 2004).  The invasive species would probably 
have gotten larger than the noninvasive species had the experiment run longer (assuming that the 
difference in RGR was maintained over time).  

Because the performance of invasive species depends on environmental quality, these 
species are likely to be most invasive in high-nutrient environments, consistent with the 
observation that most of them are found in disturbed sites, such as agricultural fields, where 
disturbance reduces competition for nutrients or nutrient enrichment may occur (see, e.g., Holm 
et al. 1977).  Management efforts (e.g., detection and eradication) might therefore be best spent 
in environments with high nutrient availability, as other studies have indicated (Daehler 2003). 
Trait associations with invasiveness were environment dependent 

All of the traits examined here were influenced by environment to some extent (Table 6). 
 Vegetative reproduction was the closest to a universal predictor of invasiveness and was greater 
for invasive than noninvasive species in three out of four treatments and was only not different in 
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the low nutrient, high water environment (Fig. 1).  Vegetative reproduction is associated with 
invasiveness in other taxa (see, e.g., Godfree et al. 2004) and is used as a predictor in a number 
of models (see, e.g., Reichard and Hamilton 1997, Pheloung et al. 1999).  

Species in the Commelinaceae frequently produce roots at nodes, creating potentially 
independent ramets.  All of these species are capable of producing new individuals from cuttings, 
and they did not differ significantly in establishment success (survival).  The number of nodes 
produced per individual was used as a surrogate for vegetative reproduction and does not take 
into account differences in plant architecture.  When members of a pair differed in architecture, 
the invasive species was spreading (e.g., Tradescantia fluminensis) and the noninvasive species 
upright (e.g., T. blossfeldiana), so plant architecture may also favor vegetative spread of invasive 
species over that of noninvasive species.  Thus the test for differences in vegetative reproduction 
between invasive and noninvasive species is conservative, and differences are likely to be even 
greater than indicated here. 

High SLA has also been associated with invasiveness but depended far more heavily on 
environment than did vegetative reproduction.  Higher SLA indicates thinner leaves, which may 
be cheaper to produce quickly than thicker leaves of a similar surface area (Lambers and Poorter 
1992).  High SLA may therefore be associated with faster-growing species that evolved under 
nutrient-rich conditions (Lambers and Poorter 1992, Schippers and Olff 2000).  I found that 
invasive Commelinaceae have higher SLA than their noninvasive congeners under some 
conditions.  Other studies have also revealed that high SLA may be associated with invasive 
species (e.g., Pammenter et al. 1986, Baruch and Goldstein 1999, Durand and Goldstein 2001, 
Grotkopp et al. 2002).  I found that invasive species only had marginally higher SLA than their 
noninvasive congeners in one treatment, a result that suggests SLA will only be predictive under 
some conditions, and is contrary to the results of a previous study that suggested a stronger 
relationship between SLA and invasiveness (Burns and Winn 2006).  

Assessing environment dependence is also critical for determining plasticity of invasive 
species.  Greater R:S is predicted to be adaptive under conditions where soil resources, rather 
than light, are limiting (Chapin 1980, Lambers and Poorter 1992).  I found that the invasive 
species evaluated here had more plastic allocation to roots and shoots than the noninvasive 
species (Table 6, Fig. 4).  This greater plasticity may increase the performance of the invasive 
relative to noninvasive species where nutrient availability is low.  The consistently greater total 
seed number produced by invasive species where nutrients were low (Fig. 3) is consistent with 
this possibility (cf. Burns and Winn 2006).  As the invaders perform best in fertile soil, it is also 
consistent with observations that species from fertile habitats have plastic biomass allocation 
(Chapin 1980, Lambers and Poorter 1992) and with other observations of invasive species with 
high plasticity in biomass allocation (e.g., Caldwell et al. 1981, Sexton et al. 2002). 
Relatedness influenced the detection of traits favoring invasiveness 

Relatedness may also influence the interpretation of trait correlations, although very few 
studies of invasiveness have taken relatedness into account (but see Smith and Knapp 2001, 
Grotkopp et al. 2002, Gerlach and Rice 2003, Burns 2004).  I found that relatedness influenced 
the interpretation of trait correlations (e.g. compare Tables 6,7).  For example, I found higher 
SLA in invasive than in noninvasive species in paired analyses but not in unpaired analyses, 
suggesting that invasive species do have greater SLA than their noninvasive relatives but that, on 
average, these classes do not differ.  Total biomass was also significant with pairing and not 
significant without.  Analyses that do not take relatedness into account may therefore miss some 
correlates of invasiveness.  On the other hand, if knowledge of relatedness is required for 
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detection of these differences, then SLA and total biomass may not be quick and easy screens for 
potential invasiveness, because such a screen would require knowledge of relatedness. 

 

Conclusions 

Traits that have been considered as predictors of invasiveness in the literature, such as 
seed number/fecundity (Pheloung et al. 1999), vegetative reproduction (Reichard and Hamilton 
1997, Lloret et al. 2005), and high SLA (Grotkopp et al. 2002), are associated with the invasive 
species I studied, but only under some growing conditions.  Studies that attempt to predict 
invasiveness from characteristics of plants may fail to detect traits associated with invasiveness, 
if those traits are measured under conditions not favorable to invasion (e.g., low nutrient 
conditions, Daehler 2003).  This problem may be particularly severe in studies that use traits 
gleaned from the published literature, because those traits were probably measured under native 
field conditions and may change in an introduced environment.  Studies that screen for invaders 
would do well to test across a range of conditions for traits associated with invasiveness 
(preferably conditions representative of those in the potential introduced range, e.g., Bellingham 
et al. 2004) so that scientists can evaluate the invasive potential of a plant with greater 
confidence. 

Finally, invasive and noninvasive species differ significantly in many of these traits 
within a pair, but some traits, like SLA, would not appear to differ in analyses that do not take 
relatedness into account.  Thus taking relatedness into account may give us a greater appreciation 
for what characteristics actually influence invasiveness rather than are merely correlated with it, 
generating a more mechanistic understanding of what makes a species a good invader. 
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CHAPTER 3 
 

PLASTICITY IN FECUNDITY ENHANCES THE PERFORMANCE OF INVASIVE 
COMMELINACEAE IN HIGH NUTRIENT ENVIRONMENTS 

 
Introduction 

 Invasive species are introduced species that have spread rapidly outside their native range 
(Richardson et al. 2000b) and have potentially harmful effect on the communities and 
ecosystems they invade (e.g. Vitousek et al. 1996).  Many invaders are also important 
agricultural pests, reducing crop yield (e.g. Commelina benghalensis, Faden 1982).  Predicting 
invasiveness is one of the primary goals of invasion biology.  Demographic parameters such as 
fecundity are important for predicting invasibility (e.g. Kolar and Lodge 2001), and population 
demographic parameters such as population growth rate may be better predictors of invasion 
than character states of individuals such as self-compatibility (Williamson 1999).  If positive 
population growth rates are a prerequisite for successful invasion, then demographic models, 
which seek to make predictions about the role of life-history transitions in population growth 
(Caswell 2001), may be useful for making predictions about invasiveness.  Yet the role of 
demography in invasions has received relatively little attention (but see e.g. Parker 2000). 

Stage structured population demographic models incorporate probabilities of life-stage 
transitions (Caswell 2001).  For example, to parameterize these models, researchers can estimate 
transitions from one life-stage (e.g. seeds) to another (e.g. juveniles).  These transition 
probabilities are placed in a transition matrix, which summarizes the life-cycle of that 
population, under the conditions that the transitions were measured.  These models can be used 
to estimate population growth rate and the importance of various life-stage transitions to 
population growth (de Kroon et al. 1986).  Managers could use information from a demographic 
model of make predictions about what stages of the life-cycle would be most vulnerable to 
control.  If there are differences in demography between invasive and noninvasive species, they 
might also point to vulnerable stages of the life-cycle.  Differences in demography between 
invasive and noninvasive taxa might also point to demographic traits or transitions to use in 
making predictions about which taxa will become invasive and which ones will not.  This might 
be especially useful for taxa that fall into �evaluate further� categories in dichotomous 
classification models. 
 Demographic models have been used in a comparative context to ask why some species 
are rare and others common (Schemske et al. 1994).  Demographic differences between common 
and rare species may sometimes explain differences in their degree of commonness (e.g. 
Esparza-Olguín et al. 2005, but see Byers and Meagher 1997), and the role of demography in 
explaining commonness or rarity may vary depending on the type of rarity encountered (e.g. 
narrow distribution and low abundance versus broad distribution and low abundance, Rabinowitz 
1981).  The few comparisons between rare and common congeners in the same habitat have 
shown that differences in individual traits do not explain the difference in commonness in the 
absence of information on demography (Münzbergová 2005).  In general, rare species occur in 
fewer habitats, have restricted geographic ranges, narrower habitat requirements (Schemske et al. 
1994), lower fecundity (Esparza-Olguín et al. 2005, but see Simon and Hay 2003), and may have 
greater variability in recruitment success (Kelly et al. 2001, but see Esparza-Olguín et al. 2005) 
than common species.  However, many of these differences are not demographic, and there are 
exceptions to each.  It is not yet clear whether there are many generalizable differences in 
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demography between common and rare species (e.g. Bevill and Louda 1999).  It may be that 
some of the traits of common species apply to invasive species as well. 

Stage-based demographic models (i.e. Lefkovitch matrices) have been used to study the 
demography of individual invasive species since Werner and Caswell (1977) studied the 
demography of Dipsacus sylvestris.  Other studies of the population demography of individual 
invasive species include Ardisia elliptica (Koop and Horvitz 2005) and Cytisus scoparius (Parker 
2000).  Basic principles suggest that invasive species should have positive population growth 
rates (λ > 1).  Projected population growth rates for the few invasive species studied so far (in 
their introduced range) vary from λ < 1 to 2.6, depending on the environment in which lambda 
was estimated (λ: < 1 to 2.6 for Dipsacus sylvestris, Werner and Caswell 1977; λ: < 1 to 1.3 for 
Ardisia elliptica Koop and Harvitz 2005; λ: 1.2 � 2.2 for Carduus nutans Shea et al. 2005; λ: < 1 
to 1.5 for Polygonum perfoliatum Hyatt and Araki 2006).  Demographic models of invasive 
species also suggest that invaders experience differences in performance across environments 
differing in time since invasion (Parker 2000). 

Some researchers have used demographic analyses to determine what stages of an 
invasive species' life cycle have the greatest affect on the population growth rate, thus making 
predictions about what stages are most vulnerable to control (e.g. Shea and Kelly 1998, Parker 
2000, as suggested by Sakai et al 2001).  Parker (2000) suggests that no single stage of the life-
cycle of Cystisus scoparius is most vulnerable to control.  Others have used demographic 
sensitivity analysis to make management recommendations for control of invasive species (e.g. 
Shea et al. 2005, Shea et al. 2006).  For example, Shea et al. (2005) predict that seed predators 
may be capable of reducing population growth rates to λ < 1 (population no longer replacing 
itself) in some parts of the introduced range but not in other areas. 

Demographic models have also been used to compare native and introduced populations 
of Polygonum perfoliatum (Hyatt and Araki 2006) and demographic parameters have been 
measured in other native and introduced populations of invasive taxa (e.g. Pergl et al. 2006). 
Hyatt and Araki (2006) make the prediction that high population growth rates in the native range 
may be predictive of invasiveness and that invasive species may have populations that are 
strongly regulated by adult mortality in the native range.  Demographic models have also rarely 
been used to compare invasive species with native species.  Comparisons between the invasive 
Gleditsia triacanthos and the native Lithraea ternifolia in Argentina show that high fecundity 
and high tolerance of poor quality conditions may explain the greater population growth of the 
invasive species (Marco and Páez 2000). 

One goal of invasion biology is to determine what allows some species to become 
invasive while other similar species fail to invade.  A comparison of demographic parameters 
would help determine whether there are consistent differences between invasive and noninvasive 
taxa.  A comparison of invasive and noninvasive (as opposed to native) species is necessary to 
address this question, as native species may become invasive if introduced elsewhere.  A 
comparison of the demography of invasive and noninvasive species has not been done.  There 
are good reasons for this.  Noninvasive species may be difficult to find in the introduced range, 
and may not occur in the same habitats as invasive species, confounding environment with 
invasiveness.  However, demography is likely to contribute to invasion, and we don�t know what 
stages of the life-cycle contribute most to the demography of invasive species, and whether these 
contributions differ between invasive and noninvasive taxa.  We also don�t know whether there 
are general patterns among invasive species in their demographic responses to varying 
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environmental conditions (but see Parker 1997, 2000 for invasive Cytisus scoparius demography 
across multiple environments). 

To ask whether there are likely to be consistent differences in performance between 
invasive and noninvasive species while controlling for environmental conditions, and to 
determine the possible importance of differences in life history to differences in performance, I 
constructed matrix models based on stage-structured population growth models.  These models 
do not model actual or projected population growth in the field.  They do integrate across various 
stages of the life-cycle to determine differences in overall performance of invasive and 
noninvasive species across a series of experimental treatments, controlling for environmental 
variation.  These models also predict which stages of the life cycle should be most important in 
determining differences in performance between invasive and noninvasive taxa.  Thus this study 
is best interpreted as empirically motivated theory, which develops concrete hypotheses about 
the role of demography in invasion. 

I constructed transition matrices to compare invasive and noninvasive species in the 
Commelinaceae and address the following questions.  (1) Do invasive species outperform 
noninvasive congeners and under what conditions?  (2) Are there vital rates that contribute more 
to the fitness of invasive species than to the fitness of noninvasive species?  (3) Are there vital 
rates/stages that might be vulnerable to control for these species?  I predicted that invasive 
species would out-perform their noninvasive congeners in at least some environments and that 
sexual and asexual reproduction would contribute more to the projected population growth rates 
of the invasive species than to their noninvasive congeners, while survival would contribute 
more to the population growth rates of noninvasive species.  I also predicted that the greater 
plasticity in performance of invasive taxa (Burns and Winn 2006, Jack-of-all-trades, sensu 
Richards et al. 2006) would leave some stages of the life-cycle vulnerable to control.  The goal 
of this study was to develop testable hypotheses about interactions between the environment, 
demography, and invasiveness. 

 
Methods and Model Parameterization 

 Stage-structured matrix models (Lefkovitch models) were parameterized using estimates 
of establishment, growth and reproduction (both sexual and asexual) from greenhouse growth 
studies, estimates of germination from growth chamber studies, and estimates of seed dormancy 
from seed viability tests after the germination trials.  Deterministic matrix models were used, 
since studies suggest that deministic models perform best when a study has less than five years 
of data (Doak et al. 2005a).  Five congeneric pairs of invasive and noninvasive species in the 
Commelinaceae were compared across four environments to parameterize the model.  Invasive 
species were those that have been introduced and spread rapidly in the novel range (Richardson 
et al. 2000b), and were identified from invasive species lists (e.g. FLEPPC 2003a, USDA 2002). 
 Noninvasive species were chosen to be closely related to their invasive congeners and have been 
introduced in the same areas but failed to invade (Appendix C, Table  29).  Pairs were the same 
as for Burns (2006, see also Chapter 2, Appendix A, Table 23), with the exception that 
Murdannia nudiflora was paired with Murdannia bracteata and Murdannia keisak was paired 
with Murdannia simplex to reflect the results of new molecular phylogenetic analyses (see 
Chapter 4).  Separate models were created for each of 10 species in 4 environments, for a total of 
40 models. 
Greenhouse experiment  

I conducted a greenhouse experiment comparing the morphological and performance 
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traits of five species pairs of invasive and noninvasive congeners in the Commelinaceae 
(Appendix A, Table 23).  This experiment and the pairs involved were described in detail in 
Chapter 2 (Burns 2006).  The invasive Commelina benghalensis was paired with Commelina 

bracteosa, the invasive Murdannia nudiflora was paired with the noninvasive M. simplex, the 
invasive Murdannia keisak was paired with noninvasive M. bracteata, the invasive Tradescantia 

fluminensis was paired with T. blossfeldiana, and the invasive Tradescantia zebrina was paired 
with noninvasive T. brevifolia.  For the purposes of the experiment, species were considered 
invasive if they were so classified by published sources and authorities (e.g., USDA 2002, 
FLEPPC 2003b).  Species were considered noninvasive if they have not been reported to be 
invasive but have been widely introduced outside their native range (Appendix A, Table 23, 
Burns 2004, Burns and Winn 2006). 

The factorial experiment reported here had two levels of water and nutrient availability 
and five pairs of invasive and noninvasive congeners.  Fifteen replicates were included for a total 
of 600 pots�2 (water) × 2 (nutrients) × 10 (species) × 15 (replicates).  Individuals were 
randomly assigned to six blocks designed to account for microsite variation in the greenhouse. 
Individual plants were grown in 14 × 14 × 13.3 cm pots in 2 parts coarse sand and 1 part Promix 
soil, following Burns (2004).  The greenhouse temperature was maintained at approximately 
24°C (range 18.3�28.3°C) with a relative humidity of 52�93%.  Plants were planted from 
cuttings and were allowed to establish before the treatments were begun. 

Treatments lasted 60 days and were chosen to cover a broad range of responses by these 
species, on the basis of previous nutrient- and water-gradient experiments for a subset of species 
pairs (Chapter 1, Burns 2004).  Individuals in the high- and low-water treatments were watered 
with tap water when soil-filled, plant-free calibration pots fell below 92% and 8% of water 
holding capacity, respectively.  Individuals in the low-nutrient treatments received no nutrient 
addition (other than ambient levels in the soil potting mixture), whereas high-nutrient individuals 
received balanced Peter's special fertilizer 20-20-20 NPK (W. R. Grace, Fogelsville, 
Pennsylvania), applied as an aqueous solution (2.4 g/L) to soil saturation. 

Flowers were allowed to self-pollinate in the greenhouse, and no pollinators were 
observed in the greenhouse during the course of the experiment.  Flowers were bagged so that all 
seeds could be collected.  To estimate the potential for vegetative reproduction in these plants, 
the number of above ground nodes per plant on a single day was recorded, including nodes on 
both upright and prostrate stems.  This variable was used as an approximate measure of the 
maximum potential vegetative reproduction that any individual could express at that particular 
moment in time.  All of these individuals can root at nodes, and a single node can be sufficient to 
establish a new individual.  Although arbitrary, this measure is comparable among individuals 
within a species pair (but not across pairs because of differences in planting times). 
Model parameterization 

Establishment, growth, and reproduction transitions.  Transitions involving 
establishment, growth, and reproduction were estimated from the greenhouse experiments 
described above.  The treatments consisted of high and low water and high and low nutrients and 
15 replicates.  Cuttings were planted to determine the probability of establishment for vegetative 
reproduction.  Plants were monitored for survival, time of first reproduction, and amount of 
reproduction.  All flowers were bagged and seeds were collected as they ripened.  Plants were 
harvested after approximately 60 d, as described in Burns (2006, see also Chapter 2).  
Differences between invasive and noninvasive congeners for individual plant traits will be 
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presented in Burns (2006). 
Seed transitions.  Seed germination and seed dormancy transitions were estimated using 

seeds from the greenhouse experiment described above and in Chapter 2.  Differences in seed 
size or seed type influence dormancy, germination, and seedling performance, and thus have 
important demographic implications.  Since some species produced more than one type of seed, 
it was necessary to parameterize the model for different seed types in some cases.  First, seed 
types and their influence on seed properties, such as germination, are described.  The information 
about seed types was used to make decisions about how to parameterize the models (i.e. how 
many seed classes to have).  In addition, seed size variation and its influence on germination was 
examined, to determine whether different parameterizations were necessary across different 
environments (e.g. high and low water).  Second, germination experiments were used to 
parameterize the models.  Finally, seed viability tests were used to determine dormancy (or the 
number of seeds that failed to germinate, but remained viable). 

Seed types and seed size variation.  Two species in this study produced multiple seed 
types or sizes.  Commelina benghalensis produces two types of flowers (chasmogamous (CH) 
and cleistogamous (CL)).  Each flower type produces a capsule with both dehiscent (D) and 
indehiscent (I) locules.  Seeds in the dehiscent locule(s) are typically smaller than seeds in the 
indehiscent locule.  Previous studies have shown that the four seed types (e.g. CH-D seeds, 
which are produced by chasmogamous flowers in the dehiscent portion of the capsule) have 
different dormancy properties (Walker and Evenson 1985). 

Murdannia keisak produces only chasmogamous flowers and dehiscent capsules.  
However, within the capsule, there is significant variation in seed size, with small seeds 
produced in the upper portion of the capsule (distal) and larger seeds in the lower portion of the 
capsule (proximal) (Burns, unpublished data).  These differences in seed size translate into 
differences in seedling performance (Burns, unpublished data). 

Commelina bracteosa, Murdannia bracteata, and Murdannia nudiflora produce only a 
single seed type, which was confirmed by visual inspection of seeds at harvest and seed size 
distributions. 

Seed germination.  Seed stocks were derived from the maternal environments described 
above (and see Chapter 2) and were stored at room temperature for no more than 7 months.  All 
seed germination trials were conducted in a growth chamber with 14 hrs of daylight at 30° C and 
10 hrs of night at 21° C, which was within the range recommended by Walker and Evanson 
(1985b), and mimics local temperature cycles in North Florida in the spring, where these 
invaders are found.  Most species demonstrated plasticity in seed size (mass) across water 
treatments, nutrient treatments, or both (Table 8), and so seeds produced by plants in separate 
treatments were kept separate for the germination trial whenever sample sizes allowed. 

Seeds were not germinated under different water or nutrient treatments, due to low 
sample sizes of seeds for some species.  However, the water or nutrient environment the seed 
germinates in may also be an interesting factor influencing germination properties. 
All analyses were conducted on SAS (SAS version 8.01, SAS Institute, Cary, North Carolina, 
USA) unless otherwise noted.  Effects of maternal environment on seed size were examined to 
help determine whether to pool seeds across maternal treatments.  Commelina benghalensis 
produced a total of 945 seeds across all maternal environments, with a greater number of CH-D 
(629) and CH-I (208) seeds than CL-D (62) or CL-I (46) seeds (cleistogamy: F = 110, P < 0.001; 
dehiscence: F = 42, P < 0.001; Proc GLM, SAS).  Dehiscent seeds were smaller on average than 
indehiscent seeds (F = 55, P < 0.001, Proc GLM).  There was also a significant water x CH x D 
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effect (F= 11, P < 0.01; Proc GLM, SAS), a marginal water x nutrients x CH x D effect in the 
full model on seed size (F = 2.35, P =0.099; Proc GLM, SAS), and an effect of locule position on 
seed germination (Table 9), suggesting that seeds from different seed types and treatments could 
not be pooled for germination experiments. 
 
 
 
 
Table 8.  Two-way fixed effect ANOVA for effects of maternal environment on average seed mass (g).  The 
maternal environment consisted of two levels of water and nutrient availability in a factorial design.  Degrees of 
freedom are 1 for all sources of variation. 
 Commelina benghalensis Murdannia bracteata Murdannia keisak Murdannia nudiflora 

Source DF MS F DF MS F DF MS F DF MS F 
Water 1 0.78 7.20** 1 0.10 3.60 m 1 2.30 20.00*** 1 0.99 17.00*** 
Nutrients 1 0.02 0.15 1 0.31 11.00** 1 1.50 13.00*** 1 0.07   1.20 
W x N 1 0.06 0.59 1 0.01   0.25 1 0.11   0.98 1 0.01   0.10 
Residual 46 0.11  18 0.03  52 0.11  56 0.06  
m P < 0.10, * P < 0.05, ** P < 0.01, *** P <0.001 

 
 
 
 
 Maternal environment influenced seed size (Table 8), but did not significantly influence 
seed germination (Table 9).  CH-D and CL-I seeds did not differ in size among treatments (F < 
2.0, P > 0.20, PROC GLM, SAS) and were therefore pooled across treatments.  CH-I seeds 
differed in size between water treatments (F = 4.5, P < 0.05, PROC GLM, SAS) and nutrient 
treatments (F = 8.3, P < 0.01, PROC GLM, SAS) and could not be pooled.  CL-D seeds also 
differed in size between watering treatments (F =32, P < 0.001; PROC GLM, SAS) and were not 
pooled across maternal growing environments. 
 Commelina benghalensis CH-D seeds were scarified, because scarification enhances 
germination (CH-D seeds: proportion germinating scarified = 0.90 (± 0.03 SE), unscarified = 
0.40 (± 0.03 SE); one-way ANOVA: F1,8 = 110, P < 0.001).  For CL-I seeds, two replicates of 20 
scarified seeds were germinated.  For the other two seed types of Commelina benghalensis, a 
single replicate of up to 20 scarified seeds (minimum = 7) was germinated for each treatment.  A 
limited number of seeds for some growing treatments limited replication. 
 
 
 
 
Table 9.  Categorical model results for seed germination for Commelina benghalensis with maximum likelihood 
estimate of chi-squared. 
Source DF Chi-square P-value 
Flower 1 0.39 0.531 
Locule 1 3.95 0.047 
Flower x locule 1 1.20 0.274 
Intercept 1 41.78 <0.001 
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 Commelina bracteosa produced only 9 seeds total across all experimental treatments.  In 
order to get an estimate of seed germination proportions, these seeds were supplemented with 39 
seeds collected in the greenhouse under uniform (high nutrients and water) conditions from 
February 2003 through February 2005.  Four replicates of 10 scarified seeds each were 
germinated under standard conditions.  Since seeds of Commelina bracteosa are large with a 
thick seed coat, and since seeds for its congener, Commelina benghalensis, were scarified, all 
seeds of Commelina bracteosa were scarified. 
 Murdannia nudiflora produced 7,906 seeds total with from 338 (Low/Low) to 4,448 
(High/High) per treatment.  Preliminary germination experiments found high proportions of 
germination without scarification and no effect of chemical scarification (Burns, unpublished 

data), so germination experiments were conducted on unscarified material.  Five replicates of 20 
seeds each were germinated from seed from each of the four treatments. 

Murdannia bracteata plants produced between 348 (High/High) and 33 (Low/Low) seeds 
(summed across 15 plants) per treatment.  Germination was evaluated for scarified and 
unscarified seeds from the high water, high nutrients treatment with 5 replicates of 20 seeds 
each.  Scarification decreased germination, though not significantly, (proportion germinating 
scarified = 0.86 (± 0.07 SE), unscarified = 0.99 (± 0.07 SE); one-way ANOVA: F1,8 = 2, P = 
0.20), and Murdannia bracteata�s paired congener, Murdannia nudiflora, was also 
parameterized with data from unscarified seeds, so models for Murdannia bracteata were 
parameterized with data from unscarified seeds.  Seeds were larger with high water availability 
(F = 3.6, P = 0.07, PROC GLM, SAS) and smaller with high nutrient availability (F = 11, P < 
0.01, PROC GLM, SAS) treatments, so a single replicate of 20 scarified seeds from each 
treatment was evaluated to determine whether maternal growing environment influenced 
germination probability. 

Since the seed size variation in Murdannia keisak was not known prior to this experiment 
(Burns, unpublished data), and since some capsules dehisced before position could be evaluated, 
not all seeds were scored for position within the capsule.  Murdannia keisak produced a total of 
3033 seeds from all plants during the course of this experiment.  Of these, 190 are known to be 
proximal and 71 are distal, and these seeds differ in size in tests that control for plant size (df = 
28, t = 3.34, P < 0.0124; Paired two-way t-test, SAS), with distal seeds being about half the size 
of proximal seeds.  Seed germination was scored for 1 replicate of 20 seeds each for each of the 
two seed types (proximal and distal) from each maternal growing environment, with the 
following exceptions due to seed number limitations: distal seed from the high water, low 
nutrient environment (n = 17), low water, high nutrient environment (n = 14), and low water, low 
nutrient environment (n = 13).  Seed germination was also scored for 5 replicates of 20 seeds 
from each for the four growing treatments, pooled across seed types.  Scarification was required 
for germination in a parallel experiment (proportion germinating scarified = 0.73 (± 0.06 SE), 
unscarified = 0.00); one-way ANOVA: F1,8 = 146, P < 0.001), so all seeds were scarified for 
model parameterization. 

Murdannia simplex has a very low rate of seed set in the greenhouse (see e.g. Appendix 
C, Table 28), and no seeds were available for this experiment. 

Maternal environment did not affect seed germination (Table 10), but power was low for 
detecting such differences, and separate parameterizations were used for each matrix model for 
each of the four maternal environments wherever replication allowed (see above). 
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Table 10.  Categorical models were used to determine the affect of maternal growing environment on seed 
germination. 
 Commelina benghalensis Murdannia 

bracteata 

Murdannia keisak Murdannia nudiflora 

Source DF Chi-square DF Chi-
square 

DF Chi-
square 

DF Chi-
square 

Water 2 1.84 1 247.69 1 1.96 1 2.32 
Nutrients 1 2.49 1 0.00 1 1.72 1 1.75 
W x N 1 0.32 0 NA 1 3.29 m 1 0.02 
Intercept 1 5.93* 1 0.00*** 1 41.45*** 1 9.63** 
m P < 0.10, * P < 0.05, ** P < 0.01, *** P <0.001 

 
 
 

Seed viability.  Seed viability was tested with 2,3,5-triphenyl-2H-tetrazolium chloride at 
0.1% (Baskin and Baskin 1998) for all remaining seeds at the end of the germination 
experiments to distinguish between seed dormancy and seed death. 
Analyses 

 Individual vital rates.  The proportion of individuals surviving, fecundity (the number of 
seeds produced per individual), the proportion of seeds germinating, and vegetative reproduction 
were analyzed using mixed model ANOVAs with pair and its interactions treated as random 
variables, and invasiveness, water, nutrients and their interactions treated as fixed (PROC 
MIXED, SAS version 9.1, SAS Institute, Cary, North Carolina, USA).  Proportional survival and 
proportional germination were square-root transformed; fecundity and vegetative reproduction 
were natural-log transformed. 

Matrix models.  Model construction.  A generalized life cycle diagram (Fig. 6), based on 
the basic life cycle for these species, was used to construct stage-based matrix models (Appendix 
B, Table 25).  For those species that did not produce seeds, the seed stage (1) was eliminated.  
For Commelina benghalensis and Murdannia keisak, multiple seed stages were included for 
seeds that varied in size with position in the capsule. 

Separate transition matrices were calculated for each species grown in each treatment in 
the factorial experiment (above) with a projection interval of every 30 days, for a total of 40 
matrix models (Appendix B, Table 25 eqn 1).  (Other projection intervals yield similar results 
and are not reported here.) 

Pp is the probability that a seed from position p (e.g. a chasmogamous (ch) dehiscent (d) 
seed, where p = chd, chi, cld, chi) remains dormant and viable in one time step.  P2 is the 
probability that a non-reproductive plant will survive (s2) plus the probability that a non-
reproductive individual will make another non-reproductive individual via vegetative 
reproduction in a single time step (F2).  P3 is the probability that a reproductive plant will survive 
(s3) plus the probability that a reproductive individual will make another non-reproductive 
individual in a single time step (F2).  F2 is vegetative reproduction, calculated as the maximum 
estimated vegetative reproduction, number of nodes produced per day, multiplied by 30 days, the 
projection interval, and divided by three, because vegetative reproduction is involved in three 
matrix transitions: the juvenile-to-juvenile, adult-to-juvenile, and adult-to-adult transitions.  A 
single node can only be involved in one transition, so dividing by three yields a conservative 
measure of vegetative reproduction.  The F2 transition does not incorporate the possibility of 
producing seed and germinating in a single time step, due to the short projection interval chosen 
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for this analysis (cf. Caswell 2001, pg. 60).  Fp is the fecundity of reproducing adults, calculated 
as the average number of seeds per time step for seeds of type p.  Gp is the probability that a seed 
of type p will germinate in a single time step.  G2 is the probability that an individual will 
transition from non-reproductive to reproductive.  G3 is the probability of an individual 
transitioning from a seed to a reproductive adult. 

 
 

 
Fig. 6.  Generalized life cycle diagram for species in this study.  1 = seeds, 2 = non-reproductive individuals, 3 = 
reproductive individuals.  Models were modified from this basic structure, for example, adding four seed stages for 
Commelina benghalensis, which has four types of seeds. 
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Prospective model analyses.  The goal of prospective analysis is to determine the 

dominant eigenvalue of the matrix, λ, which is often interpreted as either the potential population 
growth rate (Caswell 2001) or the fitness of the population (McGraw and Caswell 1996).  I 
follow McGraw and Caswell (1996) in interpreting lambda as a measure of relative fitness. 

All demographic analyses were conducted in MatLab (student version 6.5) using a 
program provided by T. Knight (personal communication) (modified from methods presented in 
Caswell 1989, 2001).  In addition, the prospective analyses allow one to determine the potential 
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influence of a small change in a matrix element or vital rate on λ (sensitivities).  They are called 
prospective analyses because they make projections into the future, though care should be taken 
not to extrapolate the results to large changes in matrix elements (or vital rates) (Caswell 2001).  
The proportional influence of such a small change in an element on λ is known as the elasticity 
of that element (Caswell 2001).  The elasticities for the vital rates were calculated using code 
modified from Morris and Doak (2002: pg 335).  Elasticities were summed to determine the 
contribution of small changes in vegetative reproduction, sexual reproduction (fecundity, 
germination, and survival/dormancy), and survival of plants to changes in λ.  Elasticities are for 
vital rates, not matrix elements, and do not necessarily sum to one. Prospective analyses are 
limited in interpretation to small changes in matrix elements (since the sensitivities and 
elasticities are partial derivates).  However, it is possible for a species to have large changes in 
vital rates across environments (see Results).  Therefore, retrospective analyses were also used, 
to make inferences about the potential role of actual changes in vital rates in determining λ. 
 Retrospective model analyses.  Life table response experiments (LTRE) were used to 
determine the effects of actual differences in model transitions on actual differences in lambda 
across models (Caswell 1989, 2001).  LTRE analyses evaluated the relative effect size of pair, 
invasive(pair), water, nutrients, water x nutrients, and nutrients x invasive(pair) on lambda.  
Equations for the life table response experiments were modified from Elderd and Doak (2006, 
modified in turn from Caswell 2001; eqns 2-8). 
 
λijkl = λ.... + αi + βj + γk + θl(i) + βγjk + γθkl(i)    (Eqn 2) 
 
αi = ∑m,n(amn

i...-amn
....)∂λ/∂amn│1/2(A

i...
+A

....
)     (Eqn 3) 

βj = ∑m,n(amn
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.j..

+A
....

)     (Eqn 4) 
γk = ∑m,n(amn
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....
)     (Eqn 5) 

θl(i) = ∑m,n(amn
i..l-amn
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i..l
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i...

)     (Eqn 6) 
βγjk = ∑m,n(amn

.jk.-amn
....)∂λ/∂amn│1/2(A

.jk.
+A

....
) - βj - γk    (Eqn 7) 

γθkl(i) = ∑m,n(amn
i.kl-amn

i...)∂λ/∂amn│1/2(A
i.kl

+A
i...

) - γk - θl(i)   (Eqn 8) 

 

 
Where αi is the effect of pair for all i = 1 .. 5 pairs, βj is the effect of water for water j = low or 
high, γk is the effect of nutrients for k = low or high, θl(i) is the effect of invasiveness (l = invasive 
or noninvasive) nested within pair, and βγjk and γθkl(i) are interactions. 
 No higher order interactions were examined, since they were not significant for 
vegetative or sexual reproduction in separate analyses (Chapter 2, Burns 2006).  Placeholders (0 
value entries) were used in matrices smaller than the largest matrix (for Commelina 

benghalensis), to make matrices comparable in size.  Where seeds were of different types, seeds 
of similar relative sizes were placed in comparable matrix positions.  Distal seeds of Murdannia 

keisak were placed in the comparable position to chasmogamous, dehiscent seeds for Commelina 

benhalensis and proximal seeds were placed comparable to chasmogamous, indehiscent seeds.  
Seeds of other species were placed in the same position as the chasmogamous, dehiscent seeds 
for Commelina benghalensis.  Since all seed transitions were summed (e.g. Fig. 8d, Table 11), 
results presented should not be dependent on the choice of placement. 

Statistical comparisons.  The lambda and elasticities were compared for species pairs 
within a growing environment using a one-way paired t-test, with the a priori prediction that 



 46

performance for invasive species would be greater than for their noninvasive congeners.  I also 
predicted that that vegetative reproduction would be relatively more important to invasive 
species than their noninvasive congeners (Lloret et al. 2005).  For the LTRE, I predicted that 
high fecundity and vegetative reproduction in response to good quality growing conditions 
would enhance the performance of invasive species relative to noninvasive species.  
Distributions were not significantly different from normal for any effect size, with the single 
expection of the adult-to-juvenile transition for the noninvasive species, and values were not 
transformed for analysis. 

 
Results 

Some individual life-cycle components differed between invasive and noninvasive species.  
Survival did not differ between invasive and noninvasive species (Table 11), and the proportion of 
individuals dying was very low for all species (< 10%, Fig. 7a).  No other effects in the model were 
significant for survival (Table 11).  Fecundity was higher for invasive than noninvasive species, but 
only at high water and nutrient availabilities, resulting in a significant interaction between nutrients 
and invasiveness (Table 11).  The invasive species produced an average of 80 seeds per individual in 
the high water, high nutrient treatment and noninvasive species only produced less than 10 seeds per 
individual (Table 11, Fig. 7).  No other factors in the model significantly influenced fecundity (Table 
11).  Vegetative reproduction was also greater for invasive congeners under high nutrient conditions, 
resulting in a significant nutrient by invasiveness interaction (Table 11, Fig. 7d).  Vegetative 
reproduction was also influenced by water, nutrients, and their interaction (Table 11).  Invasive species 
had a greater proportion of seeds germinating from high water high nutrient maternal environments 
(Fig. 7c), although there was no power to determine whether these differences were significant or not, 
because only two pairs could be included in this analysis (Table 11).  Most seeds germinated for all 
species, with germination averaging above 80% (Fig. 7c).  Only the invasiveness by pair interaction 
significantly influenced germination proportion (Table 11), as germination was higher for the invasive 
species in one pair and lower in the other pair. 
 
 
 
 
Table 11.  Species level ANOVA for proportion germination using a mixed model with restricted maximum 
likelihood (PROC MIXED, SAS version 9.1, 1999-2000).  Covariance parameters are not shown for survival, 
fecundity (number of seeds per plant), or vegetative reproduction as none were significant for these models.  
Interactions were highly significant for proportion germinating, and so the nuisance variables and their interactions 
are shown here.  Some covariance parameters that were highly non-significant (P > 0.25) and were dropped from the 
model (Quinn and Keough 2002). 
 Survival Fecundity Vegetative 

reproduction 
Germination 
proportion 

Source DF F P-
value 

DF F P-
value 

DF F P-
value 

DF F P-value 

Water 1, 4 2.76 0.17 1, 1 0.74 0.55 1, 1 11.99 0.04 1,1 0.06 0.85 
Nutrients 1, 4 0.31 0.61 1, 1 14.94 0.16 1, 1 97.87 < 0.01 1,1 0 1.00 
Invasive 1, 4 3.12 0.15 1, 1 39.56 0.10 1, 1 8.36 0.06 1,0 

 
5.42 . 

Water x Nutrients 1, 4 0.15 0.72 1, 1 0.89 0.52 1, 1 22.31 0.02 1,44 0.12 0.74 
Water x Invasive 1, 7 0.46 0.52 1, 3 2.15 0.24 1, 3 0.9 0.37 1,44 0.04 0.85 
Nutrients x Invasive 1, 7 2.8 0.14 1, 3 28.75 0.01 1, 3 42.22 < 0.01 1,44 0 0.96 
Water x Nutrients x 
Invasive 

1, 7 0 1.00 1, 3 1.2 0.35 1, 3 1.06 0.33 1,44 0.12 0.73 
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Table 11. (cont.) 
 Survival Fecundity Vegetative reproduction Germination proportion 

Covariance parameters 
Source DF F P-value DF F P-value DF F P-value parameter estimates F P-value 
Pair          0.00785, 0.01878 0.42 0.34 
InvasivexPair          0.00108, 0.000225 4.8 <0.01 
WaterxPair          0, . . . 
NutrientsxPair          0, . . . 
Residual          0.04944, 0.01031 4.8 <0.01 
 

 
 

 
 

 
Fig. 7.  The proportion of invasive (open bars) and noninvasive (hatched bars) plants (a) dying, (b) number of seeds 
per individual, (c) proportion germinating, and (d) vegetative reproduction across high and low water and nutrient 
conditions.  Error bars are backtransformed 95% confidence intervals. 
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Prospective model analyses 

The invasive species had greater predicted population growth rates than their noninvasive 
congeners in all four growing environments (high water, high nutrients: t = 3.5 P = 0.04; low water, 
high nutrients: t = 2.6, P < 0.01; low water, low nutrients: t=0.73, P = 0.02), although only marginally 
so in the high water, low nutrient environment (t=0.44, P = 0.067) (Fig. 8a). 

There were no differences in elasticities of vegetative reproduction or survival between 
invasive species and their noninvasive congeners (P > 0.05) (Fig. 8b,c).  There was a slight tendancy 
for survival to have higher elasticities in noninvasive species under low nutrient conditions (Fig. 8c).  
Sample sizes were insufficient to examine the elasticities of sexual reproduction. 

The elasticities for survival and vegetative reproduction were the highest of the elasticities for 
every species, under every environment (Fig. 8b,c).  These results probably reflect the high absolute 
values of the survival probabilities and vegetative reproduction rates.  Within sexual reproduction, 
fecundity and germination had greater elasticities than dormancy under high nutrient conditions, but 
dormancy had the greater elasticity under low nutrient conditions, although not necessarily by a large 
magnitude (Table 12). 

 
Fig. 8.  (a) Lambda and (b,c,d) elasticities based on plants grown under a factorial experimental design, with high 
and low water and high and low nutrient availabilities.  (HL=High water, Low nutrients, etc.).  The dashed line is a 
λ= 1, where a population would be expected to have a positive growth rate (a).  Response variables are presented for 
individual species, with invasive (I) and noninvasive (N) species nested within congeneric pairs.  Lambda is an 
integrative measure of performance, and was higher for invasive species than their noninvasive congeners under 
high nutrient conditions.  Elasticities describe the relative effect of small changes in the vital rates on lambda and 
were calculated as described in the text.  The Tradescantia species used here are self-incompatible and did not 
reproduce sexually, so no vital rates were available for sexual reproduction in these species.  m P < 0.10, * P < 0.05, 
** P < 0.01. 
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Retrospective model analyses  
The interactions between water and nutrients and between nutrients and invasiveness 

nested within pair had the largest effects on lambda (Table 13).  Invasiveness nested within pair 
also had an effect on lambda (Table 13), but the effects of pair, water, and nutrients were fairly 
small. 

 
 
 
 

Table 12.  Sexual reproduction elasticities are shown for the five species in this study that reproduced sexually. 
 Commelina 

benghalensis 

Commelina 

bracteosa 

Murdannia 

keisak 

Murdannia 

bracteata 

Murdannia 

nudiflora 

High water, high nutrients 
Sexual 
fecundity 

0.0026 8.793 ×10-8 0.002 
 

0.0139 
 

0.0059 
 

Germination 0.0026 8.793 × 10-8 2.00 × 10-3 0.0139 0.0059 
Dormancy 0.0012 3.948 × 10-8 1.40 × 10-3 0.013 0.0033 

Low water, high nutrients 
Sexual 
fecundity 

0.0023 6.153 × 10-7 0.002 0.0126 0.0039 

Germination 0.0023 6.153 × 10-7 0.002 0.0126 0.0039 

Dormancy 0.0013 4.003 × 10-7 0.0014 0.018 0.0023 
High water, low nutrients 

Sexual 
fecundity 

0.0177 5.729 × 10-6 0.0022 0.0095 0.0047 

Germination 0.0177 5.729 × 10-6 0.0022 0.0095 0.0047 
Dormancy 0.0547 8.219 × 10-6 0.0023 0.0418 0.0073 

Low water, low nutrients 
Sexual 
fecundity 

0.0058 2.253 × 10-6 
 

0.0022 
 

0.0131 
 

0.0048 
 

Germination 0.0058 2.253 × 10-6 0.0022 0.0131 0.0048 
Dormancy 0.0131 3.205 × 10-6 0.0028 0.0569 0.0065 

 
 

 
 
Table 13.  Life table response experiment (LTRE) effect sizes on lambda. 
Source Effect size Proportional contribution 
Pair -2.17 0.0033 
Water     6.01 0.0092 
Nutrients     25.66 0.0392 
Water x nutrients 271.40 0.4146 
Invasive(pair) 47.37 0.0724 
Nutrients x invasive(pair) 306.39 0.4680 
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 Invasive species have higher performance than noninvasive species in high nutrient 
environments, and one question is what demographic transitions contribute most to this 
difference in performance.  The magnitudes of the LTRE effect sizes suggest that differences in 
fecundity and adult-to-adult and adult-to-juvenile transitions explained most of the differences in 
lambda between invasive and noninvasive taxa (Fig. 9).  Invasive taxa tended to be more fecund 
than their noninvasive relatives and have greater vegetative reproduction.  Both of these factors 
contributed to higher performance of invasive taxa in high nutrient environments.  In the high 
nutrient environment, LTRE effect sizes were significantly larger for invasive species for the 
adult-to-adult and adult-to-juvenile transitions (Table 14), both of which depend in part on 
vegetative reproduction.  The juvenile-to-adult transition also had larger effect sizes for invasive 
species (Table 14). 
 Differences in lambda were smaller between invasive and noninvasive species under low 
nutrient conditions (Fig. 8a), and there are few differences in the contribution profiles of the 
invasive and noninvasive taxa grown under low nutrient conditions (Fig. 9b,d).  There were no 
significant differences in LTRE effect sizes for invasive and noninvasive species grown under 
low nutrient conditions (Table 14). 

All of the species decreased in performance in poorer quality environments, but the 
invasive species decreased to a greater degree than the noninvasive species (Fig. 8a).  The 
invasive species decrease in performance across environments was due primarily to differences 
in fecundity between the high and low nutrient environments, though differences in adult 
survival and vegetative reproduction also contributed to differences in lambda (Fig. 9a,b).  Note, 
however, that differences in seed dormancy could not be subject to statistical analysis, since only 
five species produced seeds (see methods).  Noninvasive species, on the other hand, had very 
similar contribution profiles across both growing conditions (Fig. 9c,d). 
Though all of the invasive species outperformed their noninvasive congeners (Fig. 8), there 
seemed to be two general demographic syndromes that might explain these differences in 
performance.  The invasive Commelina and Murdannia species had large effect sizes for 
fecundity when grown in a high nutrient environment (Fig. 10a,c,e), relative to their noninvasive 
congeners (Fig. 10b,d,f).  The Commelina and Murdannia species are self-compatible, and 
higher levels of autogamous selfing were observed in the invasive species (see Chapter 4 and 
Appendix C, Table 28).  The invasive Tradescantia, on the other hand, relied primarily on 
vegetative reproduction (Fig. 10g,i).  These two different demographic syndromes led to similar 
resulting performance. 

On the other hand, invasive and noninvasive congeners performed about equally in low 
nutrient environments (Fig. 8), and differences in demography were minimal between invasive 
and noninvasive congeners when nutrient availabilities were low (Fig. 11).  Differences in 
transitions among models contributed little to differences in lambda under conditions of low 
nutrient availability. 
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Fig. 9.  Life table response experiment effect sizes for invasive and noninvasive taxa paired by relatedness in high 
and low nutrient conditions.  Contributions are an average of all 5 pairwise comparisons with error bars ± 1 SE.  
Transitions were seed dormancy (Sd), seed germination (Sg), juvenile survival and vegetative reproduction (JJ), 
Juvenile growth (JA), Adult vegetative reproduction (AJ), Adult survival and vegetative reproduction (AA), and 
adult fecundity (F).  Mean effect sizes that share a letter were not significantly different in a Tukey-Kramer post-hoc 
test across all transitions for that combination of invasive or noninvasive taxa under high or low nutrient conditions. 

 
 
 
Table 14.  Paired t-tests were used to evaluate whether there were differences between invasive and noninvasive 
congeners in LTRE effect sizes (Fig. 9).  Seed dormancy and seed germination could not be compared statistically, 
since only five species produced seeds (i.e. there were only two pairs to compare).  P-values were not Bonferroni 
corrected (see e.g. Moran 2003). 
Comparison Nutrients DF t-value P-valuea 
Fecundity  High 2 0.48 0.34 
Adult-Adult High 4 -3.41 0.01 

Adult-Juvenile High 4 -4.54 <0.01 

Juvenile-Adult High 2 -2.98 0.05 

Juvenile-Juvenile High 2 -0.52 0.33 
Fecundity  Low 2 -0.76 0.26 
Adult-Adult Low 4 0.61 0.29 
Adult-Juvenile Low 4 0.51 0.32 
Juvenile-Adult Low 2 -0.46 0.34 
Juvenile-Juvenile Low 2 -0.35 0.38 
a Significant P-values (P ≤ 0.05) are highlighted in bold. 
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Fig. 10.  Life table response experiment effect sizes for individual species in high nutrient environments.  Invasive 
species are on the left, with their noninvasive congeners on the right.  
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(g) Tradescantia fluminensis
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(h) Tradescantia blossfeldiana
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(i) Tradescantia zebrina
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(j) Tradescantia brevifolia
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(a) Commelina benghalensis
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(b) Commelina bracteosa
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(c) Murdannia keisak
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(d) Murdannia simplex
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(e) Murdannia nudiflora
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(f) Murdannia bracteata
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Fig. 11. Life table response experiment effect sizes for each species, for low nutrient environments.  Arrangement is 
as for Fig. 10. 
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Discussion 

The goals of this study were to: (1) determine whether invasive Commelinaceae species 
outperform noninvasive species and under what conditions, (2) determine whether there are there 
life history stages that contribute more to the fitness of these invasive species than to the fitness 
of noninvasive species, and (3) examine life history stages that might be vulnerable to control for 
these species.  The invasive Commelinaceae species under controlled environmental conditions 
outperformed their noninvasive relatives under nutrient rich conditions, and contributions of 
adult-to-adult, adult-to-juvenile, and juvenile-to-adult transitions to differences in performance 
were consistently different between invasive and noninvasive taxa.   
(1) Determine whether invasive species outperform noninvasive species and under what 

conditions. 

These invasive species are likely to outperform their noninvasive congeners under high 
nutrient conditions (additional N-P-K, see Methods, Fig 8a), consistent with the observation that 
nutrient enrichment enhances invasions (Burke and Grime 1996, Davis et al. 2000, Daehler 
2003, Leishman and Thomson 2005). The large effect size of the nutrients by invasiveness 
interaction suggests that the effect of nutrients on the relative performance of invasive and 
noninvasive taxa is strong.  Levels of water and nutrient availability chosen for this study were 
based on water and nutrient gradient experiments (see Chapter 1).  Thus the effect sizes 
measured the robustness of trait-associations with invasiveness, not a measure of response to 
particular nutrient or water levels in the introduced range.  However, the greater response of 
invasive species performance to high nutrient availabilities is consistent with the expectation that 
nutrient addition increases the probability of invasion. 

The prospective analyses are consistent with the generalization that the elasticities of 
survival and growth are generally larger than those of fecundity (Silvertown et al. 1993).  There 
were no differences in elasticities between invasive and noninvasive congeners (Fig. 8), 
suggesting that small differences in matrix transitions would have similar effects in invasive and 
noninvasive species.  However, differences in matrix transitions were not always small (Fig. 7, 
Appendix B, Table 25).  Prospective analyses do not reflect the actual levels of plasticity in traits 
contributing to performance (Caswell 2001).  For example, fecundity in the self-compatible 
species is highly plastic (Fig. 7b, Table 10).  Thus large differences in the absolute values of 
matrix elements may influence performance more than the relative importance of those 
transitions. 

The greater performance of invasive species relative to their noninvasive congeners is 
partly a function of consistent differences in the effects of adult-to-adult, adult-to-juvenile, and 
juvenile-to-adult transitions to differences in lambda for invasive relative to noninvasive species, 
as shown by retrospective analyses (Fig. 9, Table 14).  The adult-to-adult and adult-to-juvenile 
transitions are partly a function of vegetative reproduction (eqn 1), which was consistently higher 
for invasive species under high nutrient conditions (Fig. 7). 

The consistently greater effect size for the juvenile-to-adult transition suggests that 
shorter time to reproductive maturity is also consistently associated with invasiveness and 
contributed to the higher performance of the invasive taxa.  A short time to reproductive maturity 
should theoretically increase colonizing ability more than increased fecundity (Lewontin 1965), 
has been associated with the �ideal weed� by Baker (1965, 1974), and has been found to be 
associated with invasive species in some studies (e.g. Pinus such as P. cordata ssp. cortorta or 
shore pine, Rejmánek and Richardson 1996; British flora, Williamson and Fitter 1996).  The 
greater effect size of seed dormancy for the two invasive species for which this could be 
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measured (Fig. 9) suggests that dormancy may be more important for invasive than noninvasive 
taxa, in spite of the difference in dormancy patterns for Commelina and Murdannia pairs 
(Appendix B, Table 25).  The lack of a consistent pattern across pairs in seed germination or 
dormancy is consistent with previous studies of seed germination in Atriplex, which suggests that 
there may be no generalizable differences in these taxa (Mandák 2003).  The seeds of invasive 
species from high quality maternal environments have consistently higher dormancy than seeds 
from noninvasive species from these same environments (Appendix B, Table 25).  The invasive 
Commelina benghalensis also has consistently greater germination rates than its noninvasive 
congener, suggesting greater overall seed viability.  However, the noninvasive Murdannia 

bracteata has greater germination rates than its invasive congener Murdannia nudiflora.  Since 
sample sizes for seed transitions are low (n = 2), caution should be used in interpreting any 
apparent differences in LTRE effect sizes for seed transitions. 

In addition, the self-compatible species had large responses in fecundity to high nutrient 
availability (Fig. 7), resulting in large effect sizes for those species under high nutrient conditions 
(Fig. 10), and driving the large LTRE effect size of fecundity for invasive species overall (Fig. 
9). The retrospective analyses suggest that while small changes in survival may be important in 
theory, it is large differences in fecundity across matrices that determine observed differences in 
performance for the self-compatible species.  However, the self-incompatible Tradescantia 
lacked these transitions, perhaps resulting in no significant differences in LTRE effect size for 
fecundity. 

This model assumes that density dependence is not an important contributor to 
differences in performance between invasive and noninvasive species.  If the species are 
primarily introduced to disturbed habitats with little competition (e.g. Commelina benghalensis 
in cotton fields, T. Flanders personal communication), then little influence of density dependence 
on performance is reasonable, at least at the early stages of introduction.  However, many 
populations, especially of Tradescantia fluminensis (Burns, personal observation), get very 
dense, suggesting that intraspecific competition should occur.  Even very dense populations of 
some invaders maintain high population growth rates (e.g. Ardisia elliptica, Koop and Horvitz 
2005).  Another invasive species, Cytisus scoparius, shows effects of density dependence in 
older populations (Parker 2000).  Density dependence may therefore become important in the 
later stages of invasion.  Density dependence in these invaders is most likely low in the early 
stages of invasion, as these are primarily weedy species that occur first, and primarily, in 
disturbed habitats, where they are unlikely to experience strong population regulation in the 
initial stages of invasion.  Thus these density independent models are probably meaningful for 
these species, at least in the early stages of invasion. 
(2) Are there life history stages that contribute more to the fitness of invasive species than 

to the fitness of noninvasive species?   

 There were no significant differences between invasive species and their noninvasive 
congeners in the elasticities of vital rates (Fig. 8b,c).  This suggests that the relative importance 
of vital rate transitions is not consistently different between invasive and noninvasive taxa. 

I predicted that vegetative reproduction would contribute more to the performance of 
invasive species than their noninvasive congeners, especially since absolute values of vegetative 
reproduction were greater for the invaders (Chapter 2, Burns 2006), and vegetative reproduction 
is correlated with abundance in invasive taxa (Lloret et al. 2005).  However, there was not a 
significant difference in vegetative elasticities for invasive and noninvasive congeners (Fig. 
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8b,c).  This suggests that small changes in vegetative reproduction are not more important 
contributors to invasive species performance than noninvasive species. 

This is consistent with the findings of Silvertown et al. (1993) that vegetative 
reproduction seldom contributes strongly to population growth rates (has high elasticities).  On 
the other hand, these prospective analyses do not reflect the actual plasticity in the traits, and 
patterns of trait plasticity suggest that the invaders have greater absolute values of vegetative 
reproduction and greater plasticity in vegetative reproduction across environments (Fig. 7d, 
Table 10). 

Higher vegetative reproduction does, however, contribute to greater performance of 
invasive taxa (LTRE effect size: Table 14), consistent with the suggestion by many authors that 
vegetative reproduction should enhance invasion success (e.g. Pheloung et al. 1999).  The similar 
LTRE effect sizes of invasive and noninvasive congeners in low nutrient environments (Fig. 11) 
and the opportunistic response of invaders to higher resource availability point to a similar 
opportunistic strategy in response to resource availability in all of the invasive taxa, regardless of 
reproductive method (sexual or primarily asexual).  This suggests that opportunism in 
reproductive traits might be indicative of invasiveness, and is consistent with the opportunistic 
responses to high nutrient availability that have been found in other invasive taxa (e.g. Leishman 
and Thomson 2005). 

High fecundities are not necessarily associated with broad habitat ranges, and many rare 
species have high fecundities and are locally abundant (Simon and Hay 2003).  Thus it is 
important to distinguish between invasiveness, the ability to spread quickly, and final range size 
in the introduced range.  Many studies of invasiveness use range size in the introduced range as a 
proxy for invasiveness (e.g. Lloret et al. 2005), and although range size and invasiveness may be 
correlated, they are not the same.  The factors influencing range size and those influencing 
spread rates may be different.  For example, species with a narrow novel range may still spread 
rapidly in those habitats to which they are well suited.  High fecundities and population growth 
rate would contribute to that rapid spread.  On the other hand, a �general-purpose genotype� 
(sensu Baker 1974) would be more likely have a broad geographic range.  However, it would not 
necessarily be more likely to spread rapidly.  I find no evidence for a general-purpose genotype 
in these invasive species.  The invasive species have high plasticity in fitness, suggesting an 
opportunistic strategy in high quality environments. 
(3) Are there life history stages that might be vulnerable to control for these species? 

These results suggest that small changes in adult survival or vegetative reproduction 
would have the greatest relative influence on potential population growth for any of these species 
(Fig. 8b,c).  However, the absolute values of survival in the models were very high, probably as a 
result of favorable growing conditions, therefore the high elasticities may at least in part reflect 
these high absolute values (Morris and Doak 2002).  Any mechanism that would reduce survival 
or vegetative reproduction in these species might be expected to decrease population growth 
rates and possibly invasion. 
 The life table response experiments suggest that opportunistic responses of invasive taxa 
to high nutrient availability explain much of the greater performance of invasive species relative 
to their noninvasive congeners (Fig. 9).  This is consistent with the opportunism described for 
other invasive taxa (Daehler 2003, Leishman and Thomson 2005, Richards et al. 2006), and with 
the observation that high productivity habitats are more likely to be invaded (e.g. Stohlgren et al. 
1999).  It is also consistent with some comparisons of the demography of common and rare 
species, which suggest that common species have large increases in fecundity, contributing to 
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higher population growth rates, in high quality years (Esparza-Olguín et al. 2005).  This suggests 
that altering the introduced environment may be one mechanism to control invasions (e.g. 
decreasing N-enrichment, see also Davis et al. 2000, Daehler 2003). 
 The few other life table response experiments with invasive species suggest that different 
species have different stages that might be vulnerable to control.  Populations of Polygonum 

perfoliatum in the invaded range could be reduced by decreasing adult survival or seed survival 
(Hyatt and Araki 2006).  On the other hand, Cytisus scoparius has no single life history stage 
that might be most vulnerable to control (Parker 2000).  Further studies are clearly needed to 
determine whether there are general patterns in stages of the life cycle that are more vulnerable 
to control. 
Prospective versus retrospective analyses 

 Prospective and retrospective analyses yield superficially different results.  Prospective 
analyses suggest that invasive and noninvasive taxa differ only in performance, and not in 
elasticities, suggesting that the relative importance of different vital rates does not differ between 
invasive and noninvasive taxa.  The retrospective analyses, however, suggest that the absolute 
values of transitions including vegetative reproduction, time to first reproduction and, for self-
compatible taxa, fecundity, have a considerable influence on actual differences in performance 
across models.  These results may appear to conflict, but elasticities and LTRE effect sizes are 
measuring two very different demographic parameters.  Elasticities refer to the relative 
importance of small differences in a vital rate.  LTRE effect sizes, however, reflect actual effects 
of differences in vital rates, weighted by their sensitivities.  Thus the LTRE effect size measures 
the actual importance of differences in transitions across models, incorporating both absolute 
values of parameters and the sensitivity of lambda to change in those parameters.  LTRE effect 
sizes are better measures of demographic responses than either vital rates or 
sensitivities/elasticities alone.  Invasive species may have similar vegetative elasticities as 
noninvasive species, but greater values of vegetative reproduction in high nutrient environments 
still influence the greater performance of the invasive taxa. 
Opportunism 

 Many of the demographic properties measured here were plastic in response to 
environmental quality (see e.g. Fig. 8,9).  Lambda clearly decreased with decreasing 
environmental quality (Fig. 8a), and the water by nutrients and nutrients by invasiveness nested 
within pair interactions explained most of the variation in lambda across models (Table 12).  The 
greater plasticity in demographic parameters for invasive taxa is consistent with the greater 
opportunism described for other invasive species, especially in response to nutrient addition (e.g. 
Leishman and Thomson 2005).  The plasticity described here is not �adaptive plasticity,� in the 
sense that plastic responses do not buffer genotypes� fitness across environments (see also Burns 
and Winn 2006, Richards et al. 2006).  Instead, the plastic responses, such as that of fecundity, 
result in a greater performance of invasive taxa, but only under some conditions (especially high 
nutrient conditions).  It is likely that the greater opportunism of the invasive species would incur 
a cost in some environments, for example, resulting in lower survival under harsh conditions (but 
see Burns et al. in press).  However, if there is a tradeoff between opportunism and survival, it 
was not observed for the conditions used in this study. 
Methods for testing demographic hypotheses 

These matrix models were parameterized from plants grown separately in pots in the 
greenhouse and separate germination experiments.  So, although matrix elements were 
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empirically generated, the correlation structure among matrix elements does not necessarily 
reflect correlations as they would occur in a real population.  For example, if seed germination is 
influenced by plant density in the field (e.g. Eriksson and Ehrlén 1992), then estimating 
germination rate and survival separately may result in overestimates of germination (i.e. if 
different species have different responses to density, or just different densities).  In practice, 
many demographic models do estimate at least some parameters separately (see e.g., Eldred and 
Doak 2006 for discussion for this issue), perhaps in part because of the difficulty of following a 
cohort of seeds in the field. 

The models presented here do not meet all of the assumptions of demographic analysis.  
However, correlation structure may rarely matter to the major conclusions of a demographic 
analysis, and error in estimating the correlation structure may actually make it disadvantageous 
to do so with small data sets (B. Elderd, personal communication, but see Doak et al. 2005b).  
The models presented here do provide several clear hypotheses to test in future studies of the 
demography of invasive taxa and are the first comparison of the potential demography of 
invasive and noninvasive congeners. 

This study makes the prediction that higher-level traits, such as lambda, may be 
predictive of invasiveness, even if different strategies at the level of individual traits can lead to 
invasiveness (e.g. self-compatible and self-incompatible taxa can both become invasive).  
Alternatively, dispersal strategies and spread in the landscape on a larger scale may be a more 
important predictor of invasiveness in some taxa.  The relative importance of demography and 
dispersal to population spread in space can be determined in an integrodifference modeling 
framework (sensu Neubert and Caswell 2000).  Future studies should measure both the 
demography and the dispersal of invasive and noninvasive taxa. 

This study also suggests that invasive species may be more opportunistic in response to 
resource availability than noninvasive relatives.  Thus lower plasticity in fitness related traits 
(e.g. fecundity, biomass), may characterize noninvasive taxa.  Identifying noninvasive taxa 
accurately has long been a problem of predictive models of invasiveness (e.g. Pheloung et al. 
1999).  If degrees of opportunism could be measured in the greenhouse or native range for 
potential introductions, this may improve our ability to identify noninvasive species, and make 
screening for invasiveness more consistent with the needs of industry. 

Comparisons of the demography of invasive and less invasive species in the field with a 
representative set of taxa will be necessary to determine whether there are general patterns in the 
demography of invasive species.  A broad comparison of the demography of invasive species 
(sensu Silvertown et al. 1993) would help to determine whether there are general patterns.  In 
addition, comparisons of invasive and less invasive species in the field, under similar 
environmental conditions will be necessary to determine whether the demographic properties of 
invasive species are influencing invasion success.  Such comparisons would ideally control for 
relatedness, for example, by comparing invasive and less invasive congeners.  Less invasive 
congeners would need to be adventive (established), but spreading more slowly in the novel 
range.  In addition, doing such comparisons across multiple environments would yield additional 
insights into the generality of differences in demography between more and less invasive taxa.  
Such comparisons could not be used to ask questions about the establishment phase of invasions, 
but might yield useful insights about mechanisms at the population level influencing spread in 
the landscape. 
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CHAPTER 4 
 

THE SYSTEMATICS OF THE COMMELINACEAE WITH SPECIAL REFERENCE TO 
TRAITS OF INVASIVE SPECIES 

 
Introduction 

 An invasive plant species is a non-native species that spreads rapidly in a novel 
environment (Richardson et al. 2000b).  Due to the ecological and economic importance of 
invasive species, many scientists and managers are interested in predicting and preventing future 
introductions of likely invaders (e.g. Daehler and Carino 2000).  However, this goal has proven 
ellusive: previous studies have often come to vague or conflicting conclusions about the traits 
that may facilitate invasiveness (cf. Grotkopp et al. 2002, Bellingham et al. 2004).  
 I suggest that there are two problems with many previous studies of invasive species.  
First, most previous studies of traits associated with invasiveness have failed to incorporate 
phylogeny (Felsenstein 1985, however, see Grotkopp et al. 2002).  Two species may have similar 
traits either because of similar selective environments or due to shared evolutionary history.  
Second, many previous studies of invasive species have lacked an adequate comparison group.  
Invasive species have often been compared to native species, rather than to the more informative 
noninvasive congeners (however, see e.g. Thebaud et al. 1996, Grotkopp et al. 2002).  
Comparisons of invasive to native species are not adequate to address the question of what 
makes some species successful invaders while other similar species fail to invade. 

The Commelinaceae contains invasive and noninvasive species across multiple genera 
(e.g. GCW 2004, see Table 14, see Appendix D, Tables 30, 31 for sampling and authorities).  
This family is of moderate size (~650 species, Tucker 1989, Faden 1993) and has a high 
frequency of invasiveness (Daehler 1998a).  In addition, many of the Commelinaceae are 
popular horticultural subjects, and so have been introduced frequently outside their native range, 
and not all of these have become invasive (e.g. Tradescantia pallida, Hortiplex 2004).  Previous 
work in this family has included numerous taxonomic treatments (e.g. Brenan 1966, Faden and 
Hunt 1991), a genus-level morphological cladistic analysis (Evans et al. 2000), and a genus-level 
molecular phylogeny (Evans et al. 2003).  The taxonomy (Faden and Hunt 1991) and an rbcL 
phylogeny (Evans et al. 2003) suggest that invasiveness is broadly distributed across the family.  
The Commelinaceae also have a diverse set of character states, including self-compatibility and 
seed heteromorphism (see Appendix D). 

I generated a molecular phylogeny, then used the phylogenetic framework to determine 
what character states are associated with invasiveness in the Commelinaceae.  Incorporating 
phylogenetic information into comparative analyses accounts for the correlations among taxa due 
to shared history (Harvey and Pagel 1991).  Conventional statistical tests assume that the data 
have been independently and identically sampled (Sokal and Rohlf 1995).  This assumption is 
violated by across species sampling, because species share a phylogenetic history and are thus 
correlated.  Phylogenetic comparative tests solve this problem by accounting for the correlation 
structure among taxa explicitly, thus resulting in the expected type I error rates and power (e.g. 
Martins and Garland 1991, Rohlf 2006). 

A molecular phylogeny will help clarify relationships in the Commelinaceae.  There is a 
high level of morphological homoplasy in the Commelinaceae and closely related families, 
suggesting that morphological classifications (taxonomy) may be subject to a high degree of 
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error (Givnish et al. 1999, Evans et al. 2000).  While the genus level phylogeny of Evans et al. 
(2003) provided considerable resolution among genera in the family, relationships within genera 
are still far from clear, and many genera contain both invasive and noninvasive taxa.  Thus 
additional information about phylogenetic relationships was needed to conduct a comparative 
study of invasiveness in the Commelinaceae in a phylogenetic context. 

The goals of this study were to (1) develop a molecular phylogeny of a number of 
invasive and noninvasive species in the Commelinaceae, (2) determine the traits of these species, 
(3) assess the association between the evolution of particular traits and invasiveness and (4) 
determine whether adding the information about phylogeny informed the comparative study of 
invasiveness.  Below, I outline a few hypotheses about phylogenetic relationships in the 
Commelinaceae and about trait associations with invasiveness. 

 
Hypotheses about phylogeny in the Commelinaceae 

 The Commelinaceae are predicted to be monophyletic, as previous analyses with the 
chloroplast region rbcL have found strong support for a monophyletic Commelinaceae (Evans et 
al. 2003).  In addition, previous analyses suggest that the family is split into two subfamilies, the 
Cartonematoideae and the Commelinoideae (Faden and Hunt 1991).  This study did not sample 
members of the Cartonematoideae, which has only two genera, and will not be able to address 
hypotheses about subfamily relationships.  Taxonomists have split the Commelinoideae into two 
tribes, the primarily Old World Commelineae and the primarily New World Tradescanteae 
(Faden and Hunt 1991).  Among genera sampled here, the Commelineae includes Commelina, 
Murdannia, and Pollia, and the Tradescanteae includes Tradescantia, Tinantia, Thyrsanthemum, 
Gibasis, Callisia, Tripogandra, Cyanotis, Dichorisandra, Siderasis, Spatholirion, and Palisota.  
These tribal classifications were mostly supported by previous molecular phylogenetic analyses 
(Evans et al. 2003), and were further evaluated here. 
 Subtribal relationships in the Tradescanteae were mostly well supported in previous 
analyses and are further evaluated here. Within the Tradescanteae, Gibasis was nested within 
Tradescantia, and Callisia was not monophyletic.  Other analyses of Callisia have also not found 
it to be monophyletic (Bergamo 2003, unpublished dissertation), suggesting that Callisia may be 
poorly defined.  However, the monophyly of several other genera, such as Commelina, Cyanotis, 
Murdannia, and Tradescantia, have not previously been tested. 
 In addition, I evaluated several sections in Tradescantia that have not previously been 
evaluated.  Hunt (1980) describes eight sections of Tradescantia, including section 
Autostrotradescantia, including T. blossfeldiana, and T. fluminensis all of which are from South 
America, and which share numerous small chromosomes, a trailing habit (as opposed to upright), 
and have a terminal, spathaceous inforescence.  Section Tradescantia series Virginianae is an 
endemic North American series that includes T. bracteata, T. occidentalis, T. ohiensis, T. 

roseolens, and T. hirsutiflora.  Series Virginianae members typically have glandular hairs, free 
petals, and lack spathes.  Section Tradescantia also contains series Sillamontanae, including 
member T. sillamontana, positing a close relationship between members of Virginianae and 
Sillamontanae.  Section Setcreasae includes T. brevifolia, T. buckleyi and T. pallida, which are 
posited to be closely related based on the southern United States and Mexican distribution, petals 
with clawed bases, and persistent stem base, among other characters. 
 Within the Commelineae, Evans et al. (2003) found the Commelina and Pollia formed a 
clade sister to Murdannia with strong support.  Relationships within Commelina and Murdannia 
are not clear based on morphology and no taxonomic classifications exist within these genera. 
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Hypotheses About Trait Associations with Invasiveness 

To determine whether the evolution of character states, or suites of character states, 
influences the probability that a species will become invasive, I made several predictions about 
characteristics which may be associated with invasiveness in plants (Table 15).  For example, 
whether a species is classified as weedy or not may be correlated with its invasiveness, since 
many invasive species are also agricultural pests (Table 15).  Weediness is a composite trait 
based on expert opinion of whether a species is a pest.  Weedy species spread rapidly in 
disturbed habitats, and unlike invasive species, may be native.  Also, some studies have found an 
association between life history (annual, perennial) and invasiveness (invasives more likely to be 
perennial: Sutherland 2004). 

Mating system traits may also be associated with invasiveness (Table 15).  For example, 
self-compatibility has been suggested to be a trait of the "ideal weed" (Baker 1974).  However, 
studies of the self-compatibility of invasive plants are still fairly rare (but see Sutherland 2004).  
The evolution of selfing from outcrossing may ensure reproduction, for example in colonizing 
plants, where mates may be in short supply (Lloyd and Schoen 1992).  If this "reproductive 
assurance" hypothesis is correct, then a lineage that is self-incompatible may be much less likely 
to become invasive than lineages with self-compatibility.  Since selection for reproductive 
assurance should be stronger where the possibility of a second season of reproduction does not 
exist, self-compatibility was predicted to evolve more frequently in annual plants than in 
perennials (Price and Jain 1981, Lloyd 1992).  Thus I also tested for an association between the 
evolution of an annual life history and self-compatibility. 

Invasiveness may be associated with high levels of autogamous selfing (Table 15, e.g. 
Baker 1974).  Since invasive species may often be pollinator limited in the introduced range (e.g. 
Parker 1997, Parker and Haubensak 2002), the ability of a plant to self autogamously may 
enhance invasiveness (e.g. Rambuda and Johnson 2004).  Even among plants with either no self-
incompatibility system, or a weak self-incompatibility system, there can be considerable 
variation in levels of selfing (e.g. Vogler and Kalisz 2001). 
 Numerous plant studies predict a positive association between vegetative reproduction 
and invasiveness but have not accounted for phylogeny (Lodge 1993, Tucker and Richardson 
1995, Reichard and Hamilton 1997, Pheloung et al. 1999, Lloret et al. 2005).  The presence of 
vegetative reproduction should ensure reproduction if mates are limited and increase population 
spread rates.  Vegetative reproduction was predicted to be especially important in self-
incompatible taxa, as an alternative mechanism of reproductive assurance.  Vegetative 
reproduction is also more likely in perennial than annual species (Sutherland 2004). 
 There may also be an association between dispersal related traits and invasiveness (but 
see Reichard and Hamilton 1997).  Seed size is negatively correlated with invasiveness in pines 
(Rejmánek and Richardson 1996).  Plants with smaller seeds are more likely to be invasive, 
perhaps because of their increased dispersal ability (e.g. Baker 1972, Mazer 1989) or reduced 
susceptibility to seed predation (e.g. Bischofia javanica, Yamashita et al. 2003).  I also predicted 
more seeds per capsule and smaller capsule size would be associated with invasiveness as 
correlates of seed size. 



 62

Table 15.  Hypotheses about traits associated with invasiveness in the Commelinaceae.  See the text of this section 
for references used to generate trait predictions.  Please see Appendix C for detailed references for each species and 
trait. 
Type of trait Discrete or 

continuous 
How measured? Prediction for traits associated with 

invasiveness. 
Biological traits    

Composite    
Weediness Discrete Literature weedy 

Life history Discrete  perennial 
Mating system    

Self-compatibility Discrete Literature, bagging 
studies 

self-compatibile 

Autogamous 
selfing 

Continuous Bagging studies High levels of autogamous selfing 

Vegetative reproduction Discrete Literature, personal 
observation 

Vegetative reproduction present 

Dispersal strategies    
Seed length Continuous Literature, 

greenhouse study 
Small seeds 

Seed mass Continuous Literature, 
greenhouse study 

Small seeds 

Seeds per fruit Continuous Literature, personal 
observation 

Many seeds per fruit (as a correlate of 
small seed size) 

Capsule length Continuous Literature, personal 
observation 

Small capsule size (as a correlate of small 
seed size) 

Seed 
heteromorphism 

Discrete Literature, personal 
observation 

Heteromorphic 

CV seed mass Continuous Greenhouse study High coefficient of variation in seed mass 
(as a correlate of seed heteromorphism) 

Capsule dehiscence Discrete Literature, personal 
observation 

Dehiscent capsule (as opposed to fleshy) 

Dimorphic capsule Discrete Literature, personal 
observation 

Capsule dimorphic 

Growth    
SLA Continuous Greenhouse study 

(Chapter 4) 
High SLA (thin leaves) 

Genetics    
Polyploidy Discrete Literature Polyploid 
Chromosome count Continuous Literature Low chromosome count 
Chromosome 
polymorphism 

Discrete Literature Chromosomes of different counts for 
different populations or genotypes 

Introduction history    
Propagule pressure Continuous Literature High propagule pressure 
Date of first introduction Continuous Literature, 

herbarium records 
Early introduction 

 

 
 
 
 Also, species that do not require mutualist dispersal agents may be more likely to become 
invasive than species that depend on specialist dispersers.  Plants with fleshy fruits are more 
likely to depend on mutualists for their dispersal, thus I predicted that lineages with fleshy fruits 
will have a lower probability of generating invasive species than lineages with dry capsules.  
Some species of Commelinaceae also have dimorphic capsules, with dehiscent and indehiscent 
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locules (e.g. Commelina benghalensis Hsu 1978, Hong and DeFilipps 2000).  If the capsule 
dimorphism is associated with adaptations to variable environments (e.g. differences in dispersal 
ability, seed dormancy), then invasive species might be expected to be more likely to have 
dimorphic capsules.  
 I predicted a positive association between the presence of seed heteromorphism and 
invasiveness, which is a novel prediction for invasive taxa.  Variation in seed size may be an 
adaptive strategy under certain conditions (Venable and Brown 1988).  Some Commelinaceae 
have heteromorphic seeds, and seed heteromorphism may play a bet-hedging role in mediating 
population responses to variable environments (Harper et al. 1970, Venable et al. 1987, Venable 
and Brown 1988).  I predict that invasiveness will arise more often in lineages with 
heteromorphic seeds than lineages without them.  The coefficient of variation in seed size was 
also predicted to be associated with invasiveness, as a correlate of seed heteromorphism. 
 Growth related traits may also be associated with invasiveness.  High relative growth rate 
(RGR) was predicted to be associated with invasiveness (see also Grotkopp et al. 2002), as faster 
growing plants may have greater fecundities and hence spread rates.  Thus, high specific leaf 
area (SLA) was predicted to correlate with high growth rates and invasiveness in the 
Commelinaceae (Chapters 1,2).  SLA is a measure of the allocation strategy of a plant to leaf 
area versus leaf mass.  Previous studies have suggested that high SLA is associated with high 
relative growth rates and thus invasiveness (e.g. Pinus, Grotkopp et al. 2002). 
 Several genetic traits were also examined here.  Polyploidy may also be associated with 
invasiveness (Barrett and Richardson 1986, Lodge 1993, but see Mulligan 1965), perhaps if 
polyploid species have wider habitat tolerances, tolerate more extreme habitats, or are more 
generalist or adaptable (Levin 1983).  Chromosome count was predicted to be negatively 
associated with invasiveness, if chromosome count is correlated with genome size, and genome 
size is correlated with seed mass (Grotkopp et al. 2004).  Invasive species might also have more 
polymorphic chromosome counts (i.e. different populations with different chromosome counts), 
for example, if wide native range is associated with chromosome polymorphisms, or if 
polymorphic species have some genetic traits the correlate with invasion success. 
 Finally, biological traits are not the only factor predicted to influence invasion success 
(Lonsdale 1999).  Introduction history may also play a role.  High levels of propagule pressure 
may enhance invasion success by increasing the probability of successful establishment, or by 
adding novel genotypes to the introduced population, enhancing the probability of sampling 
well-adapted genotypes or possibly enhancing the chances of adaptation to the novel range.  
Second, the time since introduction may influence invasion probability.  Species that have been 
in the novel range longer have a greater chance of becoming invasive, either due to probability 
(e.g. sampling a favorable invasion window) or due to time for adaptation to the novel range to 
take place (Ellstrand and Schierenbeck 2000). 

 
Materials and Methods 

Taxon sampling 

 The Commelinaceae contains about 630 species (Faden 2000).  Sequencing all of the 
members of this family was outside the scope of this project; therefore sampling was focused 
around known invasive species.  Five out of 41 genera in the Commelinaceae (Faden 2000) 
contain at least one invasive species, and these five genera were sampled more extensively than 
other genera (Table 16).  See Appendix C, Table 26 for a full list of taxa sampled, voucher 
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information, and GenBank accession numbers.  I have sampled 5 species of Callisia (~25% of 
the genus), including the invasive species Callisia fragrans.  I did not sequence additional 
species in Callisia to avoid duplicating the efforts of Bergamo (2003, unpublished dissertation).  
I sampled 22 species of Commelina (~13 % of the genus), and sampling has been concentrated 
around the geographic areas to which the four invasive Commelina are native.  For example, the 
invasive C. erecta and the noninvasive C. virginica are both native to the central and eastern 
United States (Faden 2000, GCW 2004).  I have also sampled 27% of Gibasis, 10% of 
Murdannia, and 26% of Tradescantia (Table 16).  The invasive Tradescantia fluminensis shares 
section Austrotradescantia with noninvasive Tradescantia blossfeldiana (Hunt 1980), both of 
which I have sampled.  Out of the approximately 321 members of genera containing invasive 
species, I sampled 53 for at least one DNA region (~17%).  I sampled 12 species that fit the 
definition of invasive.  I also sampled 42 noninvasive species in order to determine the polarity 
of character state changes (determine the direction of evolution), and 15 species of unknown 
invasibility (not introduced), for a total of 68 species and 70 genotypes.  Sampling was also 
informed by intragenus classifications (e.g. Hunt 1980) and geographic information (e.g. 
Wiersema and Leon 1999) whenever possible. 
 
Table 16.  Taxon sampling including genera if they contained invasive or weedy species or as outgroups to genera 
that do contain invasive or weedy species.  Among-genera relationships have been studied by previous authors 
(Evans et al. 2003).  Species with voucher and GenBank accession information are listed in Appendix C, Table 26. 

aMembers may be invasive (spreading in a novel range), weedy (spreading in the native range), or adventive (present 
in, a novel range), or may be included for outgroup purposes.  Invasive species are by definition adventive, and may 
also be weedy, so some redundancy exists.  Numbers in parentheses indicate the number of species with that 
characteristic among those in this study.  b  All sequences this study unless otherwise noted.  c Distributions and 
genus size are based on Faden and Hunt 1991, unless otherwise stated. 

 

Genus Behaviora Distribution Species trnL-trnF spacerb 
Callisia Loefl. invasive (1), 

adventive (2) 
New Worldc ca. 20 5 species (Bergamo 2003, 

unpublished dissertation, has 15 
species) 

Commelina L. invasive (5), weedy 
(10), adventive (5) 

Cosmopolitan ca. 170 22 species, 23 genotypes  

Cyanotis D. Don, 
nom. cons. 

weedy (2) Paleotropics 50 4 species, 5 genotypes  

Dichorisandra 
Mikan 

weedy (1), adventive 
(1) 

Neotropics  25 2 species 

Gibasis Raf. invasive (1), 
adventive (1) 

Neotropics 11 3 species 

Murdannia Royle Weedy (3), invasive 
(2), adventive (2) 

Pantropical ca. 50 5 species, 6 individuals 

Palisota Rchb. outgroup Africa 18 1 species 
Pollia Thunb. weedy (1) Pantropical 17 2 species 
Siderasis Raf. outgroup South America 2 1 species 
Spatholirion Ridley outgroup Asia 3 1 species (GenBank Accession # 

AJ387744) 
Thyrsanthemum 

Pichon 
outgroup Mexico 3 1 species (GenBank Accession # 

AJ387745) 
Tradescantia L. invasive (3), 

adventive (4), weedy 
(3) 

New World ca. 70 18 species 

Weldenia Schultes.f. outgroup Mexico/Guatamala 1 1 species (GenBank Accession # 
AJ387746) 



 

 65

The choice of outgroup taxa was based on published accounts of higher order 
relationships among the Commelinaceae and related families.  The Pontederiaceae and 
Haemodoraceae may be sister to the Commelinaceae according to rbcL analyses of the orders 
Zingiberales, Bromeliales, and Commelinales (Smith et al. 1993).  However, other studies have 
suggested that the Commelinaceae is probably sister to the Hanguanaceae (Clark et al. 1993, 
Givnish et al. 1999, Kress et al. 2001, Evans et al. 2003).  A combined analysis of two plastid 
regions and one nuclear region suggests that the Commelinaceae is sister to the Pontederiaceae, 
that clade is then sister to the Hanguanaceae, and that clade is in turn sister to the 
Haemodoraceae (Chase et al. 2000).  Outgroup sequences were downloaded from GenBank for 
the trnL-trnF region (Appendix C Table 26): two species of Philydraceae, 17 species of 
Haemodoraceae, and a single species of Pontederiaceae, all possibly closely related (e.g. Givnish 
et al. 1999, Chase et al. 2000, Evans et al. 2003).  All phylogenies were rooted with the outgroup 
taxa shown as monophyletic. 
Gene selection 

Genes for phylogenetic analysis were chosen based on appropriate rates of molecular 
evolution, primer availability, easy of alignment, and origin (e.g., cpDNA) (Olmstead and 
Palmer 1994).  The trnL-trnF (GA) intergenic spacer is a noncoding chloroplast region in the 
large single-copy region of the chloroplast DNA.  This region also has a rate of molecular 
evolution in angiosperms that is often appropriate for genus and species level analysis (Soltis and 
Soltis 1998), and generally yields higher consistency and retention indices than rbcL (Hopper et 
al. 1999), suggesting that it yields an internally consistent signal.  The trnL-trnF spacer is 120-
350 bp in length and is non-coding. 

The nuclear transcribed spacer region (NTS) of 5S rDNA is a more quickly evolving non-
coding nuclear ribosomal region with sufficient variability to clarify intergeneric relationships in 
a variety of taxa (e.g. Clivia, Ran et al. 2001, Ilex, Manen et al. 2002, Lampranthus, Klak et al. 
2003), and has yielded suitable levels of variation in other taxa in the Commelinaceae (Hardy 
2001, unpublished dissertation).  The 5S NTS region is 98 to 424 bp in length and is non-coding. 
Extraction, amplification, and sequencing 

Extractions were performed on fresh leaf material following Hsiao et al. (1994) up to the 
first digestion.  Two rounds of phenol-chloroform extraction were performed using standard 
methods with modifications for phaselock tubes (2 ml Phase Lock Gel Light, Eppendorf 1999).  
Phenol-chloroform solutions were incubated in a water bath at 55 oC for 5 minutes for each of 
two rounds of extraction.  A third extraction was performed with chloroform and was also 
incubated at 55 oC for 5 minutes.  DNA was diluted in distilled water or TLE to a concentration 
of 25 ng/ml. 

Different primer combinations were used for trnL-trnF depending on the taxa being 
amplified (Table 17).  Amplification for the trnL-trnF spacer region was conducted with primers 
�e� and �f� (Taberlet et al. 1991) or trnLF and trnLR (Sang et al. 1997).  Amplification for the 
trnL-trnF spacer region was modified from Taberlet et al. (1991), with dimethyl sulphoxide 
(DMSO) added to the PCR reactions to minimize the effects of secondary structure and enhance 
the sequence signal (Winship 1989).  Amplification in 25 µl reactions included a mixture of 
15.65 µl distilled water, 2.5 µl 10x buffer, 1.5 µl MgCl2 (25 mM), 1.25 µl DMSO, 0.1 µl dNTPs 
(25 mM), 0.5 µl taq polymerase (5 U/µl).  Primers were used at 1.25 µl at 10 mM/25 µl reaction 
or 0.5 mM (Table 17).  The amplification reaction was modified with the addition of 2.5 µl of 
BSA (Bovine Serum Albumin) (10 µM) for taxa that were difficult to amplify. 
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Since trnL-trnF is fairly small for phylogenetic analysis, and because preliminary 
phylogenies indicated that trnL-trnF would provide insufficient resolution at some levels, I also 
sequenced 5S NTS for 60 species of Commelinaceae to improve within-genera resolution.  
Universal primers were used to amplify this region (Table 17, Cox et al. 1992).  Amplification 
for 5S NTS was modified from Cox et al. (1992).  Amplification in a 25 µl reaction included: 
16.65 µl water, 2.5 µl 10x buffer, 1.25 µl DMSO, 0.5 µl MgCl2, (25 mM), 0.1 µl dNTPs (25 
mM), and 0.5 µl taq (5 U/ µl).  Primers were used at 1.25 µl (10 mM) (Table 16).  The 
amplification reaction was modified with the addition of BSA as for trnL-trnF for taxa that were 
difficult to amplify. 

 
 
 
 

Table 17.  Primers used in this study. 
DNA 
Region 

Primer 
Name 

Primer 
Direction 

Primer Sequence (5' to 3') Reference Taxa amplified 

trnL-
trnF 

e Forward GGTTCAAGTCCCTCTATCCC Taberlet et 
al. 1991 

Callisia, Commelina, 

Dichorisandra, Murdannia, 

Pollia 

trnL-
trnF 

f Reverse ATTTGAACTGGTGACACGAG Taberlet et 
al. 1991 

Callisia, Commelina, 

Dichorisandra, Murdannia, 

Pollia 

trnL-
trnF 

trnLF Forward AAAATCGTGAGGGTTCAAGTC Sang et al. 
1997 

Cyanotis, Gibasis, Pollia, 

Tinantia, Tradescantia 

trnL-
trnF 

trnLR Reverse GATTTGAACTGGTGACACGAG Sang et al. 
1997 

Cyanotis, Gibasis, Pollia, 

Tinantia, Tradescantia 

5S NTS PI Forward TGGGAAGTCCTYGTGTTGCA Cox et al. 
1992 

Callisia, Commelina, 

Cyanotis, Dichorisandra, 

Gibasis Murdannia, Pollia, 

Tinantia, Tradescantia 

5S NTS PII Reverse KTMGYGCTGGTATGATCGCA Cox et al. 
1992 

Callisia, Commelina, 

Cyanotis, Dichorisandra, 

Gibasis Murdannia, Pollia, 

Tinantia, Tradescantia 

 

 
 

 
The trnL-trnF region was amplified in a themocycler set to 12 minutes at 94oC, then 40 

cycles of denaturation at 94oC for 30 seconds, annealing at 53oC for 30 seconds, and 
amplification at 72oC for 1 minute, followed by 6 minutes at 72oC.  5S NTS was amplified for 27 
cycles of denaturing at 94°C for 1 min, annealing at 55°C for 1 min, and primer extension at 
72°C for 2 min, followed by 6 minutes at 72oC (modified from Cox et al. 1992). 

Sequencing was done on an Applied Biosystems 3100 Genetic Analyzer by the Florida 
State University sequencing laboratory.  The trnL-trnF intergenic spacer was sequenced with the 
amplification primers, with the exception of Pollia secundiflora, which was sequenced in the 
forward direction with primer "e" and in the reverse direction with primer �trnLF�, the forward 
amplification primer for this species, and Callisia navicularis, which was sequenced with �e� 
and �f�.  Initial sequences of Commelina nairobiensis contained multiple, overlapping signals 
and could not be interpreted; this species was TA cloned and four clones were sequenced to 
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generate interpretable sequence. 
Because 5S NTS is a nuclear repeat, multiple copies (paralogues) exist in any individual. 

 These multiple repeats could have divergent paralogues, in some cases potentially misleading 
phylogenetic analyses (Buckler IV et al. 1977).  In order to ensure that sequences of 5S NTS 
were for individual paralogues, PCR products of ~400 bp were isolated and cloned using TA 
cloning by the Florida State University cloning laboratory.  Clones of 5S NTS were sequenced 
using the cloning primers M13F and M13R.  Multiple clones of 5 closely related Commelina 
(based on preliminary trnL-trnF phylogenies) were sequenced to assess the monophyly of 5S 
NTS sequences within individuals.  To determine whether 5S NTS copies yield a meaningful 
signal at the species level, or whether multiple paralogous copies may yield conflicting results, 
an analysis was conducted with multiple copies of 5S NTS per species for 5 species, with 3 
copies for Commelina erecta, 2 for C. benghalensis, 4 for C. communis, 4 for C. diffusa, and 2 
for C. africana var. villosior.  Maximum likelihood analyses were conducted for 5S NTS for 
Commelina (using Pollia sp. as an outgroup, chosen based on Evans et al. 2003) using the GTR 
+ Γ + I model (ModelTest 3.7: AIC).  The heuristic algorithm with maximum likelihood criterion 
was used to bootstrap the data with 100 bootstrap replicates.  Since clones within individuals 
were monophyletic with strong bootstrap support (Fig. 13), with the exception of Commelina 

communis, which was monophyletic with weak bootstrap support, a single clone per species was 
sequenced for the remaining species, for a total of 60 Commelinaceae species. 
Alignment and phylogeny reconstruction 

Redundant sequences within a species (i.e. different individuals (putatively different 
genotypes), subspecies, varieties) with identical sequences were eliminated, retaining the longer 
sequence for analysis, leaving a single genotype per species for six species for which multiple 
genotypes were sequenced.  There were eight species of Commelinaceae with redundant 
sequences for trnL-trnF.  Redundant clones of Commelina nairobiensis were also excluded from 
analysis.  Sequences of trnL-trnF were aligned in Clustal W (Version 1.82, Thompson et al. 
1994, Chenna et al. 2003) using the default parameters: IUB pairwise mass matrix, 10.0 Gap 
opening penalty, 6.66 gap extension penalty, 0.50 transition weighing, 8 gap separation distance, 
40% identity for delay, and the end gap separation penalty off.  Alignments using different 
combinations of parameters yielded the same guide tree and are assumed to yield similar results 
(analysis not shown). 

5S NTS sequences were aligned using the default parameters (Clustal W Version 1.82, 
Thompson et al. 1994, Chenna et al. 2003) with a modified gap extension penalty of 2.5 
following Hardy (2001, unpublished dissertation).  Since 5S was quickly evolving, and 
alignments across distantly related taxa proved difficult, separate alignments were conducted for 
Pollia/Commelina, Tradescantia/Tripogandra, Gibasis/Callisia, and Tinatia/Cyanotis (following 
preliminary trnL-trnF phylogenies, which indicate a close relationship between the taxa included 
in a single alignment). 

Three phylogenetic analysis methods were used to analyze each data partition.  
Maximum parsimony was used with a heuristic search algorithm.  To determine whether there 
are multiple, equally parsimonious �islands� of trees (Maddison 1991) a multiple islands search 
approach was used.  Second, maximum likelihood analysis was used to take advantage of 
maximum likelihood's capacity to model evolutionary assumptions explicitly and generate more 
reliable branch lengths than maximum parsimony (Tateno et al. 1994).  ModelTest (Version 3.7; 
Posada and Crandall 1998) was used to determine the optimal model for ML analysis using 
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Akaike's Information Criterion (AIC) (Burnham and Anderson 2002).   For trnL-trnF, a GTR + 
Γ model was chosen and a heuristic search with a single replicate, random addition sequences, 
TBR branch swapping and a starting tree generated by stepwise addition.  Bootstrap values are 
maximum likelihood bootstrap values from 100 replicates.  For 5S NTS, different models were 
chosen, again using AIC in ModelTest (Version 3.7; Posada and Crandall 1998) for different 
alignments.  The Cyanotis block used a GTR model, and the Callisia block used a GTR + I 
model.  The Commelina, Murdannia, and Tradescantia blocks used separately parameterized 
GTR + Γ + I models.  All bootstrapping was conducted with 100 replicates. 

Third, a Bayesian analysis was conducted in MrBayes (version 3.1.2, Huelsenbeck and 
Ronquist 2001, Ronquist and Huelsenbeck 2003) for each data set.  5S NTS data sets were 
analyzed using 4 million generations sampled every 100 generations, with a discarded burnin of 
400,000 generations (10% of the run, after the cumulative posterior probabilities of split 
frequencies had stabilized, see below) and a GTR + Γ + I model.  The chain was stopped when 
the average standard deviation of split frequencies (between two parallel chains) was less than 
0.01 (Ronquist et al. 2005), and cumulative posterior probabilities of split frequencies had 
stabilized.  The trnL-trnF data set was run for 5 million generations, because the standard 
deviation of split frequencies was > 0.02 at 4 million generations, with all other parameters 
identical to the 5S NTS Bayesian analysis.  The online program Are We There Yet (AWTY) was 
used to evaluate the stability of the chains (Wilgenbusch et al. 2004). 
Combining data partitions 

 Two criteria were used to determine whether to combine data partitions.  First, an 
incongruence length difference test (ILD) was used, which compares the length of the most 
parsimonious trees from two data partitions (Farris et al. 1995).  ILD tests were conducted in 
PAUP for each 5S NTS block of taxa (Callisia, Commelina, Cyanotis, Murdannia, and 
Tradescantia) with 1000 replicates (HomPart command).  However, formal congruence tests 
measure any level of incongruence, even weakly supported incongruence (Wiens 1998; see, e.g., 
Taylor and Hellberg 2005, but see Bull et al. 1993, Cunningham 1997).  Therefore, phylogenies 
from separate data partitions were also compared manually.  Separate analyses were conducted 
for each DNA region, and the resulting phylogenies were examined for strongly supported areas 
of conflict (Wiens 1998).  If there was little or no strongly supported conflict between data 
partitions, then the partitions might profitably be combined, and the combined data set could be 
analyzed to maximize the amount of phylogenetic resolution (Eernisse and Kluge 1993, Kluge 
1997, Kluge 1998). 

A combined alignment with both regions for all taxa involved a single alignment for 
trnL-trnF and �blocking� as described above for 5S NTS, such that blocks were treated as 
nonoverlapping characters.  For the combined data partition, a TrN + Γ + I model was chosen 
and a heuristic search with a single replicate, random addition sequences, TBR branch swapping, 
and a starting tree generated by stepwise addition was used to search for the tree.  Bootstrap 
values were generated using maximum likelihood with 100 replicates.  Because the likelihood 
surface was flat (the search reached the most likely tree after ~ 25 hours, but continued to search 
for 544 total hours), each bootstrap replicate was stopped after ~ 50 hours, about 2 x the amount 
of time necessary to reach the most likely tree in the full likelihood analysis.  Maximum 
parsimony and maximum likelihood phylogenetic hypotheses were generated using PAUP 
version 4.0b10 for Unix (Swofford 1993). 

A Bayesian analysis was conducted in MrBayes (version 3.1.2, Huelsenbeck and 
Ronquist 2001, Ronquist and Huelsenbeck 2003) for the combined data set using 4 million 
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generations sampled every 100 generations, with a discarded burnin of 400,000 generations 
(10% of the run, after the cumulative posterior probabilities of split frequencies had stabilized).  
A GTR + Γ + I model was used with parameters estimated separately for the two data 
partitions:trnL-trnF and 5S NTS.  The chain was stopped when the average standard deviation of 
split frequencies (between two parallel chains) was less than 0.01 (Ronquist et al. 2005), and 
cumulative posterior probabilities of split frequencies had stabilized.  The online program Are 
We There Yet (AWTY) was used to evaluate the stability of the chains (Wilgenbusch et al. 
2004). 
Character coding 

Phenotypic characters were recorded from the literature, from personal communication 
with experts, and from personal observations (Table 15, sources listed in Appendix C).  Invasive 
species were classified as such based on their presence on government and nonprofit lists (e.g. 
USDA 2002, see Appendix C, Table 27).  Weediness was also based on expert opinion, and 
species were classified as weedy based on their presence on weed lists (e.g. GCW 2004), and 
weedy species were predicted to be more likely to become invasive. 

Invasive species were predicted to be more likely to be self-compatible than expected by 
chance (Baker 1974).  Data on self-compatibility was gathered primarily from the literature (see 
Appendix C, Table 27).  However, if information on self-compatibility was unavailable from the 
literature, and live plant material was available, I conducted pollinator exclusion studies to 
determine self-compatibility.  Flower buds were enclosed in mesh bags and plants that produced 
seeds without pollination were considered self-compatible (~30 flowers/species, seed Appendix 
C, Table 27 for sample sizes).  Note that this method can only determine if a plant is self-
compatible and cannot determine self-incompatibility.  Some species with known self-
compatibility were also bagged, and results were completely consistent with the literature 
(Appendix C, Table 27).  For species that produced no seeds from autogamous selfing, self-
pollen was applied to ~30 flowers per species, and flowers were bagged and monitored for seed 
production.  Species that produced no seed from these selfed flowers were assumed to be self-
incompatible (see Appendix C, Table 27), although early acting inbreeding depression could also 
produce this pattern.  In addition, Murdannia bracteata was scored as self-compatible because it 
produced copious numbers of seeds in a pollinator-free greenhouse (Burns 2006, Appendix C, 
Table 27).  Commelina welwitschii produced a single fruit in 57 unmanipulated bagged flowers, 
but no fruits in 22 selfed flowers, and was scored as self-incompatible.  Commelina purpurea 
was scored as self-compatible (Owens 1981) in the analyses presented here, although no 
autogamous selfing was observed in the greenhouse (0 out of 30 flowers produced seed) and 
hand-pollinations of self-pollen did not yield seed (0 out of 5 flowers produced seed).  In 
addition, no seed production was observed for plants growing in the greenhouse over several 
years (Burns, personal observation).  Alternative codings with Commelina purpurea coded as 
self-incompatible yield the same results for character association (with significance levels higher 
than those reported here). 

Self-incompatibility was treated as a single trait in this analysis.  However, self-
incompatibility can arise through multiple mechanisms, which are probably not homologus.  For 
example, Pontederiaceae, an outgroup to the Commelinaceae, has a heteromorphic sporophytic 
self-incompatibility system, with styles and stigmas in different morphs found in different 
positions (e.g. Scribailo and Barrett 1991).  The Commelinaceae, on the other hand, exhibit 
homomorphic gametophytic self-incompatibility (Owens 1981), suggesting that self-
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incompatibility in the Commelinaceae and Pontederiaceae have different evolutionary origins.  
As far as I am aware, self-incompatibility in the Commelinaceae is all homomorphic and 
gametophytic (Owens 1981), and therefore analyses for self-compatibility were only conducted 
on ingroup (Commelinaceae) species. 

Scores for several traits were based primarily on the literature.  Species were scored as 
having seed heteromorphism present if different seed types were indicated in the literature (e.g. 
Commelina benhalensis, Hsu 1978, Appendix C, Table 27), or if different seed sizes were 
observed from different types of locules (i.e. dehiscent versus indehiscent locules) (Burns, 
personal observation).  Species were coded as either annual or perennial based primarily on the 
literature (Appendix C, Table 27); species that can exhibit either strategy were coded as annual 
(e.g. Commelina benghalensis, which can behave as either an annual or a perennial, but typically 
behaves as a annual in its introduced range in the southeastern United States, R. B. Faden, 
personal communication).  Species were coded for the presence or absence of vegetative 
reproduction (Appendix C, Table 27).  Vegetative reproduction was considered present if it 
occurs relatively frequently (e.g. a species described as rarely rooting at the nodes would be 
scored as vegetative reproduction absent).  Species were also coded for the presence or absence 
of fleshy capsules and capsule dimorphism based on both the literature and personal observations 
(Appendix C, Table 27). 

Ploidy levels were sometimes reported directly in the literature (e.g. Faden and Suda 
1980) and were inferred from chromosome counts and basal chromosome numbers in other cases 
(e.g. Faden and Suda 1980, IPCN 2005). Chromosome counts were taken from the literature 
(Appendix C, Table 28).  Some chromosome counts were taken from secondary sources (e.g. 
Rao et al. 1970).  Chromosome counts considered by Rao et al. (1970) to be in need of �critical 
reinvestigation� or not verified in their study were not included.  When multiple chromosome 
counts were given per species, the lowest available count was used for comparative purposes.  
Species were scored as either diploid (0) or polyploid (1) for discrete analyses.  Whether or not 
the species exhibited multiple chromosome counts was also used as a predictive trait in some 
analyses. 

Continuous characters included in this study were rate of spread of the species in the 
introduced landscape (Appendix D, Tables 30, 31), autogamous selfing proportion, specific leaf 
area (SLA), relative growth rate (RGR), and seed size.  The rate of a species spread in the 
introduced range was estimated for introduced species as a continuous estimate of invasiveness.  
Rates of spread were estimated from herbarium data for the eastern United States (Appendix C, 
Table 28).  Maximum rate of spread and average rate of spread were estimated for all species for 
which data was available (see Appendix D for additional details of the estimation, including 
repeatabilities, Table 30). 

Autogamous selfing proportions were determined in the greenhouse, using hand-
pollinations (Appendix C, Table 28).  Flowers were bagged in bud and the proportion of flowers 
setting seed was recorded.  Sample sizes varied by availability, and are given in Appendix C 
(Table 28).  Seed size (length in mm) was gathered from floras and other literature sources (e.g. 
Faden 2000, Appendix C, Table 28).  Seed mass was determined on a CAHN Instruments C-31 
microbalance (to the nearest 0.001 mg, Appendix C, Table 28) or from the literature (Appendix 
C, Table 28) and comparative analyses were done on species means.  Specific leaf area is 
calculated as the leaf area divided by its dry mass (Appendix C, Table 28).  Leaf area was 
calculated for the most recently expanded leaves (n = 3 per species) using a leaf area meter (CI-
201, CID, Inc., 4845 NW Camas Meadows Drive, Camas, WA  98607) to 0.01 cm.  Leaves were 
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then dried in a drying oven (Grieve at 55 degrees C) for at least 7 days and weighed on a Fisher 
Scientific XD-2KD balance to 0.001 g.  All leaves for this analysis were harvested from plants 
grown under uniform conditions in the greenhouse.  Previous studies have demonstrated that 
there is very little plasticity in SLA and that differences among congeneric pairs (invasive vs. 
noninvasive) are maintained across experimental treatments (Burns and Winn 2006).  Relative 
growth rate was calculated on a natural log scale (ln(g)/ln(g)/d), as in Chapters 1 and 2 (see 
Burns 2004, 2006), for plants grown under high water and nutrient availability (Appendix C, 
Table 28). 

Two measures of introduction history were also recorded.  An index of propagule 
pressure was generated by counting the number of introduction sources for a given species (e.g. 
number of nurseries carrying the species).  Detailed references for each of these introduction 
sources are given in Appendix C, Table 27).  Since this index does not measure actual number of 
propagules (e.g. seeds) introduced, it is likely to drastically underestimate actual propagule 
pressure, but is expected to be correlated with propagule pressure.  I also recorded the date of 
first introduction of a species, if such a date was available in the literature (see Appendix C, 
Table 28).  If no date was available from literature sources, I recorded the date of first 
occurrence, as suggested by herbarium records (see Appendix D for a list of herbaria sampled).  
The date of first occurrence underestimates the date of first introduction, but again is expected to 
be correlated with first introduction. 
Character analysis 

 Analyses were conducted both with and without incorporating phylogeny in order to 
determine whether taking relatedness into account influences the statistical results.  All analyses 
were conducted in SAS (SAS Version 9.1, SAS Institute, Cary, North Carolina, USA) unless 
otherwise stated.  In a non-phylogenetic framework, I tested for an association between 
invasiveness, coded as a binary character, and discrete traits using Fisher�s exact test (Fisher 
1935, PROC FREQ, SAS).  I also tested for associations between several continuous predictor 
traits (date of first introduction, chromosome count, seed length, capsule length) and a 
continuous measure of invasiveness, rate of spread (PROC REG, SAS).  Many traits had 
inadequate sample sizes for regression, and were not used in these analyses (see Table 15 for full 
list of traits).  Finally, I tested for an association between continuous predictor variables (e.g. 
autogamous selfing proportion) and invasiveness as a binary trait using logistic regression 
(PROC LOGISTIC, SAS). 

Associations between discrete traits were also tested in a phylogenetic context using 
Pagel�s (1994) method.  Pagel�s method was used to test whether invasiveness is more likely to 
arise in lineages with particular character states.  Analysis of discrete characters was 
accomplished using a test for correlated character evolution that computes the likelihood of the 
data given either a model with uncorrelated evolution or a correlated model (Pagel 1994).  A 
likelihood ratio test statistic is then tested against a null distribution generated by simulation with 
100 replicates.  Pagel�s method was implemented in Mesquite (Version 1.11 for OSX, Java 1.5, 
Maddison and Maddison 2006a).  Since Pagel�s method (1994) can only be calculated when all 
taxa have known character states, phylogenies were trimmed to contain only taxa with known 
character states.  Thus different trait comparisons have different sample sizes. 
 Ancestral states were estimated using maximum likelihood (Schluter et al. 1997, 
Maddison and Maddison 2006b) over all possible reconstructions, weighed by their likelihood 
(Pagel 1994).  Thus results were not dependent upon a single ancestral state reconstruction.  The 
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reconstruction of ancestral states may be very difficult in cases where the evolution of the trait in 
question is directional (Webster and Purvis 2002), so analyses not depending upon a single 
reconstruction are perferred.  Results of the Pagel analysis are dependent on the assumption that 
the phylogeny was estimated accurately (Pagel 1994).  Polytomies were resolved in a way that 
minimized the number of independent evolutionary origins of a trait (e.g. to generate a 
conservative test), following previous results (Evans et al. 2003), or maximized the monophyly 
of genera.  For example, for testing the relationship between vegetative reproduction and 
invasiveness, the Dichorisandra hexandra/D. thyrsiflora/Siderasis fuscata clade was resolved to 
make Dichorisandra monophyletic, and a branch length of 1.0 was assigned arbitrarily to the 
resulting branches leading to each Dichorisandra (Pagel94: D = 8.56, P < 0.01).  Alternate 
reconstructions yielded the same results (Pagel94: D = 8.55, P < 0.01; D = 8.63, P < 0.01).  
Wherever necessary, branches of length 0 were assigned an arbitrary length of 1. 

Software incorporating phylogeny in tests of associations between a continuous predictor 
trait (e.g. autogamous selfing proportion) and a binary response variable (e.g. invasiveness) in a 
single analysis package have not yet been developed (A. Ives, J. Pienaar, personal 
communication).  Therefore logistic regressions taking phylogeny into account were generated 
using a combination of programs.  Phylogenetically independent contrasts were generated for 
continuous traits in Mesquite�s PDAP package (Midford et al. 2005, Maddison and Maddison 
2006a).  I also checked for a correlation between the absolute values of standardized contrasts 
and their standard deviations (square roots of sums of corrected branch lengths) (Garland et al. 
1992, Dίaz-Uriarte and Garland 1996, 1998).  No significant correlation was found for any set of 
contrast values, and the distributions of values along the Y (contrast) axis were approximately 
half-bell shaped (Midford et al. 2005), so untransformed branch lengths were used in all cases.  
Autogamous selfing rate was natural log transformed before contrasts were calculated.  All other 
variables used in logistic regression were well-distributed and not transformed for these analyses. 

Contrasts for the binary response variable �invasiveness� were done by hand, with 
maximum likelihood reconstructions of the ancestral states done in Mesquite (Version 1.11 for 
OSX, Java 1.5, Maddison and Maddison 2006a).  Reconstructions were assigned a state if the 
proportional likelihood for that reconstruction was ≥ 0.80 (approximately 2 log likelihoods 
different).  Contrasts were eliminated from consideration if state could be unambiguously 
assigned to one of the nodes in the contrast. 

The sign of the change in the independent variable, x, is arbitrary.  Garland et al. (1992) 
recommend �positivizing� the x-axis for consistent presentation of the data.  Thus ∆x is 
presented as -∆x in some cases (and in that case, ∆y is also presented as -∆y).  If ∆x is equal to 0, 
then the sign of ∆y is arbitrary (Garland et al. 1992).  So, where there were both negative and 
positive values of ∆x, analyses were conducted for both -∆y and ∆y.  In no case did 
positivization of the data influence the interpretation of the results, so only a single result is 
shown.  A logistic regression was conducted on the contrasts (PROC LOGISTIC, SAS) 
regressed through the origin (Felsenstein 1985, Garland et al. 1992). 

Because there were no robust associations between continuous traits and the rate of 
spread of invasive species (see Results), no phylogenetically corrected tests were conducted for 
these traits (date of first introduction, chromosome count, seed length, capsule length). 
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Results 

Alignment 

 The 94-sequence (90 species) alignment for trnL-trnF contained 818 characters, 225 bp 
of which were parsimony-informative.  The 9-sequence (9 species) alignment for 5S NTS for 
Callisia/Gibasis/Tripogandra contained 230 bp, 103 of which were parsimony-informative.  The 
34-sequence (24 species) alignment for 5S NTS for Commelina/Pollia contained 655 bp, 300 of 
which were parsimony-informative. The 5-sequence (5 species) alignment for 5S NTS for 
Cyanotis/Tinantia contained 307 bp, 18 of which were parsimony-informative. The 8-sequence 
(7 species) alignment for 5S NTS for Murdannia/Pollia contained 467 bp, 194 of which were 
parsimony-informative. The 19-sequence (17 species) alignment for 5S NTS for 
Tradescantia/Tripogandra contained 376 bp, 148 of which were parsimony-informative.  A 
combined alignment contained 105 taxa (88 species), including 20 outgroups and redundancies.  
Redundancies were eliminated from subsequent analyses, as described above, for a total of 68 
ingroup species in subsequent analyses (70 sequences).  The combined alignment contained 2742 
characters, 972 of which were parsimony-informative. 
Phylogenies 
trnL-trnF.  Parsimony analyses were qualitatively similar to maximum likelihood analyses and 
are not presented here.  A maximum likelihood phylogeny based on trnL-trnF sequence (Fig. 12) 
shows the Commelinaceae to be monophyletic, with bootstrap support of 99%.  Most genera as 
currently defined were also monophyletic, mostly with bootstrap support greater than 80%.  
Murdannia, Commelina, Pollia, Cyanotis, Tradescantia, and Gibasis were all monophyletic in 
this analysis, and Callisia was paraphyletic.  The two major tribes Commelineae and 
Tradescantieae were mostly supported in this analysis, with the exceptions of Palisota albertii 
and Spatholirion longifolium, which are putative members of the Tradescantieae, and were 
placed near the base of the Commelineae, with bootstrap supports of 54 and 67%, respectively 
(Fig. 12). 
5S NTS.  A maximum likelihood phylogeny of Commelina using the 5S NTS data set found that 
Commelina was strongly monophyletic with respect to Pollia (Fig. 13).  Multiple copies of 5S 
NTS yielded monophyletic species with high bootstrap support (≥ 97%, Fig. 13), with the 
exception of Commelina communis, which was not monophyletic in the most likely tree (Fig. 
13), and was monophyletic in the baseyian analysis with only 60% baseysian posterior 
probability (analysis not shown).  In addition, there was no sign of bimodality for 5S NTS in the 
paired differences in genetic distance between sequences, suggesting that either there were not 
multiple, paralogous copies of 5S NTS sequences or that there were too many to distinguish a 
signal of multiple copies (analysis not shown; see e.g. Mitchell and Wen 2005).  All sequences 
within an alignment were treated as homologous, and a single copy of 5S NTS was used in 
subsequent analyses. 
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Fig. 12.  A single ML tree resulted from ML analysis for the trnL-trnF data partition.  The tree had a likelihood 
score of 4708.36594.  Maximum likelihood bootstrap values are shown above the node (n = 100) and bayesian 
posterior probabilities are shown below the node (4 million generations, 10% burnin discarded). 
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 Within an analysis of Callisia, Gibasis, and Tripogandra, Gibasis was strongly supported 
as monophyletic (Fig. 14).  However, the relationships among Gibasis and the various Callisia 
species sampled were all poorly supported and mostly unresolved.  A maximum likelihood 
analysis of 5S NTS for Cyanotis found strong support for the (C. somaliensis + C. speciosa) + C. 

repens relationship (Fig. 15).  Similar analyses of Murdannia found strong support for a close 
relationship between Murdannia bracteata and M. nudiflora, and strong support for M. keisak as 
sister to the remaining Murdannia species sampled (Fig. 16).  Relationships among the 
Tradescantia were also partly resolved by 5S NTS.  A Tradescantia x andersoniana, T. 

hirsutiflora, T. occidentalis, T. roseolens, and T. ohiensis clade had 84% bootstrap support, and a 
T. buckleyi, T. pallida, and T. brevifolia clade had 86% bootstrap support (Fig. 17).  A T. 

fluminensis and T. blossfeldiana clade was supported by a 100% baseysian posterior probability 
(Fig. 17). 

 
Fig. 13.  Maximum likelihood phylogeny for 5S NTS with multiple copies for some Commelina species.  Pollia was 
used as an outgroup.  Two trees were found with a likelihood of 5720.12799.  The second equally likely tree was 
very similar, and also did not place Commelina communis in a well-supported clade.  Maximum likilihood bootstrap 
values are shown above the branch (100 replicates) and bayesian posterior probabilities below (for 4 million 
generations, with the first 10% discarded). 
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Fig. 14.  Single Callisia/Gibasis phylogeny based on 5S NTS, with a score of 1489.77409, generated using 
maximum likelihood with ML bootstrap values above the branch (100 replicates) and bayesian posterior 
probabilities below (for 4 million generations, with the first 10% discarded). 

 
Fig. 15.  Cyanotis phylogeny using 5S NTS and maximum likelihood search algorithm with a likelihood score of 
906.23239 with ML bootstrap values above the branch (100 replicates) and bayesian posterior probabilities below 
(for 4 million generations, with the first 10% discarded). 

 
Fig. 16.  The single ML phylogeny of Murdannia for the 5S NTS data set with a score of 2476.77682 and ML 
bootstrap values above the branch (100 replicates) and bayesian posterior probabilities below (for 4 million 
generations, with the first 10% discarded). 

 
Fig. 17.  Maximum likelihood phylogeny (of three equally likely phylogenies) of Tradescantia with a score of 
2370.30696, ML bootstrap values above the branch (100 replicates), and bayesian posterior probabilities below (for 
4 million generations, with the first 10% discarded). 
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Analysis of conflict between cpDNA and nuDNA 

 The chloroplast region (trnL-trnF) and the nuclear region (5S NTS) yielded resolution at 
different levels of the phylogeny.  5S NTS appeared to evolve much more quickly, and yielded a 
higher proportion of variable sites (64%) than did trnL-trnF (41%).  5S NTS was so variable that 
alignments could not reliably be made across the Commelinaceae, and separate alignments were 
made, as described in the methods.  In general, trnL-trnF yielded better resolution at higher 
nodes (Fig. 12), while 5S NTS yielded better resolution at the tips (e.g. Figs. 13-17).  Due to this 
difference in the rate of evolution in the two regions, there was very little well supported conflict 
between phylogenies generated by the two data sets.  That does not mean that there would be no 
conflict between chloroplast and nuclear gene trees for these taxa if they were well resolved, but 
merely that there was minimal evidence for such conflict in this data set. 
 The incongruence length difference (ILD) tests were significant for two taxonomic 
groups.  The tree lengths differed for Murdannia phylogenies (ILD: 1000 replicates, P < 0.01) 
and for Commelina phylogenies (ILD: 1000 replicates, P = 0.01) generated using trnL-trnF and 
5S NTS.  Data partitions did not yield different length phylogenies for Cyanotis ILD: 1000 
replicates, P > 0.25), Callisia (ILD: 1000 replicates, P > 0.05), or Tradescantia (ILD: 1000 
replicates, P > 0.25). 
 There were a few conflicts between data sets in the Commelineae.  The 5S NTS data set 
suggests that Murdannia acutifolia is sister to M. simplex with 89% bootstrap support (Fig. 16) 
while trnL-trnF suggests that M. acutifolia is sister to a M. simplex, M. nudiflora, M. bracteata 
clade, which has 62% bootstrap support (Fig. 12).  The Commelina genus was supported by both 
data sets, with 99% bootstrap support in the 5S NTS data set (Fig. 13) and 66% bootstrap support 
in the trnL-trnF data set (Fig. 12).  There was no well-supported conflict (bootstrap values > 
70% for conflicting resolutions) between the two data sets within the Commelina, in spite of the 
significant ILD test. 
 There was no conflict between data sets within the Tradescantieae (Figs. 12,15).  
Tradescantia was monophyletic with 88% bootstrap support in the trnL-trnF data set (Fig. 12).  
Callisia was not monophyletic in either separate analysis (Figs. 12,14), with very little bootstrap 
support for the arrangement among Tradescantia, Callisia, and Gibasis.  Gibasis was 
monophyletic in both analyses, with 100% bootstrap support in the 5S NTS analysis (Fig. 14), 
and 80% bootstrap support in the trnL-trnF analysis (Fig. 12).  Due to the minimal conflict 
between data sets, comparative analyses were based on the combined phylogeny. 
Combined analysis 

 The combined phylogenetic analysis generally agrees with the separate analyses (Fig. 
18).  Most genera are monophyletic in this analysis with: Murdannia 86% bootstrap support (bs), 
Commelina with 70% bs, Pollia with 100% bs, Cyanotis with 100% bs, Tradescantia with 91% 
bs, and Gibasis with 79% bs.  Callisia is polyphyletic with the Gibasis + Tradescantia clade 
(Fig. 18). 
 The major tribes are mostly well supported in this analysis, with members of the 
Tradescantieae: including Weldinia, Thyrsanthemum, Tripogandra, Tradescantia, Gibasis, 
Callisia, Tinantia, and Cyanotis forming a well-supported (94% baysian posterior probability) 
clade (Fig. 18).  Members of the Commelineae also formed a well-supported clade: Pollia, 
Commelina, Murdannia (80% baysian posterior probability), with members of the 
Tradescantieae, Spatholirion and Palisota, placed sister to that clade. 
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Fig. 18.  Phylogenies generated using maximum likelihood for a combined data set with trnL-trnF and 5S NTS for 
68 species of Commelinaceae, using Haemodoraceae, Philadraceae, and Potenderiaceae as outgroups.  There were 
two equally likely trees with a score of 15756.25726.  ML bootstrap values (n = 100) are shown above the branchnes 
and Bayesian posterior probabilities (4 million generations, sampled every 100 generations, with the first 10% 
discarded as burnin) are shown below the branches.  Invasive taxa are coded with closed circles and noninvasive 
species with open circles at the tips.  A maximum likelihood ancestral state reconstruction suggested that self-
compatibility evolved from a self-incompatible ancestor (although with considerable uncertainty).  Self-
compatibility probably arose at least three times in the family, at the nodes indicated. 
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Measures of invasiveness 

Fig. 19.  The rate of spread of an invasive species in the novel range is a continuous trait.  Maximum rate of spread 
(in km/yr) was calculated as given in Appendix D. 

 
 
 
 
 In order to determine whether invasive species vary in their rate of spread, I also 
measured invasiveness as a continuous character.  Invasiveness was measured both as a discrete 
trait, a species is either invasive or not, or as a continuous trait.  Species were classified as 
invasive based on invasive species lists for the discrete classification.  However, within the 
(discrete) category �invasive� species, there was considerable variation in the rate of spread (Fig. 
19) and invasive species had faster rates of spread than noninvasive species, suggesting 
consistency between the discrete and continuous measures of invasiveness, but considerable 
variation in degree of invasiveness. 
Discrete trait relationships 

Composite trait.  Weediness is a subjective measure of the ecological behavior of a 
species, and is significantly associated with invasiveness.  Invasive species are significantly more 
likely to be weedy than are noninvasive species (Tables 17,18), which is consistent with the 
invasion of Commelinaceae into mostly disturbed habitats (habitats associated with weeds). 

Biological traits.  A number of biological traits are also associated with invasiveness, 
measured as a binary trait.  Invasive species are more likely to be annual than are noninvasive 
species (Tables 17,18), though there are many perennial invasive species (7 out of 12: Table 18). 
 Noninvasive species are about equally likely to be self-compatible or self-incompatible (SC: 18, 
SI: 14), but clades with self-compatible taxa were more likely to give rise to invasive species 
than self-incompatible clades (Table 19, P < 0.01).  Annuals are also more likely to be self-
compatible than perennials; 7 out of 7 annual species are self-compatible, while 23 out of 44 
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perennial species are self-compatible (Table 19, P < 0.01).  All 12 of the invasive species have 
vegetative reproduction, and are capable of rooting at the nodes (Tables 17).  This is consistent 
with the prediction that invasive species are more likely to reproduce vegetatively (Table 19, P < 
0.01), though not all species that have vegetative reproduction become invasive.  Among the 7 
species known to have heteromorphic seeds, 5 are invasive (Table 18).  Among the species that 
do not have heteromorphic seeds, only 4 are invasive and 13 are not invasive (Table 18), 
consistent with the prediction that species with seed heteromorphism are more likely to become 
invasive than are species without seed heteromorphism (Table 19, P < 0.01). 

 
 
 
 

Table 18.  Summary of numbers of taxa with particular traits. 
Character state Invasive Noninvasive 
Composite: weediness   

Weedy  12 12 
Not weedy 0 30 

Life history   
Annual 5 2 
Perennial 7 39 

Mating system   
Self-compatible 10 18 
Self-incompatible 2 14 

Vegetative reproduction   
Vegetative reproduction present 12 17 
Vegetative reproduction absent 0 24 

Dispersal strategies   
Heteromorphic seeds 5 2 
Seeds not heteromorphic 4 13 
Capsule dry 10 17 
Capsule fleshy 0 2 
Capsule dimorphic 4 1 
Capsule monomorphic 6 15 

Genetic attributes   
Diploid 5 5 
Polyploid 3 8 
Single ploidy level 2 18 
Multiple ploidy levels 7 14 

 
 
 
 

Several other traits are not significantly associated with invasiveness.  Invasives are also 
unlikely to have fleshy capsules (Table 18), though the sample size for fleshy capsules is too 
small to draw any statistical conclusions (Table 19, P = 0.14).  Species with dimorphic capsules 
are more likely to become invasive than monomorphic species (Table 18), though this result is 
only significant in tests not taking phylogeny into account (Table 19).  Invasive species are 
slightly more likely to be diploid than are noninvasive species (Table 18), though this result is 
not significant (Table 19, P = 0.59). 
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Table 19.  Results of Pagel (1994) simulations testing for associations between the evolution of discrete traits and 
invasiveness.  A likelihood ratio test statistic was tested against a null distribution generated by simulation with 100 
replicates (Mesquite Version 1.11 for OSX, Java 1.5, Maddison and Maddison 2006a).  See Table 18 for sample 
sizes. Comparisons presented here were not corrected for multiple comparisons, as they most often represent 
separate hypotheses.  However, since there were many hypotheses, caution should be used in interpreting the results. 
 Tests with Phylogeny Without 

phylogeny 
 Tests on primary maximum likelihood phylogeny Alternate 

reconstructions 
 

Independent variable Dependent L 4a L 8b Difference P-
value 

Difference, P-
value 

P-valuec 

Weediness Invasiveness -
64.26 

-
52.43 

11.83 
 

<0.01 D = 11.93, P < 
0.01,  

D = 11.91, P < 
0.01 

< 0.001 

Life history Invasiveness -
46.06 

-
43.08 

2.98 0.01 D = 3.15, P = 
0.01,  

D = 3.18, P = 
0.02 

0.001 

Mating system        
Self-
compatibility 

Invasiveness -
52.73 

49.14 3.60 0.01 D = 3.60, P = 
0.02 

0.16 

Life history Self-
compatibility 

-
48.88 

-
44.75 

4.13 0.02 D= 3.85, P = 
0.01;  

D = 4.06, P < 

0.01 

0.03 

Vegetative reproduction Invasiveness -
57.75 

-
49.19 

8.56 <0.01 D = 8.55, P < 
0.01,  

D = 8.63, P < 
0.01 

< 0.001 

Dispersal Strategies        
Seed 
heteromorphism 

Invasiveness -
27.61 

-
24.64 

2.97 0.06 D = 2.97, P = 
0.08 

0.06 

Dry capsule Invasiveness -
21.06 

-
20.53 

1.07 0.14 D = 0.95, P = 
0.12,  

D = 1.05, P = 
0.16 

0.53 

Dimorphic 
capsule 

Invasiveness -
29.82 

-
28.42 

1.40 0.24 D = 1.39, P = 
0.16,  

D= 1.35, P + 
0.19 

0.05 

Genetic attributes        
Ploidy Invasiveness -

26.59 
-

25.98 
0.61 0.63 D = 0.61, P = 

0.55 
0.39 

Chromosome 
polymorphism 

Invasiveness -
50.83 

-
49.82 

0.95 0.65 D = 1.52, P = 
0.36,  

D = 0.96, P = 
0.54 

0.13 

a L 4 = negative log likelihood of a 4 parameter model (no correlation between the evolution of traits), b L 8 = 
negative log likelihood of a 8 parameter model (correlation between the evolution of traits).  cFisher�s exact test on 2 
x 2 contingency tables, with two-tailed p-value, without correction for phylogeny, for the purpose of comparison. 
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Continuous relationships 

Biological traits.  Only two continuous biological traits were associated with 
invasiveness in tests not incorporating phylogeny (Table 20).  High rates of autogamous selfing 
increased the probability that a species would become invasive (Table 20, Fig. 20a), consistent 
with the prediction that reproductive assurance enhances colonization ability.  However, this 
relationship was not robust in tests incorporating phylogeny (Table 20).  High specific leaf area 
was marginally associated with the ability to invade in tests without phylogeny (Table 20, Fig. 
20c), consistent with predictions that invaders would have higher relative growth rates and 
thinner leaves, but was not significant in tests on contrasts (Table 20, Fig. 20d).  Note that 
sample sizes were different for phylogenetically naive tests and tests incorporating phylogeny 
(Table 20).  This is a result of eliminating contrasts for which invasiveness could not be assigned 
with greater than 80% likelihood. 

There was also a single biological trait that was not signficant in phylogenetically naive 
tests, but was marginally significant in tests incorporating phylogeny.  Lower chromosome count 
was not associated with the binary invasiveness score in tests that did not incorporate phylogeny, 
but was marginally significant in tests incorporating phylogeny (Table 20, Fig. 20i-j).  The 
association between chromosome counts and invasiveness is consistent with the prediction that 
invasives would have smaller genome sizes.  The difference between phylogenetically naive tests 
and tests incorporating phylogeny may occur because there is a strong signal of relatedness for 
chromosome count, which has been used a character for taxonomy in this group (Faden and Suda 
1980).  Lower chromosome counts were also significantly associated with higher rates of spread 
in the introduced range (Table 21, Fig. 22b).  This relationship was not robust to the removal of 
Gibasis pellucida (P= 0.21, R2 = 0.21, slope = -1.02, n = 9). 

There were a number of other continuous biological traits that were not significantly 
associated with invasiveness.  Measures of seed size were not associated with invasiveness in 
tests with or without phylogeny (Table 20), but the direction of the difference in seed size was 
for invasive species to have smaller seeds (Fig. 20e-h).  The coefficient of variation in seed size, 
which was expected t o be associated with invasiveness if seed size variation is adaptive in 
disturbed or novel habitats, was not significantly associated with invasiveness (Table 20).  
However, the means were in the expected direction, with invasive species having a higher CV 
(42) than noninvasive species (30).  Sample sizes for this trait were also fairly low (n = 18).  The 
number of seeds per fruit was also not significantly associated with invasiveness (Table 20), in 
spite of the expectation that the invasive species would have more seeds per fruit, either as a 
correlate of small seed size or higher fecundity.  However, the means were in the opposite 
direction that I predicted, with invasive species averaging 5.0 seeds per fruit (±0.8 SE) and 
noninvasive species averaging 7.6 seeds per fruit (±1.1 SE ).  There was also a nonsignificant 
tendancy for species with faster spread in the introduced range to have smaller seed and capsule 
size (Table 21, Fig. 22c,d). 
 
 
Fig. 20.  Mean raw values and contrasts for biological attributes of invasive and noninvasive species.  Contrasts are 
�positivize� (sensu Garland et al. 1992) and contrasts of �1� indicate a change in invasiveness between nodes, and a 
contrast of �0� indicates no change in invasiveness.  Traits shown are autogamous selfing proportion (a,b), specific 
leaf area (SLA, c,d), seed mass (e,f), seed length (g,h).  Error bars are standard errors.  Note that the axes are on 
different scales for phylogenetically naive means and means of contrasts. 



 

 83

 
 

0

0.2

0.4

0.6

0.8

1

Invasive Noninvasive

A
u
to

g
a
m

o
u
s
 p

ro
p
o
rt

io
n

(a)

0

100

200

300

400

500

600

700

Invasive Noninvasive

S
L
A

 (
c
m

2
/g

)

(c)

0

1

2

3

4

5

6

7

Invasive Noninvasive

S
e
e
d
 m

a
s
s
 (

m
g
)

(e)

1.5

2

2.5

3

Invasive Noninvasive

S
e

e
d

 l
e

n
g

th
 (

m
m

)

(g)

-10

0

10

20

30

40

50

60

01

Invasiveness contrast

(d)

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

01

Invasiveness contrast

(f)

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

01

Invasiveness contrast

(h)

-4

-2

0

2

01

Invasiveness contrast

(j)

0

5

10

15

20

25

30

35

Invasive Noninvasive

C
h
ro

m
o
s
o
m

e
 c

o
u
n
t

(i)

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

01

Invasiveness contrast

(b)



 84

Table 20.  Logistic regressions on raw data and phylogenetic contrasts for invasive and noninvasive taxa were 
computed as described in the text.  Logistic regression on contrasts were conducted without an intercept.  Degrees of 
freedom were 1 for all tests.  Variables not included had insufficient sample sizes to conduct the test.  Comparisons 
presented here were not corrected for multiple comparisons, as they most often represent separate hypotheses.  
However, since there were many hypotheses, caution should be used in interpreting the results. 
 Without phylogeny With phylogeny 
Source Est. χ2 P-

valuea 
N Inv. Est. χ2 P-

valuea 
N Inv. 

Autogamous selfing (%) - 4.19  
(±1.44) 

8.49 < 0.01 43 High -0.40 
(±1.13) 

0.12 0.73 36 High 

SLA (cm2/g) -0.003 
(±0.002) 

3.41 0.06 45 High -0.01  
(±0.01) 

0.83 0.36 27 NAb 

Seed mass (mg) 0.09 
(±0.15) 

0.34 0.56 20 NA 1.86  
(±2.34) 

0.63 0.43 9 NA 

Seed length (mm) 0.21 
(±0.46) 

0.20 0.65 26 NA -9.84  
(±7.69) 

1.64 0.20 15 NA 

CV seed mass -0.02 
(±0.02) 

1.00 0.32 18 NA NA NA NA NA NA 

Seeds per fruit 0.27 
(±0.23) 

1.31 0.25 40 NA -0.25 
(±0.46) 

0.29 0.59 21 NA 

Minimum chromosome 
count 

0.03 
(±0.02) 

1.72 0.19 45 Low 0.44  
(±0.24) 

3.50 0.06 30 Low 

Propagule pressure -0.13 
(±0.06) 

3.78 0.05 57 High -0.19  
(±0.28) 

0.50 0.48 43 High 

Date 0.002 
(±0.011) 

0.02 0.89 14 NA NA NA NA NA NA 

a P-values and the direction of the difference for invasive species are in bold for significant (P < 0.05) and 
marginally significant (0.10 > P > 0.05) tests.  b NA = not applicable, e.g. if there was no apparent difference or if 
sample sizes were too low to conduct the test. 

Fig. 21.  Mean raw values and contrasts for historical factors influencing invasive and noninvasive species.  
Contrasts are as in Fig. 20.  Traits shown are (a) date of first introduction (or known occurrence) and (b,c) propagule 
pressure.  Contrasts could not be shown for date of first introduction because ancestral state reconstructions were 
ambiguous, and contrasts for invasiveness yielded only �0� values; therefore there was no comparison group.  Error 
bars are standard errors. 
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 Introduction history.  Both measures of introduction history were associated with some 
measure of invasiveness.  Propagule pressure is an index counting the number of potential 
introduction sources for a species (e.g. number of nurseries selling the species: Appendix C, 
Table 27).  Values for propagule pressure ranged from one to 26.  There was an association 
between propagule pressure and the probability of becoming invasive (Table 20, Fig. 21b), with 
species having higher indices of propagule pressure being more likely to invade.  This 
relationship was no longer significant in logistic regressions taking phylogeny into account 
(Table 20). 
 There was not an association between time of introduction and invasion success (Table 
20), although there was a tendency for species to spread more quickly if they have been in the 
introduced range longer (Table 21, Fig. 22a).  The relationship between date of first introduction 
and average rate of spread was not robust to the removal of the apparent outlier species, Gibasis 

pellucida (left most point in Fig. 22a).  After removing G. pellucida, the relationship between 
date and rate of spread was no longer significant (P = 0.13, R2 = 0.29, Slope = -26.4, n = 9). 
 
 
 
 
Table 21. Regressions with continuous traits used to predict invasiveness (average rate of spread in the introduced 
range).  All variables were natural log transformed, except for SLA, which was square-root transformed.  Only 
variables with a minimum sample size of 8 were analyzed. 
Source DF Estimate Standard 

error 
t-value P-

valuea 
R2 N Values associated 

with invasiveness 
Autogamous selfing 
proportion 

1 0.13 0.50 0.27 0.80 0.01 8 NA 

SLA (cm2/g) 1 -0.02 0.15 -0.11 0.91 < 0.01 9 NA 
Seed length (mm) 1 -0.70 0.76 -0.93 0.39 

 
0.13 8 Small 

Capsule length 1 -1.19 0.936 -1.28 0.25 0.21 8 Small 
Minimum 
chromosome count 

1 -1.67 0.706 -2.37 0.04 0.41 1
0 

Low 

Seeds per fruit 1 -0.55 1.00 -0.55 0.60 
 

0.04 9 NA 

Date 1 -30.66 8.51 -3.60 0.01 0.62 1
0 

Old 

a P-values and the direction of the difference for invasive species are in bold for significant (P < 0.05) and 
marginally significant (0.10 > P > 0.05) tests.   
 
 
 
 

Discussion 

 This study has generated a molecular phylogeny of species in the Commelinaceae, with 
an emphasis on the comparative biology of invasive species.  The phylogeny is mostly consistent 
with previous taxonomic and phylogenetic work in the family.  There are a number of traits that 
were consistently associated with invasiveness, including both biological attributes and historical 
factors.  In addition, information from the phylogeny does inform the interpretation of the trait 
associations.  These relationships are discussed in more detail below. 
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Phylogeny of Commelinaceae 

Branch lengths on the phylogenies were uneven, suggesting that the branch lengths are 
poorly estimated.  However, relationships among taxa are generally consistent with taxonomy 
and previous molecular phylogenetic work (Hunt 1980, Faden and Hunt 1991, Evans et al. 
2003). 
 
 
 
 

 

 
Fig. 22.  Relationships between continuous traits and rate of spread, without correction for phylogeny.  (a) The 
average rate of spread in the introduced range for ten species (Callisia fragrans, Commelina benghalensis, 
Commelina communis, Gibasis pellucida, Murdannia keisak, Murdannia nudiflora, Tradescantia fluminensis, 
Tradescantia pallida, Tradescantia spathacae, Tradescantia zebrina), as a function of their date of first introduction 
(or first recorded occurrence).  Species that have been in the introduced range longer have also spread more quickly. 
 Regression was done for natural log transformed variables, though raw data is presented here for clarity of 
interpretation (see also Table 21).  Also shown are the (b) minimum chromosome counts and average rate of spread, 
(c) seed size (length in mm) and average rate of spread, and (d) capsule size (length in mm) and average rate of 
spread.  No regression was robust to the removal of Gibasis pellucida. 
 
 
 
 

I found that the Commelinaceae were a well-supported monophyletic group, consistent 
with previous molecular phylogenetic analysis based on the chloroplast region rbcL (100% 
Bootstrap support: Evans et al. 2003), for a sample involving considerable more species of 
Commelinaceae.  This is also consistent with morphological taxonomic evidence, which has long 
favored the Commelinaceae as a natural grouping (e.g. Faden 1998, Faden and Hunt 1991).  The 
Commelinaceae share involute phylotaxis (mostly), a closed leaf sheath, succulent leaves, 
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deliquescent flowers, and a lack of nectaries, among other characters, which appear to unite them 
morphologically (e.g. Faden 1998, Faden and Hunt 1991, Hardy and Faden 2004).  However, 
morphological evidence has been inadequate to resolve relationships within the family, due to 
significant levels of morphological homoplasy (Evans et al. 2000, Evans et al. 2003). 

Commelinaceae is divided into two subfamilies, the Cartonematoideae, with just two 
genera, Cartonema and Triceratella, and the Commelinoideae, with the remaining 39 genera.  
No members of the Cartonematoideae were sampled in this study.  The two major tribes of the 
subfamily Commelinoideae, Commelineae and Tradescanteae, (Faden and Hunt 1991) are 
mostly strongly supported as such in this study, consistent with Evans et al. (2003).  However, as 
in Evans et al. (2003) the placement of Palisota and Spatholirion, putatively members of the 
Tradescantieae (Faden and Hunt 1991), are not well supported (Fig. 18), although, contrary to 
Evans et al. (2003) they are placed in the Commelinaeae clade (Fig. 18).  The Tradescanteae 
could be interpreted as a paraphyletic grade (see esp. Fig. 12).  Morphological analyses support 
the placement of Palisota in the Commelineae (Evans et al. 2000). 

Within the tribe Tradescantieae, the close placement of Dichorisandra with Siderasis is 
consistent with their placement in the subtribe Dichorisandrinae (Pichon) Faden & Hunt, a New 
World subtribe (Faden and Hunt 1991).  The placement of Thyrsanthemum sister to Weldinia is 
also consistent with both morphological, taxonomic classifications (subtribe Thyrsantheminae, 
Faden and Hunt 1991) and previous phylogenetic analyses (Evans et al. 2003), although another 
member of this subtribe, Tinantia, is not sister to Thyrsanthemum and Weldinia (Fig. 18), and its 
placement is poorly supported, both in this analysis (Fig. 18), and previous analyses (Evans et al. 
2003). 

Callisia is not monophyletic, which is consistent with previous studies (Evans et al. 2003, 
Bergamo 2003, unpublished dissertation), and brings its status as a genus into question (see e.g. 
Woodson 1942, Bergamo 2003, unpublished dissertation).  Further sampling is necessary to 
determine whether reclassifications are warranted.  Contrary to Evans et al. (2003), the analyses 
presented here suggest that Tradescantia is monophyletic and that Gibasis is not nested within 
Tradescantia, but instead nested within Callisia.  Since the relationships among Tradescantia, 
Callisia, Gibasis, and Tripogandra are poorly supported, both here (e.g. Fig 18) and elsewhere 
(e.g. Evans et al. 2003, Bergamo 2003, unpublished dissertation), further work is needed to 
clarify the relationships among these genera; however, they are closely related, consistent with 
previous taxonomic classifications (subtribe Tradescantiinae: Faden and Hunt 1991), and 
molecular phylogenetic studies (Evans et al. 2003). 

Tradescantia section Austrotradescantia (Hunt 1980) is supported as monophyletic, for 
the two members of the group sampled.  Woodson (1942) and others (e.g. Owens 1981) have 
suggested that section Austrotradescantia may warrant its own genus.  Members of section 
Austrotradescantia share morphological characteristics (e.g. sprawling growth form (Hunt 1980), 
stigmatic surface traits (Owens 1981)) and are the only group of Tradescantia in which all 
species are self-compatible (Owens 1981).  The relationships among Austrotradescantia and 
other sections of Tradescantia remain poorly supported (Fig. 18). 

Hunt�s (1980) section Tradescantia D. R. Hunt, series Virginianae D. R. Hunt appears 
well-supported, with members T. bracteata, T. hirsutiflora, T. occidentalis, T. ohiensis, T. 

hirsutiflora, and T. roseolens monophyletic with 94% bootstrap support (Fig. 18).  Also included 
in this clade is hybrid T. x andersoniana, which is a hybrid formed from members of section 
Tradescantia, series Virginianae (T. ohiensis × (subaspera × virginiana)).  The members of this 



 88

series that were not sampled include T. canaliculata, T. edwardsiana, T. ernestiana, and several 
others (Hunt 1980), therefore full validation of this classification requires further sampling.  This 
analysis also suggests that T. sillamontana (of Section Tradescantia, series Sillamontanae) is 
closely allied with section Tradescantia series Virginianae members, consistent with Hunt�s 
(1980) classification of these species in the same section, though T. sillamontana is not 
necessarily more closely related to other section Tradescantia members than to members of 
section Setcreasea. 

Hunt�s (1980) section Setcreasea is also well supported, in so far as it was sampled, with 
T. brevifolia, T. buckleyi, and T. pallida forming a clade with 93% bootstrap support.  Additional 
members of section Setcreasea T. hirta and T. leiandra have yet to be sampled.  The three 
sampled Gibasis are monophyletic, and all three are members of Hunt�s (1985) section Gibasis, 
therefore it is not possible to evaluate the support for the sectional status of these species. 

Insufficient molecular evidence existed within the Commelineae tribe to develop a 
taxonomic classification prior to molecular phylogenetic work (Faden and Hunt 1991, Evans et 
al. 2003).  Within the tribe Commelineae, Commelina and Pollia are more closely related to one 
another than either is to Murdannia (Figs. 12,18), consistent with the rbcL typology (Evans et al. 
2003). 

Murdannia keisak is distantly related to the other Murdannia species, consistent with 
several morphological characteristics unique to Murdannia keisak (relative to the other species 
sampled here), including flowers in single-flowered cymes (Faden 2000) and large capsules (≥ 5 
mm) (Hong and DeFilipps 2000).  In addition, Murdannia nudiflora, M. simplex and M. 

bracteata all share 2 fertile stamens and 2 seeds per locule, both traits that M. keisak does not 
share (Hong and DeFilipps 2000).  It is less clear morphologically what unites Murdannia 

nudiflora and M. bracteata (Hong and DeFilipps 2000). 
Within the Commelina, their appears to be a well-supported division between a clade 

with free spathe margins and Commelina virginica, C. congesta, and C. capitata, which all share 
fused spathe margins (R. B. Faden, personal communication).  Within the free-margined group, 
the major division seems to be between mostly new world species (Commelina dianthifolia 
clade, with the exception of C. africana), and the blue-flowered African (and sometimes more 
widely distributed) species (Commelina benhalensis clade).  Commelina welwitschii, C. 

purpurea, and C. fluviatilis form a well-supported clade.  All three species are African in 
distribution (Hyde and Wursten 2006) and have linear, often folded leaves (Burns, personal 

observation).  Within the blue-flowered African clade, Commelina imberbis and C. mascarenica 
are closely related to one-another, consistent with their similar floral and vegetative morphology, 
which has made them difficult to distinguish in the past (Faden, personal communication).  
Somewhat surprisingly, the yellow-flowered C. welwitschii and C. africana are not closely 
related, in spite of the rarity of yellow flowers in the genus (Faden, personal communication).  
Also surprisingly, Commelina virginica and C. erecta, two North American species in a 
predominantly African and Asia group, are not closely related to one another.  Commelina 

virginica is instead closely related to two African species, C. congesta and C. capitata, and C. 

erecta is found in another predominantly African clade.  The Commelina species with reduced 
basis chromosome numbers (C. nariobiensis, C. eckloniana, and C. benghalensis) are closely 
related to one another, suggesting that reductions in chromosome number occurred only once in 
the blue-flowered African clade (R. B. Faden, personal communication). 
 Relationships among outgroup members generated by maximum likelihood are not 
necessarily consistent with the maximum parsimony analyses Hopper et al. (1999).  I find 
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Macropidia nested within Anigozanthos, while Hopper et al. (1999) find Macropidia sister to 
Anigozanthos.  I also find Conostylis sister to a (Anigozanthos/Macropidia + 
Phlebocarya)Blancoa clade, whereas Hopper et al. (1999) find Anigozanthos/Macropidia sister 
to (Conostylis + Blancoa)Phlebocarya.  The two tribes Conostylidoideae and Haemodoroideae 
are well supported in both analyses. 

Several caveats should be considered when interpreting the molecular phylogeny.  First, 
concerted evolution can result in directional selection in nuclear ribosomal genes toward one or 
another parental genotype in allopolyploid species (e.g. Wendel et al. 1995, Franzke and 
Mummenhoff 1999, see also Lim et al. 2000).  This can make identifying parental genotypes 
from nuclear ribosomal DNA difficult or impossible, depending on how far homogenization has 
progressed, in taxa of allopolyploid origin.  Many taxa in the Commelinaceae are known to be 
polyploid (Appendix C, Table 27), including two of allopolyploid origin (Commelina capitata, 
Patwary et al. 1985, and Murdannia simplex, Rao et al. 1970); thus caution should be used in 
interpreting 5S NTS phylogenies, especially where they conflict with phylogenies based on 
chloroplast sequences. 

Second, there is evidence for interspecific hybridization in some genera of 
Commelinaceae (e.g. Anderson and Hubricht 1938), and hybridization violates the phylogenetic 
assumption that relationships among taxa can be described by a bifurcating tree.  An approach 
that combines chloroplast and nuclear DNA should be ideal in this situation, since the 
combination of such sequences may help detect the presence of hybridization (Rieseberg 1991, 
Wendel and Doyle 1998).  However, trnL-trnF and 5S NTS regions provided resolution at very 
different levels, with trnL-trnF evolving relatively slowly.  Thus there was little well-supported 
conflict between the nuclear and chloroplast regions, but little power to detect conflict. 
 Third, taxon sampling (e.g. Hillis et al. 2003) and choice of molecular regions for 
phylogenetic inference (Doyle 1992) may also influence our estimate of phylogeny, and it should 
be kept in mind that further sampling may alter hypotheses about phylogenetic relationships in 
the Commelinaceae.  With that in mind, tests of character association were tested across multiple 
phylogenies wherever possible and appropriate to determine the robustness of character 
associations to phylogenetic uncertainty (see Materials and Methods). 
Invasiveness 

 Invasiveness is not really a discrete character.  My classification is based on experts� 
opinions about the rate of spread of a species outside it�s native range and sometimes based on 
other factors as well, such a pest-like qualities (USDA 2002).  Invasive species in the 
Commelinaceae were classified as such based on expert opinion (invasive species lists, e.g. 
FLEPPC 2003a).  Within the invasive species, there was considerable variation in the rate of 
spread in the introduced range (Fig. 20).  This suggests that invasiveness could be profitably 
treated as a continuous trait.  Unfortunately, rates of spread were difficult to acquire and sample 
sizes precluded many tests of association between traits and rates of spread.  Future studies 
should attempt to incorporate rate of spread of invasive taxa. 
Characteristics of Invaders 

 Weediness.  Unsurprisingly, weedy species are more likely to become invasive than are 
species that are not classified as weedy.  This is consistent with studies of Australian weeds, 
which have found that weedy status in the native range predicts weediness in the introduced 
range (Scott and Panetta 1993) and with the observation that many alien species are ruderal 
(Prinzing et al. 2002).  Weediness classifications are based on expert opinion, and were gleaned 
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from such sources as the Global Compendium of Weeds (GCW 2004).  Most weeds listed here 
are �economic weeds,� which are considered pests by agriculture and other sources.  Thus weeds 
may be native or exotic and do not necessarily spread in the landscape. 

Invasive species in the Commelinaceae are often �weedy,� in the sense that they occur in 
frequently disturbed habitats, and are often agricultural pests (e.g. Commelina benghalensis in 
cotton crops in Georgia, USA, T. Flanders, personal communication; and Murdannia keisak in 
rice fields in the southeastern USA, Faden 1982, Dunn and Sharitz 1990).  Weeds have many 
traits, some of which may predict invasiveness, such as annual life history and rapid 
reproduction.  Therefore, some individual traits were examined in more detail. 

Life history.  Life history appears to be associated with invasiveness in these taxa, with 
annual species being more likely to become invasive than are perennials (Table 18, 18).  
However, there are still many perennial invasive species, including Gibasis pellucida, one of the 
fastest spreading Commelinaceae (Appendix C, D), and Tradescantia fluminensis, a high effect 
invader that invades forest understories and is highly shade-tolerant (McMillan 1999, 
unpublished dissertation, Standish et al. 2004).  Annual life history has long been associated with 
weediness (Baker 1965), and most of these invasive species are weedy (Table 19), suggesting 
that annual life history is associated with success in disturbed habitats. 

Life history also influences other factors that are associated with invasiveness.  Annual 
species are more likely to be self-compatible than are perennial species (Table 19), and self-
compatible species are more likely to become invasive, so it is not clear whether there is any 
causal connection between life history and invasiveness.  It may be more likely that correlations 
between life history and other traits drive the correlation.  For example, mating system and life-
history appear to coevolve (see �Mating system,� below). 

Mating system.  I found that self-compatible clades are more likely to give rise to 
invasive taxa than are self-incompatible clades.  This is consistent with ideas about selection for 
reproductive assurance driving the evolution of self-compatibility in some taxa (Price and Jain 
1981, Lloyd 1992).  Baker�s law suggests that colonizing species or populations should 
experience selection pressure for self-compatibility (Baker 1955, 1967, Stebbins 1957, Baker 
1974).  Geographically peripheral populations often exhibit greater degrees of self-compatibility 
than geographically central populations within a single species (e.g. Busch 2005), consistent with 
selection for selfing in isolated populations. 

Selfing genotypes may have an advantage at early stages of invasion, when establishment 
is essential.  Experiments in selfing versus outcrossing (i.e. apomictic versus diecious) genotypes 
of Antennaria parvifolia have demonstrated that the selfing genotypes have a greater probability 
of establishment relative to obligate outcrossers (Bierzychudek 1990).  The reproductive 
assurance hypothesis suggests that selection should favor higher levels of selfing at the invasion 
front (Lloyd 1992), though empirical evidence for reproductive assurance is scarce (e.g. Motten 
1982) and conflicting evidence exists (e.g. Eckert and Schaefer 1998, Cheptou et al. 2002). 

Comparisons of invasive and native species have not found self-incompatibility system to 
be associated with invasiveness (Willamson and Fitter 1996), but comparisons between invasive 
and noninvasive species would be the appropriate comparison for determining traits associated 
with successful invasion.  Studies comparing the self-compatibility of invasive and noninvasive 
taxa are extremely rare.  Invasive woody species are more likely to have perfect flowers (with 
both sexual organs, which are thus more likely to be capable of selfing) than noninvasive woody 
species (Reichard and Hamilton 1997).  Sutherland (2004) found that invasive species are more 
likely to be self-incompatible than are noninvasive taxa, contrary to the results found here; 
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however, Sutherland (2004) made no correction for relatedness, and the invasive weed list may 
be biased toward trees. 

Self-compatibility was treated here as a discrete character, but there is often continuous 
variation in mating systems, with �leaky� self-incompatibility, geitnogamy, and other 
mechanisms leading to varying degrees of selfing and outcrossing in natural populations (e.g. 
Barrett and Anderson 1985, Scribailo and Barrett 1991, Busch 2005).  In addition, genotypes 
within a species can vary in the presence of a self-incompatibility mechanism (Owens 1981). 

Further, the presence of self-compatibility does not guarantee high selfing rates; 
physiological self-compatibility may be present, but other mechanisms (e.g. dichogamy, Barrett 
2003) may prevent high levels of selfing (Owens 1981).  For example, the self-compatible 
Commelina purpurea (Owens 1981) exhibits protogyny, with the stigma shriveling before the 
anthers dehisce (Burns, personal observation).  Therefore, levels of autogamous selfing were 
minimal for Commelina purpurea in this study (Appendix C, Table 28).  A second variable, 
proportion of flowers autogamously selfing, was examined to partially correct for differences in 
actual selfing rates among self-compatible species.  This method does not separate autogamous 
selfing from apomixis.  It also may not accurately estimate selfing rates in the field, as 
autogamous selfing may occur in some species only if outcrossing does not occur (resulting in an 
overestimate of selfing rate) or geitnogamous selfing may occur in species with large floral 
displays (resulting in an underestimate of selfing rate).  This method should, however, generate a 
relative estimate of autogamous selfing comparable among species. 

I found that invasive species have significantly higher autogamous selfing proportions 
than their noninvasive relatives, also consistent with reproductive assurance hypotheses, though 
this relationship is not robust in phylogenetic comparative tests.  The association between 
invasiveness and autogamous selfing is consistent with is also consistent with studies of invasive 
taxa in Africa, which find higher than expected levels of autogamous selfing in invasive species 
(Rambuda and Johnson 2004). 

Vegetative reproduction.  I show that invasive Commelinaceae are more likely to 
exhibit vegetative reproduction than expected by chance, given the number of introduced 
Commelinaceae without significant amounts of vegetative reproduction.  This is consistent with 
continuous estimates of vegetative reproduction in a subset of these species, where invasive 
species have greater node production than their noninvasive congeners under high nutrient 
conditions (Burns 2006).  However, the continuous measure of vegetative reproduction, number 
of nodes, is not predictive of invasiveness in tests that do not correct for relatedness and sample 
sizes were too small to conduct logistic regression on contrasts (Table 20, compare with Chapter 
2, Table 6, Fig. 3). 

The association between the presence of vegetative reproduction and invasiveness is 
consistent with many previous studies (e.g. Lodge 1993, Tucker and Richardson 1995, Reichard 
and Hamilton 1997, Pheloung et al. 1999, Lloret et al. 2005, but see Sutherland 2004).  However, 
it is far from a given than invasive species will have high vegetative reproduction.  Sutherland 
(2004) found that vegetative reproduction is not associated with invasiveness in comparisons 
with noninvasive taxa, but did not take into account the environment in which vegetative 
reproduction was measured.  As previous work in the Commelinaceae has shown, vegetative 
reproduction is a plastic trait and may only be associated with invasiveness when measured in 
some environments (Burns 2006). 
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Dispersal strategies.  Seed size may influence dispersal properties, with small seeds 
being more likely to disperse further (Mazer 1989).  Evidence for seed size association with 
invasiveness from prior studies is mixed.  In some taxa, small seed size is associated with 
invasive species (e.g. Pinus, Rejmánek and Richardson 1996).  In other studies, seed size is not 
associated with abundance of invasive species in the novel range (Lloret et al. 2005), and in 
California, alien species (which are not necessarily invasive) have slightly larger seeds than 
natives (Baker 1972).  I find no strong evidence for an association between seed size and 
invasiveness in the Commelinaceae, though the direction of the means is in the expected 
direction with invasive species having smaller seeds (Table 20, 20, Fig. 18).  There is also a 
tendancy for more quickly spreading species to produce smaller seeds (Table 20, Fig. 20); 
however, this tendancy is driven by Gibasis pellucida, a rapidly spreading, small seeded species, 
which appears to be self-incompatible in the novel range (Appendix C, Table 27).  Thus it seems 
unlikely that small seed size is influencing its rate of spread.  The sample size for rate of spread 
data was also quite small (n ≤ 10), so any apparent difference (or lack of one) should be 
interpreted cautiously (Appendix D). 

The lack of a strong association between seed size and invasiveness may be a function of 
interactions with other factors included in the logistic regression, where sample sizes are 
reasonable (Table 20, n = 20, 26) (Mazer 1989).  For example, Mazer (1989) found that different 
families of plants exhibit different relationships between native vs. alien status and seed size.  
Though native and alien status are not equivalent to noninvasive and invasive status (Richardson 
et al. 2000b), this suggests that phylogeny does influence relationships with seed size. 

I found that species with heteromorphic seeds are more likely to become invasive than 
species lacking seed heteromorphism (marginally), though heteromorphic species do not 
necessarily become invasive, and many invasive species are not heteromorphic.  Having 
heteromorphic seeds may enhance a species performance across temporal or spatial variability 
(Venable and Brown 1988).  If invasive species are likely to experience high levels of variation 
in the novel range, seed heteromorphism may buffer their performance, relative to the 
performance of species without seed heteromorphism.  No studies have compared seed 
heteromorphism in invasive and noninvasive species (but see Mandák 2003), though there are 
examples of other invasive species with heteromorphic seeds (e.g. Mandák 2003). 

Dispersal mode may also be related to the dehiscence of the capsule.  Species in the 
Commelinaceae have capsules that are dehiscent, indehiscent, or a combination of both dehiscent 
and indehiscent locules.  Those species with dehiscent capsules presumably disperse seeds 
further from the mother plant, those with indehiscent capsules may incur a microsite advantage if 
they disperse close to the mother plant, and those with a combined strategy may be bet-hedging.  
Four out of 10 invasive species exhibit the mixed strategy and all have a dehiscent capsule 
(Table 18).  There is an association between having a dimorphic capsule and being invasive 
without phylogenetic correction, but that relationship disappears when phylogeny is taken into 
account (Table 19).  Dimorphic capsules may have evolved only once in Commelina, though the 
reconstruction is equivocal (maximum likelihood reconstruction not shown). 

SLA.  Invasive species might be expected to have greater specific leaf areas that 
noninvasive species if invaders are faster growers (Grotkopp et al. 2002, Chapter 2, Burns 2006), 
and if fast growth rates are correlated with high values of SLA (e.g. Grotkopp et al. 2002).  Thin 
leaves are often associated with high photosynthetic rates (Lambers and Poorter 1992), and high 
photosynthetic rates might be expected to confer high growth rates (Reich et al. 1998).  In 
addition, some invasive species have higher photosynthetic rates than native congeners 
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(McDowell 2002).  I observed a marginal association between high values of SLA and 
invasiveness in logistic regression analysis, though the relationship is not robust in tests 
incorporating phylogeny (Table 20). 

High values of SLA have been observed in the Commelinaceae in paired comparisons 
between invasive and noninvasive relatives (Chapter 2, Burns and Winn 2006, Burns 2006).  
However, the relationship between SLA and invasiveness has been robust across only some 
environmental conditions (cf. Burns and Winn 2006, Burns 2006), and under some conditions 
has been detectable only in tests correcting for relatedness (i.e. paired t-tests), but not in 
uncorrected tests between the means (i.e. unpaired t-test) (Burns 2006).  Thus it is not surprising 
that the relationship between SLA and invasiveness in phylogenetically naive logistic regressions 
was only marginally significant. 

Comparisons of invasive species with native congeners (as opposed to noninvasive 
congeners) have often found that the invasive species has greater specific leaf area (e.g. Baruch 
and Goldstein 1999, Durand and Goldstein 2001, Leicht and Silander 2006, but see McDowell 
2002), though some studies have found that this relationship is environment-specific (Leicht and 
Silander 2006).  The relatively few studies of invasive species compared with noninvasive 
relatives have found that the invaders have greater SLA than noninvasive species (Agrostis, 
Pammenter et al. 1986, Pinus, Grotkopp et al. 2002). 

Polyploidy.  I found no associations between ploidy level or chromosome polymorphism 
(the presence of multiple chromosome counts within a single species) and invasiveness. Previous 
authors had also suggested that ploidy level might be associated with invasiveness (review in 
Lodge 1993, but see e.g. Baker 1965).  I also suggested that species with different chromosome 
counts across individuals or populations might be more likely to be invasive (i.e. if chromosome 
polymorphisms are correlated with large range size).  However, I also see no evidence for an 
association between chromosome polymorphism and invasiveness (Table 19). 

I had also predicted that species with lower chromosome counts would be more likely to 
be invasive, because of their likely smaller genome size.  Grotkopp et al. (2004) found a 
relationship between invasiveness and genome size, with species with smaller genome size being 
more invasive than species with larger genome sizes.  The association between invasiveness and 
chromosome count is consistent with this hypothesis, with a negative (though not significant) 
relationship between chromosome count and invasiveness (Fig. 22). 

Introduction history.  Species-specific introduction histories have been suggested as one 
reason that some studies fail to find traits associated with invasiveness (e.g. Muth and Pigliucci 
2006).  For instance, high levels of propagule pressure (e.g. number of seeds introduced) may 
increase the chances that an introduction will succeed, and hence enhance the probability of 
invasion.  There was an association between high levels of propagule pressure and invasiveness 
in a logistic regression (Table 20), suggesting that species that have more opportunities to invade 
are more likely to do so.  It is also possible that the introduction of multiple genotypes facilitates 
invasion, which would also predict an association between the number of introductions and 
invasion. 

Also, species that have been introduced for a longer time may be more likely to become 
invasive (e.g. Scott and Panetta 1993, Kolar and Lodge 2001, but see Kühn et al. 2004).  For 
example, populations may exhibit a lag phase either due to exponential population growth curves 
keeping initial spread rates low or due to adaptation to the novel range allowing rapid population 
increases.  There was no relationship between date of first introduction (or detection) and the 
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probability that a species will become invasive (Table 20).  However, there was an association 
between rate of spread in the introduced range and date of introduction (Table 20, Fig. 22), 
though this relationship was not robust to the removal of Gibasis pellucida, the fastest spreading 
invasive species (Appendix C, Table 28). 
The influence of incorporating phylogeny in the comparative study of invasiveness 

 In this study, most analyses of trait associations were similar with and without 
incorporating phylogenetic information.  Most discrete traits that were significant in 
phylogenetically naive tests were also significant in tests incorporating phylogeny, including 
weediness, life history, and vegetative reproduction (Table 19).  Thus these traits associated with 
invasiveness have evolved multiple times in the family, lending additional support to the 
hypothesis that those trait associations are meaningfully tied to invasiveness.  However, one trait, 
the presence of a dimorphic capsule, was associated with invasiveness in phylogenetically naive 
tests, but not in tests incorporating phylogeny (Table 19).  This is a result of what was probably a 
single evolutionary origin of dimorphic capsules in Commelina, resulting in no power to detect 
associations between capsule dimorphism and invasiveness.  Further, there were two traits, self-
compatibility and chromosome count, which was not associated with invasiveness in a 
phylogenetically naive analysis, but was significant in tests incorporating phylogeny (Tables 19, 
20).  Clades that evolve self-compatibility are more likely to give rise to invasive species than 
self-incompatible clades.  This suggests that self-compatibility is associated with invasiveness, 
but that relatedness can obscure that association.  In addition, a decrease in chromosome number 
was associated with a change in invasiveness in a clade, but this relationship is not detectable in 
phylogenetically naive tests.  These results emphasize the importance of incorporating phylogeny 
to detect trait associations, since the phylogenetic signal can obscure the ability to detect possible 
associations. 
 Incorporating phylogeny into the logistic regressions also influenced the outcome for 
some traits.  For example, specific leaf area (marginally) and propagule pressure were associated 
with invasiveness in naive tests but not in tests with phylogeny included.  However, because 
these logistic regressions rely on a particular ancestral state reconstruction (where as the discrete 
analyses do not, Pagel 1994), power was lower for tests incorporating phylogeny where ancestral 
state reconstructions for invasiveness were ambiguous (and they often were).  Comparing the 
sample sizes in Tables 20 and 21 demonstrating that power was lower for tests incorporating 
phylogeny.  For example, the specific leaf area comparison had a sample size of 45 in naive tests, 
and a sample size of 27 in phylogenetic tests (Tables 20,21).  Also, the direction of trait contrasts 
is consistent with the patterns of association in raw data (Fig. 20).  This suggests that lack of 
associations in phylogenetic logistic regressions might best be interpreted as a lack of power. 
 Overall, incorporating phylogeny informed the comparative analysis, but with more 
statistical power for discrete traits.  In addition, hypotheses that could not be addressed without 
phylogenetic information could be addressed in this study.  For example, Lloyd (1992) 
hypothesized that annual species would be more likely to evolve self-compatibility than 
perennials, because the need for reproductive assurance is greater.  I find that there is an 
association between annual life history and self-compatibility in these species (Table 19), but the 
direction of evolution inferred from ancestral state reconstructions suggests that self-
compatibility probably evolved before annual life-history, inconsistent with Lloyd�s (1992) 
hypothesis. 
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Caveats and summary 

There are traits consistently associated with invasiveness in the Commelinaceae.  Plants 
with an annual life history, vegetative reproduction, and seed heteromorphism are more likely to 
become invasive than species without these traits.  Further, high rates of autogamous selfing and 
high specific leaf area (thin leaves) are also associated with invasiveness.  In addition to 
biological traits, introduction history also matters.  High levels of propagule pressure are 
correlated with an increasing probability of becoming invasive, and species that have been in the 
introduced range longer may have spread more rapidly than species that have been more recently 
introduced.  The composite measure of species behavior, weediness, is also significantly 
correlated with the probability that a species will become invasive, suggesting that people�s 
intuition about species behavior in the native range may translate into behaviors in the exotic 
range, at least in some cases. 

These comparative results should be interpreted with some caution.  Like most 
comparative studies, they depend on a fairly accurate understanding of the relationships among 
the species involved.  Phylogenies are hypotheses, and should not be taken as �proven� in any 
comparative study.  The best comparative study would conduct the comparative test across all of 
the possible phylogenies and ancestral state reconstructions, weighted by their likelihood (e.g. in 
a Bayesian framework: Harper 1979, Huelsenbeck et al. 2000, Huelsenbeck and Bollback 2001). 
 Currenly available software will not do such analyses, but comparative studies such as this one 
would certainly benefit from such software. 

Coding characters, especially complex biological behaviors, into discrete categories can 
be a difficult task requiring some judgment calls.  All of the comparative results are of course 
contingent on correct coding of the characters.  For example, invasiveness is not necessarily a 
discrete trait, and may be more accurately measured as a continuous variable (e.g. rate of spread; 
see Muth and Pigliucci 2006 for additional discussion).  However, rates of spread are not easy to 
get for large numbers of taxa, so a discrete approximation (e.g. Leishman and Thomson 2005) or 
a continuous trait predicted to be correlated with invasiveness (e.g. range size: Lloret et al. 2005) 
are often used instead. 

Hypothesis tests conducted here were not corrected for multiple comparisons, as they 
often involve testing separate hypotheses.  However, caution should be used in interpreting the 
results, especially were significance was marginal.  There are also correlations among characters 
(e.g. vegetative reproduction and life-history), which should be taken into account in interpreting 
traits associated with invasiveness.  Some trait-associations may be the result of correlations with 
other traits, and may have no causal association with invasiveness.  This is the case in any 
correlative study, and should be considered when interpreting the results presented here. 

Determining characteristics associated with invasiveness is helpful to managers 
attempting to predict invasiveness and policy makers creating lists of species whose transport 
should be controlled.  Such knowledge may help prevent future invasions.  There is currently 
conflict in the literature about, not only what character states are associated with invasion, but 
even whether there are character states that are consistently associated with invasive species 
(Mack et al. 2000, Kolar and Lodge 2002).  This study found that there are traits associated with 
invasiveness in the Commelinaceae.  However, whether those traits consistently predict 
invasiveness outside the Commelinaceae remains to be seen. 
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CONCLUSION 
 

In this set of studies, I found a number of traits associated with invasive species in the 
Commelinaceae, including biological traits and historical factors.  I have incorporated 
information about relatedness in order to explicitly examine the role of evolutionary history in 
shaping trait evolution.  Here, I discuss general differences between invasive and noninvasive 
species for biological traits, including plasticity in those traits, and robustness of trait 
associations with invasiveness to environmental variation and phylogeny.  I also discuss some 
historical factors that may have influenced invasiveness in the Commelinaceae and conduct some 
exploratory analyses to ask whether a subset of these species traits can be used to classify 
invasive species.  Last, I discuss the possibility of multiple invasive strategies. 
What traits are associated with invasive species? 

 Biological traits.  A number of traits were significantly associated with invasiveness 
(Table 22), although a major conclusion of these studies is that many trait-associations were 
environment specific.  Many of these trait associations with invasiveness are consistent with 
previous work and with the predictions presented throughout (Table 22).  Also, the direction of 
trait association is also often consistent with predictions, even when the associations are not 
significant.  The disseration Chapters and traits associationed with invasiveness are summarized 
in Table 22. 

 
 
 
 

Table 22.  Means for each trait measured for invasive and noninvasive taxa in the Commelinaceae.  Standard 
deviations and sample sizes are in parentheses.  For discrete traits, proportion and sample sizes are given.  If the 
direction of the difference is consistent with prediction, a �yes� is given.  Significance levels are for tests 
incorporating phylogeny, where applicable.  Comparisons presented here were not corrected for multiple 
comparisons, as they most often represent separate hypotheses.  However, since there were many hypotheses, 
caution should be used in interpreting the results. 
Type of trait Type Invasive Noninvasive Consistent with 

prediction? 
Biological traits     

Composite     
Weediness Discrete 1.00 

(n = 12) 
0.29  

(n = 42) 
Yes** 

Performance     
Fecundity (seed number per individual, high 
water, high nutrient environment, see Chapter 
2) 

Continuous 79.81 
(125.33, 

n = 3) 

4.65 
(10.37, 
n = 3) 

Yes ns 

Lambda Continuous 9.55 
(±1.95, 

n = 5) 

6.03  
(±1.14, 

n = 5) 

Yes* 

Life history (annual) Discrete 0.42 
(n = 12) 

0.05  
(n =41) 

Yes** 

Mating system     
Self-compatibility Discrete 0.83 

(n = 12) 
0.56  

(n = 32) 
Yes** 

Autogamous selfing proportion Continuous 0.62 
(±0.26, 
n = 10) 

0.22 
(±0.24 
n = 18) 

Yes ns 
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Table 22. (cont.) 
Type of trait Type Invasive Noninvasive Consistent with 

prediction? 
Vegetative reproduction     

Presence of vegetative reproduction Discrete 1.00 
(n = 12) 

0.41  
(n = 41) 

Yes** 

Number of nodes (high water, high 
nutrient environment, see Chapter 2) 

Continuous 31.75 
(±7.34, 

n = 5)

18.25 
(±9.84,  

n = 5) 

Yes** 

Dispersal strategies     
Seed length Continuous 2.117 

(±0.93, 
n = 10)

2.28 
(±0.91, 
n = 16) 

Yes ns 

Seed mass Continuous 4.02 
(±2.38, 

n = 6) 

5.09 
(±4.32, 
n = 14) 

Yes ns 

Seeds per fruit Continuous 5.03 
(±2.62, 
n = 12) 

7.61 
(±6.01, 
n = 28) 

No ns 

Capsule length Continuous 4.04 
(±2.05 
n = 9) 

5.30 
(±3.20 
n = 13) 

Yes ns 

Seed heteromorphism Discrete 0.55 
(n = 9) 

0.13 
(n = 15) 

Yesm 

CV seed mass Continuous 41.83 
(±26.16, 

n = 6) 

29.55 
(±22.82 
n = 11) 

Yes ns 

Capsule dehiscence Discrete 1.00 
(n = 10) 

0.89  
(n = 19) 

Yes ns 

Dimorphic capsule Discrete 0.40 
(n = 10) 

0.07  
(n = 16) 

Yes ns 

Growth     
SLA Continuous 495.70 

(±531.87 
n = 10) 

232.29 
(±140.17 

n = 35) 

Yes ns 

RGR Continuous 0.0584 
(0.01, 
n = 5) 

0.049 
(0.01, 
n = 5) 

Yes ns 

Genetics     
Polyploidy (polyploid) Discrete 0.38 

(n = 8) 
0.62 

(n = 13) 
No ns 

Chromosome count Continuous 22.23 
(±12.41 
n = 13) 

30.81 
(±21.13 
n = 32) 

Yes* 

Chromosome polymorphism Discrete 0.78 
(n = 9) 

0.44 
(n = 32) 

Yes ns 

Introduction history     
Propagule pressure Continuous 6.69 

(±8.01 
n = 11) 

3.25 
(±3.24,  
n = 44) 

Yes ns 

Date of first introduction Continuous 1928.80 
(±60.77, 

n = 10) 

1933.25 
(±51.23, 

n = 4) 

Yes ns 

ns not significant, m P < 0.10, * P < 0.05, ** P ≤ 0.01 
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Water and nutrient gradient experiments with two to three pairs of invasive and 
noninvasive congeners suggested that these invasive species had opportunistic responses to high 
nutrient availabilities, and tended to have two levels of reponses across the gradients (Chapter 1). 
This work suggested that (1) invasive species may out-perform their noninvasive relatives under 
high nutrient conditions, and (2) two levels of water or nutrient availability were adequate to 
describe a wide range of the responses of these species to resource availability.  However, the 
two to three pairs of species used in the preliminary work in chapter 1 were not adequate to test 
for statistical differences between invasive and noninvasive taxa.  Further work on five pairs of 
invasive and noninvasive congeners confirmed that the differences in opportunism apparent in 
the nutrient and water gradient experiments were pervasive (Chapter 2).  In addition, this 
experiment examined several traits not examined in the water and nutrient gradient experiments 
(Chapter 1), including fecundity (seed biomass and number), specific leaf area (SLA), biomass 
allocation (root to shoot ratio), and vegetative reproduction (number of nodes).  High fecundity, 
large values of SLA, high plasticity in root to shoot ratio, and high values of vegetative 
reproduction were all associated with invasiveness, though not all traits were associated with 
invasiveness in all environments (Table 22, but see Chapter 2 for traits across all environments). 
This suggests that previous studies correlating traits with invasiveness without incorporating or 
controlling for the effect of environment on trait expression may have missed an important 
source of variation and may have been insufficient to identify trait-invasiveness associations. 
 Demographic models that incorporate all stages of the life-cycle into a single measure of 
performance suggested that these invasive species may outperform their noninvasive congeners 
in most environments (Table 22, Chapter 3).  Demographic transitions were also associated with 
invasive Commelinaceae, including a short time to reproductive maturity (juvenile-to-adult 
transition) and high levels of vegetative reproduction (adult-to-juvenile and adult-to-adult 
transitions) (Chapter 3).  In addition, seed dormancy transitions also played a greater role in the 
demography of invasive than noninvasive species for the two pairs where this could be 
measured, although dormancy was stronger in one invader and weaker in another than in their 
respective congeners (Chapter 3).  Perhaps most interestingly, all of the noninvasive species 
exhibited a lack of opportunism in response to high nutrient availabilities across the life-cycle 
(Chapter 3, Figs. 10,11), whereas all of the invasive species responded opportunistically to high 
nutrient availabilities, suggesting that opportunism may be a strong predictor of invasiveness in 
these taxa. 

Finally, there were species level traits such as self-compatibility, life history, the presence 
of vegetative reproduction, and possibly seed heteromorphism, which increased the chances that 
a clade would give rise to invasive species (Chapter 4).  Most of the discrete trait associations 
examined here were robust in tests incorporating phylogeny, and I presented novel phylogenetic 
analyses, mostly consistent with and extending previous phylogenetic work in the 
Commelinaceae (Chapter 4).  Few quantitative traits were associated with invasiveness in this 
study, but high proportions of autogamous seed set and (marginally) high values of specific leaf 
area were associated with an increased probability of becoming invasive (Chapter 4).  These 
traits were generally not robust to phylogenetic tests, though some reconstructions were 
ambiguous, reducing the power of these tests (logistic regression, Chapter 4). 

The associations between individual traits and invasiveness in this study are mostly 
consistent with prior work.  High relative growth rates were associated with invasive 
Commelinaceae under most conditions (Chapters 1,2).  High RGR is associated with 
invasiveness in Pinus (Grotkopp et al. 2002).  However, Bellingham et al. (2004) found that high 
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RGR is not correlated with the rate of spread following naturalization.  Invasive Commelinaceae 
also have higher specific leaf area than noninvasive Commelinaceae under at least some growing 
conditions (Chapters 2, 4).  Other studies have found a high specific leaf area (SLA) to be 
associated with invasiveness (e.g. Baruch and Goldstein 1999, Durand and Goldstein 2001, 
Hamilton et al. 2005).  There is a tendacy for invasive Commelinaceae species to have smaller 
seeds (Fig. 20e-h), though this tendacy is not significant; small seed mass is also associated with 
invasiveness in a variety of taxa (e.g. Hamilton et al. 2005). 

There was also a tendacy for invasive Commelinaceae to be more likely to exhibit seed 
heteromorphism than noninvasive species.  Seed heteromorphism has not previously been shown 
to be associated with invasiveness, to my knowledge (but see Mandák 2003).  Though the 
relationship between seed heteromorphism and invasiveness is only marginal, the invasive and 
heteromorphic Commelina benghalensis is one of the most difficult invaders to eradicate, due 
partly to its resistance to a common herbicide (glyphosate), and perhaps partly to its 
combinations of rapidly germinating seeds and strongly dormant seeds. 

There is variation in whether taxa become invasive and how rapidly they spread once 
established (Appendix C, Table 26, Appendix D, Table 29).  Since different traits were 
associated with rates of spread compared with the discrete measure of invasiveness (compare 
Tables 19, 20), the measure of invasiveness used to evaluate trait-associations may influence trait 
associations.  Traits associated with establishment success (e.g. self-compatibility) and traits 
associated with fast rates of spread in the landscape (e.g. date of first introduction, minimum 
chromosome count) may not necessarily overlap.  The scale at which invasion is measured may 
also partially determine what community properties or species traits are associated with 
invasions (e.g. Levine 2000, Hamilton et al. 2005). 

Plasticity.  It has been proposed that weedy or invasive species should exhibit a �general 
purpose genotype� (sensu Baker 1974), suggesting that they should have adaptive plasticity in 
some traits, which would maintain their performance or fitness at high levels across multiple 
environments (review in Lodge 1993).  However, evidence for adaptive plasticity in invasive 
species is mixed (e.g. Hastwell and Panetta 2005, but see Bierzychudek 1990; reviewed in 
Daehler 2003, Richards et al. 2006).  For example, a comparison of an invasive Lonicera with a 
native congener suggests that adaptive plasticity may enhance the success of the invader 
(Schweitzer and Larson 1999).  Also, an invasive tree fern species has greater photosynthetic 
acclimation to changing light levels than ecologically comparable native tree ferns (Durand and 
Goldstein 2001).  However, other studies find no evidence for adaptive plasticity in traits that 
may influence invasiveness (Hastwell and Panetta 2005, Burns and Winn 2006). 

Alternatively, instead of having a general-purpose genotype, invaders could succeed by 
opportunistic responses to high quality environments in fitness-related traits, thus outperforming 
noninvasive or native species in only high quality environments.  Several studies have suggested 
that invasive species should have greater opportunism in response to resource availability than 
noninvasive or native species (Milberg et al. 1999, Burns and Winn 2006, Richards et al. 2006).  
The studies presented here suggest that invasive Commelinaceae have opportunistic responses to 
high nutrient availability, but do not differ from noninvasive species in many performance 
measures under poor nutrient conditions (see Chapter 2).  Thus these invaders most likely do not 
exhibit adaptive plasticity (which would be expected to maintain fitness levels across 
environments; see also Burns and Winn 2006).  Instead, these results are consistent with the 
opportunism hypothesis, suggesting that these invasive species succeed by acquiring resources 
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quickly when they are available (see also Milberg et al. 1999, Burns and Winn 2006, Richards et 
al. 2006). 

Interactions between traits and the environment.  Invasiveness is not of course strictly 
a function of species traits, but is also a function of the environment and interactions between the 
environment and species traits (see e.g. Lonsdale 1999).  For example, the herbivore community 
can enhance invasion by selectively eating native species (e.g. Yamashita et al. 2003), and 
disturbance (Burke and Grime 1996), nutrient availability (Daehler 2003), and species diversity 
(Levine 2000) can influence habitat invasibility.  The studies presented here find that the 
performance of invasive species (and noninvasive species) is environment dependent (see 
Chapters 2,3).  In addition, whether or not a trait is associated with invasiveness may also be 
environment dependent (see Chapter 2).  For traits such as specific leaf area and relative growth 
rate, the environment in which those traits were measured may influence their predictive ability.  
Thus the best studies of invasiveness would measure traits of species across environments. 

Introduction history.  There were also historic factors that may have influenced 
invasion success in these species.  High levels of propagule pressure increased the probability 
that a species would become invasive (at least in phylogenetically naive tests), suggesting that 
increasing the number of introduction attempts does increase the probability of successful 
invasion (Chapter 4, Table 20).  Though this relationship was not robust to phylogenetic tests, 
power to detect such relationships was also low (Chapter 4).  Unlike for the binary measure of 
invasiveness, propagule pressure does not influence rate of spread.  Further, there was a 
correlation, though not a robust one, between the rate of spread of a species in the novel range 
and the date of introduction (Chapter 4, Table 20).  Species that have been in the introduced 
range longer have a tendency to have spread more quickly, though that relationship is not robust 
to the removal of a single extreme point.  These findings are consistent with a role of 
introduction history in invasion success, though perhaps not as strong a role as the role of some 
biological traits. 
Can species traits be used to classify invasive species? 

A controversy exists in the study of biological invasions over whether there are traits that 
can predict invasion success (e.g. Kolar and Lodge 2001), or whether invasions are idiosyncratic 
(e.g. Williamson 1999).  I found a number of traits associated with invasive species, including 
high relative growth rate, high specific leaf area, self-compatibility, and high rates of 
autogamous selfing.  However, whether some traits are associated with invasion or not may 
depend in part on the environment in which those traits were measured (Chapter 2, Burns 2006). 
 Taking relatedness into account may also improve our ability to predict traits associated with 
invasiveness (Burns 2006, Chapter 2). 

The predictive ability of trait-based models has been relatively good for predicting 
invasive species (e.g. Pheloung et al. 1999, Reichard and Hamilton 1997, Daehler and Corino 
2000), but most models return a large number of false positives, with many noninvasive species 
classified as invasive (Smith et al. 1999).  A goal of future analyses, then, is to develop models 
that more accurately predict noninvasive, as well as invasive, species. 

In order to use traits to predict invasiveness, there must be some (perhaps multivariate) 
trait space where invasive and noninvasive taxa do not (or only minimally) overlap.  In order to 
determine the potential utility of the traits in this study for predicting invasiveness, I have used 
ordination and classification methods (below) to explore the predictive ability of some of these 
traits. 
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Exploratory data analysis.  The full data set with 68 species and 23 traits contained a 
considerable amount of missing data (i.e. if traits such as relative growth rate, which was only 
measured for 10 species in an experiment, are included).  Therefore, an initial NMDS ordination 
was conducted to determine whether traits and species for which data was missing might be 
useful in classification.  All ordinations generated a similar conclusion with respect to invasive 
and noninvasive taxa, and traits with considerable missing data did not add useful information to 
the ordination, so only a single ordination is shown. 
 The final NMDS ordination was conducted for 32 species, with 6 traits (self-
compatibility, autogamous selfing proportion, specific leaf area, weediness, life history, 
propagule pressure) for which there was no missing data.  The ordination was conducted in R (R 
Development Core Team 2006) using the vegan package (Oksanen et al. 2006).  The metaMDS 
function was used with bray�s distance, 2 dimensions, and the autotransform option (Oksanen et 
al. 2006).  Other options yeilded very similar ordinations and are not shown. 
 
 
 
 

 
Fig. 23.  NMDS ordination for 32 species, with 6 traits (self-compatibility, autogamous selfing proportion, specific 
leaf area, weediness, life history, propagule pressure) for which there was no missing data.  Invasive species are 
squares and noninvasive species are diamonds.  Removing self-compatibility from the ordination removes clustering 
along NMDS axis 1 (figure not shown).  The ordination has a stress of 0.000102. 
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While the invasive species occupy a relatively small subset of the multivariate trait space, 
there is still considerable overlap with noninvasive species (Fig. 23).  The ordination initiated at 
a stress of 0.000240 and converged at a final stress value of 0.000102.  The stress of the 
ordination measures the poorness of fit of the ordination to the original distances.  Values close 
to 0 indicate a good fit of the ordination to the distances, values close to 1 indicate a poor fit of 
the ordination.  Stress values less than 0.01 are often considered �perfect� fits to the distances 
(Robinowitz 1975), so the fit here was interpreted as being very good.  NMDS axis 1 was driven 
primarily by self-compatibility and autogamous selfing rates, with self-compatible species on the 
left and self-incompatible species on the right.  Also, among self-compatible species (on the left), 
the furthest species to the left had higher autogamous selfing rates than points further to the right. 
Axis 2 was defined primarily by propagule pressure, with species on the lower half of the graph 
having lower propagule pressure indices.  Thus propagule pressure was the primary factor 
separating invasive and noninvasive species along NMDS axis 2.  Ordinations incorporating 
missing data yielded no additional insights. 

Since propagule pressure strongly affected the ordination, another ordination was 
conducted to examine the same trait space without propagule pressure (ordination not shown).  
The clustering of species was very similar in this analysis to previous analyses, especially figure 
23, with species mostly clustering on the NMDS axis 1 by SLA and on axis 2 by life history 
(annual versus perennials), and with invasive species taking up a reduced proportion of the trait 
space, but with considerable overlap with the noninvasive species.  Though there was a great 
deal of overlap between invasive and noninvasive taxa, there was also a portion of trait space 
from which invasive species do not appear to be drawn.  Thus it may be possible to reduce the 
set of possible invasive species based on their traits (SLA, LH); however, further information is 
clearly necessary to accurately predict invasiveness. 

Finally, a discriminant function analysis (DFA) was conducted to determine whether 
some of these traits might usefully predict invasiveness in the Commelinaceae.  An initial 
discriminant function with 32 species and 6 traits was used to determine which traits were useful 
predictors of invasiveness (including autogamous selfing proportion, specific leaf area, and 
propagule pressure, results not shown).  Those traits that significantly predicted invasiveness 
(autogamous selfing proportion, specific leaf area) were then used with a larger set of taxa (34 
species) for which all trait values could be obtained in a discriminant function analysis. 
 Invasive species were poorly classified by a DFA with 34 species and two significant 
predictor traits, autogamous selfing proportion and SLA.  However, most of the noninvasive 
species were classified correctly.  The DFA was able to correctly classify 24 out of 26 
noninvasive species and 4 out of 8 invasive species.  The posterior probability error rate 
estimates for invasive category was 0.0308.  The discriminant function analyses suggest that 
classification of invasive speices is still difficult with this subset of the traits. 
Are there multiple invasion syndromes? 

There is a long-standing debate in invasion ecology over whether or not traits can be used 
to predict invasiveness (e.g. Williamson 1999, Pheloung et al. 1999).  Many predictive models 
use a dichotomous key to attempt to predict invasiveness (e.g. Reichard and Hamilton 1997, 
Pheloung et al. 1999).  How well these keys work may depend on whether there are distinct 
invasion syndromes or whether invasiveness is a continuous function of complex trait 
interactions. 

In the Commelinaceae, invasiveness seems to be a continuous trait, with invasive species 
having considerable variation in the rate of spread in the novel range (Chapter 4, Fig. 19).  The 
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continuous nature of �invasiveness� suggests that predicting invasiveness with a dichotomous 
key is unlikely to work perfectly.  Invasive species do have different traits than their noninvasive 
relatives.  However, there is considerable overlap in trait space between invasive and 
noninvasive taxa (Fig. 23), and predicting noninvasive species accurately is especially difficult.  
Both of these observations suggest that traits alone are unlikely to be sufficient to predict 
invasiveness. 

However, predicting invasiveness as a discrete trait may not be the best approach.  Many 
of these traits are continuous (e.g. autogamous selfing proportion) and may not be sufficient to 
assign species to distinct categories (i.e. likely to become invasive or not).  If measures of rates 
of spread were available for a larger sample of taxa, it might be possible to correlate continuous 
predictor variables with rates of spread.  Even when such correlations are strong, managers still 
need to decide how fast a species needs to be spreading before being labeled as an invasive.  
Currently, such decisions are based on expert opinion.  The faster spread rates of invasive 
species suggest that these experts are often right (Fig. 19), but classification could result in a 
more quantitative decision. 

In addition, work presented in this dissertation (Chapter 2) suggests that trait associations 
with invasiveness are environment-dependent in many cases.  This suggests that studies that 
attempt to classify species based on traits from the literature or floras may fail if the traits were 
measured in an environment not similar to the introduced environment.  Some of the work 
presented here (Chapter 4) is also subject to the same criticism, and additional information about 
trait plasticity might improve prediction. 

Though invaders do have many traits in common, there appear to be multiple strategies 
for becoming invasive in the Commelinaceae.  Invasive species can be either self-compatible or 
self-incompatible.  Self-compatible species are more likely to become invasive, but there are 
many self-compatible species that fail to invade.  Self-compatible invasive species have greater 
autogamous selfing rates than noninvasive relatives, and exhibit greater opportunism in fecundity 
in response to high nutrient availability.  Alternatively, there are also self-incompatible species 
that become invasive, and these species always exhibit high levels of vegetative reproduction and 
opportunism in levels of vegetative reproduction at high nutrient availabilities.  Other studies 
have not found evidence for distinct invasion syndromes (Lloret et al. 2005), and it is unclear 
whether these syndromes are generalizable to other taxa.  Traits alone may be insufficient to 
predict invasive and noninvasive taxa, but the incorporation of additional information about rates 
of spread of invasive taxa and information about interactions between traits and the environment 
may improve model�s predictive ability. 

Summary and Future Directions 

 Overall, invasive Commelinaceae species had a number of biological traits that may 
contribute to invasiveness, including high relative growth rates, high specific leaf area, self-
compatibility, high fecundities, vegetative reproduction, and opportunistic responses to high 
nutrient environments (Table 22, see esp. Chapters 2,4).  Self-compatibility, autogamous selfing 
proportion, specific leaf area, weediness, life history, and propagule pressure have been used in 
exploratory analyses to describe the trait space for invasive and noninvasive taxa (Fig. 23).  
While there are many traits associated with invasive species, no single trait is sufficient to predict 
invasiveness in this family.  In addition, there are significant trait by environment associations, 
suggesting that future predictive models should incorporate both environment and trait values to 
improve predictions of invasions. 
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A number of these trait associations are robust in tests incorporating phylogeny, and 
information about the history of trait evolution has been used to speculate about trait-
invasiveness associations.  For example, annual taxa are more likely to become invasive and 
more likely to be self-compatible.  Invasive taxa are also more likely to come from self-
compatible clades.  Thus self-compatibility could be driving the association between 
invasiveness and annual habit in the Commelinaceae.  An increased understanding of the 
evolution of traits does improve our ability to interpret trait-invasiveness associations and 
resulted here in the detection of some trait associations that were not apparent in a 
phylogenetically naive analysis.  Knowing phylogeny may allow us to make stronger inferences 
about the causes of invasiveness. 

Further work should examine the role of demography in invasions.  Invasive species in 
this study all exhibited greater performance than their noninvasive congeners, which may be 
associated with population growth rates under density independent conditions.  In addition, 
noninvasive species may fail to exhibit opportunism in their response to the environment 
(Chapter 3), suggesting that it might be possible to identify noninvasive species based on their 
lack of opportunism across environments.  However, detecting a lack of opportunism would 
require experiments across a range of environments, and larger sample sizes are needed for such 
complex traits in order to conduct classification analyses, such as discriminant function analysis. 
 Future work should examine the role of demography and opportunism in invasive and 
noninvasive species across a diverse sample of taxa. 

In addition to biological traits and species demography, the environment and the 
introduction history also influenced the probability of invasion in the Commelinaceae (see also 
Lonsdale 1999).  In order to understand and predict invasiveness we need to understand the traits 
of invasive species and the interactions between the environment and trait associations.  In 
addition, information about phylogeny may improve our ability to tease-apart phylogenetic 
history and traits with adaptive significance for invasion.  Successful prediction and prevention 
of invasions will depend on our understanding of this complex pool of interactions among 
species traits, environment, demography, and introduction history in the context of phylogenetic 
history. 
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APPENDIX A 
 

Table 23.  Species used in the study reported here, including classifications of invasiveness based on expert opinion 
(e.g., USDA 2002, FLEPPC 2003).  Classification of species as noninvasive was based on their absence from 
invasive-species lists and their introduction potential (e.g., through horticulture). 
Pair Species Invasive Life history 

Commelina benghalensis L. Yes Annual (Faden 2000) or perennial (Burns, 
personal observation) 

Commelina 

Commelina bracteosa Hassk. No Perennial (Burns, personal observation) 
Murdannia nudiflora (L.) Brenan Yes Annual (Hunt 1993, Faden 2000) Murdannia 1 
Murdannia simplex (Vahl) Brenan No Perennial (Burns, personal observation) 
Murdannia keisak (Hassk.) Hand.�Mazz. Yes Annual (Faden 2000) Murdannia 2 
Murdannia bracteata (C.B. Clarke) J.K. 
Morton ex D.Y. Hong 

No Perennial (Burns, personal observation) 

Tradescantia fluminensis Vell. Yes Perennial (Faden 2000) Tradescantia 1 
Tradescantia blossfeldiana Milbraed No Perennial (Faden 2000) 
Tradescantia zebrina Bosse Yes Perennial (Hunt 1993, Faden 2000) Tradescantia 2 
Tradescantia brevifolia (Torrey) Rose No Perennial (Faden 2000) 

 
Table 24.  Regressions that were used for estimation of initial biomass, which was used to calculate relative growth 
rate. 
Species R2 Equation F-ratio P-value 
Commelina 

benghalensis 

0.159 ln(weight)=-4.9+0.04*cutting 5.29 0.0291 

Commelina 

bracteosa 

0.878 ln(weight)=-
6.27+0.002*width2*length2+0.36*ln(width*length) 

96.92 <0.0001 

Murdannia 

bracteata 

0.886 ln(weight) = -4.0836 + 0.0009* width2*length2 + 0.0847* 
cutting 

104.44 <0.0001 

Murdannia keisak 0.691 weight = -0.01125 + cutting*0.00049  + 
width*length*0.000089 

36.06 <0.0001 

Murdannia 

nudiflora 

0.524 weight =-0.02+0.0008*cutting+0.004*ln(width*length) 14.89 <0.0001 

Murdannia simplex 0.763 ln(weight)=-5.27+0.03*length2 89.97 <0.0001 
Tradescantia 

blossfeldiana 

0.702 weight=-0.02+0.00009*width*length+0.00007*width2*length2 31.74 <0.0001 

Tradescantia 

brevifolia 

0.368 weight = -0.17+0.04*ln(width*length) 16.33 0.0004 

Tradescantia 

fluminensis 

0.728 ln(weight)=-
6.27+0.002*width*length+0.29*ln(width2*length2) 

36.21 <0.0001 

Tradescantia 

sillamontana 

0.672 ln(weight) = -9.065 + 0.832 * ln(Width2*Lenth2) + 
0.3053*ln(cutting) 

23.88 <0.0001 

Tradescantia 

zebrina 

0.842 ln(weight)=-
8.37+0.0001*width2*length2+0.79*ln(width*length) 

71.99 <0.0001 
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APPENDIX B 
 
Table 25.  Matrix models for 10 species of Commelinaceae, 5 invasive species and 5 noninvasive congeners.  
Separate models were created for each of four maternal growing environments. 

Treatment Invasive species  Noninvasive species 
Stage Commelina benghalensis  Commelina bracteosa 

High water, 
high nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0.25 0 0 0 0 23.2  0.29 0 0 0 0 0.01 

ch-I 0 0.25 0 0 0 9.72  0 0 0 0 0 0 
cl-d 0 0 0.23 0 0 5.05  0 0 0 0 0 0 
cl-I 0 0 0 0.24 0 2.81  0 0 0 0 0 0 
2 0.68 0.75 0.53 0.64 4.25 7.5  0.43 0 0 0 6.78 5.99 

3 0 0 0 0 0.5 8.5  0 0 0 0 0.03 6.98 
              
High water, 
low nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0.25 0 0 0 0 13.8  0.29 0 0 0 0 0.02 
ch-I 0 0.21 0 0 0 1.68  0 0 0 0 0 0 
cl-d 0 0 0.33 0 0 0.71  0 0 0 0 0 0 
cl-I 0 0 0 0.24 0 0.67  0 0 0 0 0 0 
2 0.68 0.64 0.53 0.64 1.15 0.58  0.43 0 0 0 1.69 0.81 
3 0 0 0 0 0.27 1.58  0 0 0 0 0.08 1.81 

              
Low water, 
high nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0.25 0 0 0 0 4.51  0.29 0 0 0 0 0.02 
ch-I 0 0.33 0 0 0 13.6  0 0 0 0 0 0 
cl-d 0 0 0.21 0 0 7.56  0 0 0 0 0 0 
cl-I 0 0  0.24 0 4.27  0 0 0 0 0 0 
2 0.68 0.53 0.64 0.64 3.48 5.57  0.43 0 0 0 4.51 3.65 
3 0 0 0 0 0.47 6.57  0 0 0 0 0.03 4.65 

              
Low water, 
low nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0.25 0 0 0 0 0.75  0.29 0 0 0 0 0.01 
ch-I 0 0.31 0 0 0 2.29  0 0 0 0 0 0 
cl-d 0 0 0.08 0 0 0.98  0 0 0 0 0 0 
cl-I 0 0 0 0.24 0 1.08  0 0 0 0 0 0 
2 0.68 0.54 0.64 0.64 0.94 0.65  0.43 0 0 0 1.81 0.87 
3 0 0 0 0 0.43 1.65  0 0 0 0 0.03 1.87 

Treatment              
Stage Murdannia nudiflora  Murdannia bracteata 

High water, 
high nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0.41 0 0 0 0 135  0.25 0 0 0 0 143 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0.52 0 0 0 3.86 6.72  0.74 0 0 0 4.20 4.12 
3 0 0 0 0 0.50 7.72  0 0 0 0 0.18 5.12 
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Table 25. (cont.) 

Treatment Invasive species  Noninvasive species 
Stage Murdannia nudiflora  Murdannia bracteata 

High water, 
low nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0.49 0 0 0 0 10.4  0.25 0 0 0 0 14.0 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0.31 0 0 0 1.05 1.11  0.75 0 0 0 1.60 0.67 
3 0 0 0 0 0.50 2.11  0 0 0 0 0.04 1.67 

              
Low water, 
high nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0.47 0 0 0 0 84.2  0.25 0 0 0 0 62.9 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0.37 0 0 0 3.21 5.42  0.75 0 0 0 3.08 2.67 
3 0 0 0 0 0.50 6.42  0 0 0 0 0.16 3.67 

              
Low water, 
low nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0.41 0 0 0 0 10.2  0.25 0 0 0 0 13.6 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0.36 0 0 0 2.12 1.19  0.75 0 0 0 1.47 0.62 
3 0 0 0 0 0.50 2.18  0 0 0 0 0.09 1.62 

Treatment              
Stage Murdannia keisak  Murdannia simplex 

High water, 
high nutrients dist prox cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

dist 0.64 0 0 0 0 11.0  0 0 0 0 0 0 
prox 0 0.84 0 0 0 47.8  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0.11 0.16 0 0 3.44 5.03  0 0 0 0 0.00 4.87 
3 0 0 0 0 0.43 6.03  0 0 0 0 0.97 5.69 

              
High water, 
low nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0.61 0 0 0 0 6.89  0 0 0 0 0 0 
ch-I 0 0.69 0 0 0 10.1  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0.04 0.11 0 0 0.95 1.64  0 0 0 0 0.00 1.02 
3 0 0 0 0 0.64 2.64  0 0 0 0 1.00 2.02 
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Table 25. (cont.) 

Treatment Invasive species  Noninvasive species 
Stage Murdannia keisak  Murdannia simplex 

Low water, 
high nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0.46 0 0 0 0 5.68  0 0 0 0 0 0 
ch-I 0 0.71  0 0 0 9.32  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0.04 0.19 0 0 2.37 3.83  0 0 0 0 0.00 3.04 
3 0 0 0 0 0.51 4.83  0 0 0 0 1.90 4.04 

              
Low water, 
low nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0.69 0 0 0 0 5.27  0 0 0 0 0 0 
ch-I 0 0.64  0 0 0 9.73  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0.08 0.21 0 0 1.15 1.75  0 0 0 0 0.00 0.77 
3 0 0 0 0 0.58 2.75  0 0 0 0 1.00 1.77 

Treatment              
Stage Tradescantia fluminensis  Tradescantia blossfeldiana 

High water, 
high nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0 0 0 0 0 0  0 0 0 0 0 0 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0 0 0 0 0 10.4  0 0 0 0 0 3.51 
3 0 0 0 0 1 11.4  0 0 0 0 1 4.51 

              
High water, 
low nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0 0 0 0 0 0  0 0 0 0 0 0 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0 0 0 0 0 0.93  0 0 0 0 0 1.05 
3 0 0 0 0 1 1.87  0 0 0 0 1 2.04 

              
Low water, 
high nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0 0 0 0 0 0  0 0 0 0 0 0 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0 0 0 0 0 7.28  0 0 0 0 0 2.75 
3 0 0 0 0 1 7.70  0 0 0 0 1 3.75 
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Table 25. (cont.) 

Treatment Invasive species  Noninvasive species 
Stage Tradescantia fluminensis  Tradescantia blossfeldiana 

Low water, 
low nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0 0 0 0 0 0  0 0 0 0 0 0 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0 0 0 0 0 1.22  0 0 0 0 0 0.96 
3 0 0 0 0 1 2.15  0 0 0 0 1 1.96 

Treatment              
Stage Tradescantia zebrina  Tradescantia brevifolia 

High water, 
high nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0 0 0 0 0 0  0 0 0 0 0 0 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0 0 0 0 0 8.18  0 0 0 0 0 3.00 
3 0 0 0 0 1 9.18  0 0 0 0 1 3.88 

              
High water, 
low nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0 0 0 0 0 0  0 0 0 0 0 0 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0 0 0 0 0 1.14  0 0 0 0 0 0.87 
3 0 0 0 0 1 2.14  0 0 0 0 1 1.87 

              
Low water, 
high nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0 0 0 0 0 0  0 0 0 0 0 0 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0 0 0 0 0 5.09  0 0 0 0 0 0 
3 0 0 0 0 1 6.09  0 0 0 0 0 2.83 

        0 0 0 0 1 3.56 
Low water, 
low nutrients ch-d ch-I cl-d cl-I 2 3 

 
ch-d ch-I cl-d cl-I 2 3 

ch-d 0 0 0 0 0 0  0 0 0 0 0 0 
ch-I 0 0 0 0 0 0  0 0 0 0 0 0 
cl-d 0 0 0 0 0 0  0 0 0 0 0 0 
cl-I 0 0 0 0 0 0  0 0 0 0 0 0 
2 0 0 0 0 0 1.39  0 0 0 0 0 0.68 
3 0 0 0 0 1 2.32  0 0 0 0 1 1.68 
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APPENDIX C 
 

Table 26.  Species used in this study, including source of materials, collector, voucher, and GenBank information.  All GenBank accessions beginning in EF were 
generated for this study.  Accessions begining in AJ were retrieved from GenBank. 
Species Collection sourcea Source Collection Voucher 

Location 
GenBank Accession trnL-
trnF 

GenBank Accession 5S NTS 

Commelinaceae 
Callisia cordifolia (Sw.) E. S. Anderson & Woodson USA, Florida Smithsonian Institution (83-

197) 
Faden 83/37 US  EF092889 EF101211 

Callisia fragrans (Lindl.) Woodson Unknown Smithsonian Institution (93-
091) 

Tim Chapman sn. US  EF092890 EF101216 

Callisia gramimea (Small) G. Tucker Unknown Bergamo (99-189) Giles 93L-1 GA EF092887 EF101213 
Callisia navicularis (Ortgies) D.R. Hunt Mexico Smithsonian Institution (80-

410) 
Fryxell s.n. GA EF092888 EF101214 

Callisia repens (Jacq.) L. Cultivation Bergamo (82-291) A. B. Graf. sn. US EF092886 EF101212 
Commelina africana L. var. villosior (C. B. Clarke) Brenan Africa, Zaire Smithsonian Institution (92-

043) 
Mastromatteo sn. US  EF092863 EF101232, EF101233 

Commelina benghalensis L. USA, Florida Burns, J. H. Burns 246 FSU EF092854 EF101230, EF101231 
Commelina bracteosa Hassk. Africa, Kenya Smithsonian Institution (86-

207) 
Faden and Beentie 86/50 US  EF092859 EF101222 

Commelina capitata Benth. Africa Smithsonian Institution (90-
026) 

Henke 90-6 US  EF092864 EF101249 

Commelina coelestis Willd. South America, Andes Faden, R. B. Burns 278 FSU EF092869 EF101252 
Commelina communis L. (1) USA, Missouri Jamie Kneitel Burns (for Kneitel) 250 FSU EF092866 EF101238, EF101239, EF101240, 

EF101241 
Commelina communis L. (2) Cultivation Faden, R. B. Burns 255 FSU EF092868  
Commelina communis L. var. ludens L. (Miq.) C. B. Clark Cultivation Faden, R. B. Burns 277 FSU EF092867  
Commelina congesta C. B. Cl. Africa, Gabon Smithsonian Institution Smith and Bell sn. US  EF092860 EF101247 
Commelina dianthifolia DC. Cultivation Burns, J. H. Burns 280 FSU EF092857 EF101245 
Commelina diffusa Burm. f. USA, Florida Burns, J. H. Burns 259 FSU EF092861 EF101234, EF101235, EF101236, 

EF101237 
Commelina eckloniana Kunth Africa, Kenya Smithsonian Institution (96-

456) 
Faden 96/546 US  EF092853 EF101228 

Commelina erecta L. USA, Florida Burns, J. H. Burns 250 FSU EF092858 EF101223, EF101224, EF101225 
Commelina fluviatilis Brenan Africa, Tanzania Smithsonian Institution (96-

457) 
Faden et al. 96/510 US  EF092872 EF101242 

Commelina foliacea Chiov. spp. amplexicaulis   Africa, Tanzania Smithsonian Institution (80-
403) 

Faden 70/391 US  EF092865 EF101226 

Commelina imberbis Ehrenb. ex Hassk. Africa, Yemen Smithsonian Institution Gillespie 4 US EF092850 EF101220 
Commelina lukei  Africa, Kenya Smithsonian Institution Luke 7080 US  EF092855 EF101227 
Commelina mascarenica Clarke in DC. Africa, Somalia Smithsonian Institution Faden & Kuchar 88/269,US US EF092849 EF101221 
Commelina nairobiensis Faden Africa, Kenya Smithsonian Institution Faden 02/101 temp. US  EF092851 EF101229 
Commelina purpurea C. B. Clarke Africa, Kenya Smithsonian Institution (94-

902) 
Faden and Ngweno 94/1 US  EF092870 EF101243 

Commelina schliebenii Mildbr. Africa, Tanzania Smithsonian Institution (96-
462) 

Faden et al. 96/138 US  EF092852 EF101253 

Commelina L. sp. South America, Ecuador Smithsonian Institution (01-
074) 

Grant 3983 US EF092862 EF101246 

Commelina virginica L. USA, Florida Burns, J. H. Burns 249 FSU EF092856 EF101248 
Commelina welwitschii C.B.Clarke Africa, Zimbabwe Smithsonian Institution (97-

223) 
Faden and Drummond 97/24 FSU EF092871 EF101244 

Cyanotis repens Faden & D.M. Cameron ssp. repens Africa, Kenya Smithsonian Institution (80-
337) 

Faden 74/1174 US EF092875 EF101257 

Cyanotis repens ssp. robusta Faden & D.M. Cameron Africa, Uganda Smithsonian Institution (80-
336) 

Faden 69/1069 US EF092876  

Cyanotis somaliensis C. B. Clarke Cultivation Cultivation Burns ? FSU EF092878 EF101254 
Cyanotis villosa Schult. f. var. �A� Unknown Smithsonian Institution (80-

331) 
Faden 76/555 GA EF092877 EF101256 

Cyanotis speciosa (L.f.) Hassk. Cultivation Cultivation Burns ? FSU EF092879 EF101255 
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Table 26. (cont.) 
Species Collection sourcea Source Collection Voucher 

Location 
GenBank Accession trnL-
trnF 

GenBank Accession 5S NTS 

Commelinaceae 
Dichorisandra hexandra (Aubl.) Standl. South America, French 

Guiana 
Smithsonian Institution (89-
070) 

DeGranville et al. sn. US EF092883  

Dichorisandra thyrsiflora J. C. Mikan South America, Brazil Smithsonian Institution (80-
340) 

Plowman 7614 US EF092884  

Gibasis consobrina D. R. Hunt Mexico Kew (18843) Kew 18843 Kew EF092892 EF101217 
Gibasis karwinskyana (Roem.& Schult.f.) Rohweder Unknown Kew (18844) Kew 18844 Kew EF092893 EF101218 
Gibasis pellucida (Mart. & Gal.) D.R. Hunt USA, Florida Burns, J. H. Burns 248 FSU EF092891 EF101219 
Murdannia acutifolia (Lauterb. & K.Schum.) Faden Cultivation Burns, J. H. Burns 281 FSU EF092847 EF101260 
Murdannia bracteata (C.B.Clarke) J.K. Morton ex D.Y. 
Hong 

Cultivation Smithsonian Institution (94-
293) 

Missouri Botanical Garden 
951919 

US EF092846 EF101262 

Murdannia keisak (Hassk.) Hand.-Mazz.  USA, Florida Burns, J. H. Burns 251 FSU EF092848 EF101261 
Murdannia nudiflora (L.) Brenan USA, Florida Burns, J. H. Burns 252 FSU EF092844 EF101263 
Murdannia simplex (Vahl) Brenan (1) Africa, Cameroon Smithsonian Institution (91-

067) 
Kahn 90-18 US EF092843 EF101258 

Murdannia simplex (Vahl) Brenan (2) Africa, Kenya Smithsonian Institution Robertson 7389 US EF092845 EF101259 
Palisota albertii L.Gentil Cultivation Kew (18845) Kew 18845 Kew EF092882  
Pollia japonica Thunberg Cultivation Faden, R. B. Burns 266 FSU EF092873 EF101250 
Pollia secundiflora (Blume) Bakh. Philipines Smithsonian Institution (96-

469) 
Bickwell 907 US EF092874 EF101251 

Siderasis fuscata (Lodd.) H.E. Moore Cultivation UGA Unknown GA EF092885  
Spatholirion longifolium (Gagnep.) Dunn Unknown Unknown Unknown Unknown AJ387744 NA 
Thyrsanthemum sp. Unknown Unknown Unknown Unknown AJ387745  
Tinantia pringlei (S. Wats) Rohw. unknown Faden, R. B. Burns 267 FSU EF092881  
Tradescantia x andersoniana W. Ludwig & Rohweder nom 
inval. [ohiensis × (subasper × virginiana)] 

Cultivation Burns, J. H. Burns 282 FSU EF092908 EF101268 

Tradescantia blossfeldiana Milbraed 
Cultivation Smithsonian Institution (80-

362) University of Chicago sn. US 
EF092896 EF101282 

Tradescantia  bracteata Small Cultivation Burns, J. H. Burns 283 FSU EF092906 EF101264 
Tradescantia brevifolia (Torrey) Rose Cultivation Faden, R. B. Burns 269 FSU EF092912 EF101272 
Tradescantia buckleyi (I.M.Johnst.) D.R.Hunt unknown Kew (18846) Kew 18846 Kew EF092902 EF101270 
Tradescantia sp. �burmudensis� (horticultural variety) Cultivation Burns, J. H. Burns 284 FSU EF092900 EF101273 

Tradescantia fluminensis Vell. (1) 
Australia Smithsonian Institution (82-

302) A. Faden 22/81 US 
EF092894 EF101280, EF101281 

Tradescantia fluminensis Vell. (2) USA, Florida Burns, J. H. Burns 253 FSU EF092895  
Tradescantia fluminensis Vell. var. 'varigata' (horticultural 
variety) 

Cultivation UGA Burns 285 FSU   

Tradescantia hirsutiflora Bush USA, Florida Burns, J. H. Burns 279 FSU EF092910 EF101269 
Tradescantia occidentalis (Britt.) Smyth Cultivation  Burns, J. H. Burns 286 FSU EF092904 EF101266 
Tradescantia ohiensis Rafin. USA, Florida Burns, J. H. Burns 247 FSU EF092907 EF101265 
Tradescantia pallida (Rose) D. R. Hunt Cultivation Burns, J. H. Burns 287 FSU EF092903 EF101271 
Tradescantia roseolens Small USA, Florida Bergamo (99-186) Bergamo 99-186 GA EF092909 EF101267 
Tradescantia  sillamontana Matuda Cultivation Burns, J. H. Burns 288 FSU EF092905 EF101275 

Tradescantia soconuscana Matuda 
Mexico Smithsonian Institution (80-

365) Faden 76/98 
US EF092911 EF101276 

Tradescantia spathacae Sw. Cultivation Bergamo (99-201) Bergamo 99-201 GA EF092901 EF101274 
Tradescantia standleyi Steyerm. Unknown Kew (18847) Kew 18847 Kew EF092899 EF101279 

Tradescantia zanonia (L.) Sw. 
South America, Costa Rica Smithsonian Institution (91-

056) J. Grant sn. US 
EF092897 EF101278 

Tradescantia zebrina Heynh. 
Unknown Smithsonian Institution (82-

303) Munchen Bot. Gard. 995/65 US 
EF092898 EF101277 

Tripogandra serrulata (Vahl) Handlos Cultivation UGA Burns 290 FSU EF092880 EF101215 
Weldenia candida Schult. f. Unknown Unknown Unknown Unknown AJ387746  

Haemodoraceae 
Anigozanthos bicolor Endl. Unknown Unknown Unknown Unknown AJ387724 NA 
Anigozanthos flavidus Redoute Unknown Unknown Unknown Unknown AJ387725 NA 
Anigozanthos humilis Lindl. Unknown Unknown Unknown Unknown AJ387726 NA 
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Table 26. (cont.) 
Species Collection sourcea Source Collection Voucher 

Location 
GenBank Accession trnL-
trnF 

GenBank Accession 5S NTS 

Haemodoraceae 
Anigozanthos preissii Endl. Unknown Unknown Unknown Unknown AJ387727 NA 
Blancoa canescens 
Lindl. 

Unknown Unknown Unknown Unknown AJ387728 NA 
Conostylis androstemma 
F.Muell. 

Unknown Unknown Unknown Unknown AJ387729 NA 
Conostylis candicans Endl. Unknown Unknown Unknown Unknown AJ387730 NA 
Conostylis setigera 
R.Br. 

Unknown Unknown Unknown Unknown AJ387731 NA 
Dilatris ixioides Lam. Unknown Unknown Unknown Unknown AJ387732 NA 
Haemodorum spicatum 
R.Br. 

Unknown Unknown Unknown Unknown AJ387733 NA 
Lachnanthes caroliniana (Lam.) Dandy Unknown Unknown Unknown Unknown AJ387734 NA 
Macropidia fuliginosa 
(Hook.) Druce 

Unknown Unknown Unknown Unknown AJ387735 NA 
Phlebocarya ciliata R. Br. Unknown Unknown Unknown Unknown AJ387736 NA 
Schiekia orinocensis (Kunth) Meisn. Unknown Unknown Unknown Unknown AJ387737 NA 
Tribonanthes uniflora 
Lindl. 

Unknown Unknown Unknown Unknown AJ387738 NA 
Xiphidium Aubl. sp. Unknown Unknown Unknown Unknown AJ387740 NA 
Species Collection sourcea Source Collection Voucher 

Location 
GenBank Accession trnL-
trnF 

GenBank Accession 5S NTS 

Wachendorfia thyrsiflora Burm. Unknown Unknown Unknown Unknown AJ387739 NA 
Philydraceae 

Helmholtzia glaberrima (Hook. f.) Caruel Unknown Unknown Unknown Unknown AJ387741 NA 
Philydrella pygmaea R. Br. Unknown Unknown Unknown Unknown AJ387742 NA 

Pontederiaceae 
Pontederia cordata L. Unknown Unknown Unknown Unknown AJ387743 NA 
a Collection sources from outside the native range are shown in bold, including cultivated material.  Notes:  Source: Collector or institution if in a live plant collection (accession # if available).  Smithsonian Institution = Smithsonian Institution, MBG=Missouri 
Botanical Garden, Kew=Kew, UGA=University of Georgia, Herbarium where Voucher is located (index herbariorum code): FSU = Florida State University, GA = University of Georgia, US =Smithsonian Institution. 
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Table 27.  Discrete character states for phylogenetic analysis.  Status of plants was weedy, adventive, or invasive.  Species availability was from horticultural 
sources.  Plants scored as self-compatible in this study were based on autogamous selfing measured in flower-bagging studies, except where otherwise noted. 
Plants scored as self-incompatible were scored based on hand-pollinated and bagged flowers.  Sample sizes are for number of flowers bagged in each case.  
Seeds were scored as heteromorphic based mostly on personal observations of seed size distributions. 

Species 

Propagule 
pressure 

Introduction 
Sources Commercial 

Availability 

Potential 
Introduction 
Sources 

Status (weedy, 
adventive, or 
invasive) Self-compatible 

LH Seed 
Heteromorph 

Capsule 
dehiscence 

Vegetative 
Reproduction? 

Ploidy 

Commelinaceae 
Callisia 

cordifolia (Sw.) 
E. S. Anderson & 
Woodson 

   Smithsonian 
Institution (2002), 
Botanical Garden 
(MBG 2004), 
cultivated 
(Hortiplex 2004) 

weedy (Burns, 
this study), 
noninvasive 
(Burns, this 
study) 

SC (Hunt 1994) Perennial (Faden 
2000), or annual 
(Hunt 1994) 

No (Burns, this 
study) 

DC (Burns, this 
study) 

Yes (Burns, this 
study) 

 

Callisia fragrans 
(Lindl.) Woodson 

  Glasshouse 
works 2004 

Smithsonian 
Institution (2002), 
Cultivated 
(Wiersema and 
Leon 1999, GRIN 
2004, Hortiplex 
2004), Botanical 
Gardens (DC 
herbarium 2004, 
MBG 2004), 
Botanical Garden 
(SysTax 2006) 

weedy (GCW 
2004), invasive 
(FLEPPC 2003b, 
GCW 2004, 
Invasive.org 
2004)  

SI (Owens 1981) Perennial (Faden 
2000) 

  Yes (Burns, this 
study) 

 

Callisia gramimea 
(Small) G. Tucker 

   cultivated 
(Hortiplex 2004) 

Not weedy, 
noninvasive 

SI (Giles 1942) Perennial (Faden 
2000) 

  No (Giles 1942) diploids 
(geographically 
restricted), 
tetraploids 
(widespread), 
hexaploids (few) 
(Giles 1942), 
autopolyploid 
(GIles 1942) 

Callisia 

navicularis 
(Ortgies) D.R. 
Hunt 

  Halsway Nursery 
(Royal 
Horitcultural 
Society 2004) 

Smithsonian 
Institution (2002), 
Cultivated 
(Wiersema and 
Leon 1999, Desert 
Tropicals 2004, 
GRIN 2004, Royal 
Horticultural 
Society 2004), 
Botanical Garden 
(SysTax 2006) 

Not weedy, 
noninvasive 
(Burns, this 
study) 

SC (n =3, Burns, 
this study) 

Perennial (Hardy 
and Stevenson 
2000) 

  Yes (Burns, this 
study) 

 

Callisia repens 
(Jacq.) L. 

  Bridgemere 
Nurserie, 
Halsway Nursery 
(Royal 
Horitcultural 
Society 2004) 

Smithsonian 
Institution (2002), 
Cultivated 
(Wiersema and 
Leon 1999, GRIN 
2004, Hortiplex 
2004, Royal 
Horitcultural 
Society 2004), 
Botanical Garden 
(SysTax 2006) 

weedy (Faden 
2000, GCW 
2004), adventive 
(Faden 2000, 
GCW 2004, 
Wunderlin and 
Hansen 2004), 
noninvasive 

SC (Owens 
1981), SI (Hunt 
1993, 1994) 

Perennial (Hunt 
1993, Hong and 
DeFilipps2000, 
Faden 2000) 

  Rooting at nodes 
(Hunt 1993, 
Hong and 
DeFilipps2000) 

 

Commelina 
africana L. var. 
villosior (C. B. 
Clarke) Brenan 

   Smithsonian 
Institution (2002) 

weedy, (Faden 
1982, GCW 
2004), adventive, 
invasive (GCW 
2004) 

SC (Owens 1981, 
n = 33, Burns, 
this study) 

Perennial (Burns, 
this study) 

HS (Burns, this 
study) 

DIC (Burns, this 
study) 

rooting at nodes 
(Burns, this 
study) 
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Table 27. (cont.) 

Species 

Propagule 
pressure 

Introduction 
Sources Commercial 

Availability 

Potential 
Introduction 
Sources 

Status (weedy, 
adventive, or 
invasive) Self-compatible 

LH Seed 
Heteromorph 

Capsule 
dehiscence 

Vegetative 
Reproduction? 

Ploidy 

Commeliaceae 
Commelina 

benghalensis L. 
1 3  possible seed 

contaminant 
(Wiersema and 
Leon 1999), 
Smithsonian 
Institution (2002), 
cultivated 
(Hortiplex 2004), 
Botanical Garden 
(SysTax 2006) 

weedy (Wiersema 
and Leon 1999, 
GCW 2004),  
adventive 
(Wiersema and 
Leon 1999, 
Wunderlin and 
Hansen 2004), 
invasive (Wilson 
1981, APHIS 
2004, GCW 2004, 
GAEPPC 2004, 
Invasive.org 
2004, SEEPPC 
2004), Noxious 
weed (GRIN 
2004)  

SC (Owens 1981, 
Burns, this study) 

Annual (Hsu 
1978, Ka 1984, 
Faden 2000), or 
Perennial (Hong 
and 
DeFilipps2000) 

HS (Hsu 1978, 
Burns, this study) 

DIC (Hsu 1978, 
Hong and 
DeFilipps2000) 

rooting at nodes 
(Hsu 1978) 

Diploid is SE US 
where invasive 
(Faden personal 
communication), 
Hexaploid (CA: 
Faden 2000), 
diploid (Faden 
and Suda 1980), 
highly variable, 
with at least some 
diploids (inferred 
from: Faden and 
Suda 1980, IPCN 
2005), diploids in 
India and diploids 
and polyploids in 
Africa (Rao et al. 
1970) 

Commelina 
bracteosa Hassk. 

1 1  Smithsonian 
Institution (2002) 

Not weedy, 
noninvasive 

SC (Owens 1981, 
n = 42, Burns, 
this study) 

Perennial (Burns, 
this study) 

No (Burns, this 
study) 

DC (Burns, this 
study) 

Yes (Burns, this 
study) 

diploid (inferred 
from: Faden and 
Suda 1980, IPCN 
2005) 

Commelina 

capitata Benth. 
   Smithsonian 

Institution (2002) 
weedy (Weber et 
al. 1995), 
noninvasive 

     tetraploid 
(inferred from: 
Faden and Suda 
1980, IPCN 
2005), 
allopolyploid 
(Patwary et al. 
1985) 

Commelina 
coelestis Willd. 

  B&T World 
Seeds 2004, 
Manor Nursery 
(Royal 
Horticultural 
Society 2004) 
Forgecom 2003, 
Sandemanseeds 
2003 

Commercial, 
Cultivated 
(Wiersema and 
Leon 1999, 
Smithsonian 
Institution 2002, 
GRIN 2004, 
NRCS Plants 
2004, Hortiplex 
2004, Royal 
Horticultural 
Society 2004), 
Botanical Garden 
(SysTax 2006) 

weedy (GCW 
2004), 
noninvasive 

SC (n = 24, 
Burns, this study) 

Perennial (Hunt 
1993) 

HS (Burns, this 
study) 

DIC (Burns, this 
study) 

No (Burns, this 
study) 

hexaploid 
(inferred from: 
Faden and Suda 
1980, IPCN 
2005) 

Commelina 

communis L. 
   Cultivated 

(Wiersema and 
Leon 1999, GRIN 
2004, Hortiplex 
2004), potential 
seed contaminant 
(GRIN 2004), 
Botanical Garden 
(SysTax 2006) 

weedy (Faden 
1982, Wiersema 
and Leon 1999, 
GCW 2004), 
adventive (Gray 
1950, Faden 
1989, Faden 
2000, GCW 2004, 
Wunderlin and 
Hansen 2004), 
invasive 
(Invasive.org 
2004, SEEPPC 
2004) 

SC (n = 8, Burns, 
this study) 

Annual (Gray 
1950, Hsu 1978, 
Ka 1984, Faden 
2000) 

No (Burns, this 
study) 

DC (Hsu 1978, 
Burns, this study) 

rooting at nodes 
(Hsu 1978) 

highly variable, 
with at least some 
diploids (inferred 
from: Faden and 
Suda 1980, IPCN 
2005) 
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Table 27. (cont.) 

Species 

Propagule 
pressure 

Introduction 
Sources Commercial 

Availability 

Potential 
Introduction 
Sources 

Status (weedy, 
adventive, or 
invasive) Self-compatible 

LH Seed 
Heteromorph 

Capsule 
dehiscence 

Vegetative 
Reproduction? 

Ploidy 

Commeliaceae 
Commelina 
communis L. var. 
ludens L. (Miq.) 
C. B. Clarke 
 

   cultivated 
(Hortiplex 2004) 

adventive (GCW 
2004), 
noninvasive 

SC (Seeds 
produced in a 
pollinator-free 
greenhouse, 
Burns, personal 
observation) 

Annual (Ka 1984, 
Faden 2000) 

No (Burns, this 
study) 

DC (Burns, this 
study) 

Yes (Burns, this 
study) 

 

Commelina 

congesta C. B. 
Clarke 

   Smithsonian 
Institution (2002) 

Not weedy, 
noninvasive 

 Perennial (Burns, 
this study) 

  Yes (Burns, this 
study) 

diploid (inferred 
from: Faden and 
Suda 1980, IPCN 
2005) 

Commelina 

dianthifolia DC. 
  B&T World 

Seeds 2004, 
Nicky's Nursery 
2004, Manor 
Nursery, 
Bressingham 
Gardens, A&A 
Thorp, White 
Cottage Alpines, 
Cally Gardens, 
Christie's 
Nursery, Kevok 
Garden Plants and 
Flowers, Kirkdale 
Nursery, Pettet's 
Nursery, Rumsey 
Nursery, Perhill 
Nurseries (Royal 
Horitcultural 
Society 2004) 

Smithsonian 
Institution (2002), 
cultivated 
(Hortiplex 2004, 
Royal 
Horitcultural 
Society 2004) 

Not weedy, 
noninvasive 

SC (n = 52, 
Burns, this study) 

Perennial (Hunt 
1993, Faden 
2000) 

No (Burns, this 
study) 

DC (Burns, this 
study) 

No (Hunt 1993) hexaploid 
(inferred from: 
Faden and Suda 
1980, Hunt 1993) 

Commelina 

diffusa Burm. f. 
   Cultivated 

(Wiersema and 
Leon 1999, GRIN 
2004, Hortiplex 
2004), 
Smithsonian 
Institution (2002) 

weedy (Gray 
1950, Faden 
1982, Bradshaw 
and Lanini 1995, 
Wiersema and 
Leon 1999, GCW 
2004, GRIN 
2004), adventive 
(Faden 1989, 
GCW 2004, 
Wunderlin and 
Hansen 2004) 

SC (Owens 1981, 
n = 31, Burns, 
this study) 

 
 
Perennial (Hsu 
1978, Hunt 1993) 
Perennial or 
annual (Faden 
2000), annual 
(Gray 1950, Ka 
1984) 

HS (Burns, this 
study) 

DIC (Hsu 1978, 
Hong and 
DeFilipps2000) 

rooting at nodes 
(Gray 1950, 
Faden 1974, Hsu 
1978, Hunt 1993) 

highly variable 
with at least some 
diploids (inferred 
from: Faden and 
Suda 1980, IPCN 
2005), 
autopolyploids, 
aneuploids 
(Bhattacharya 
1975) 

Commelina 

eckloniana Kunth  
   Smithsonian 

Institution (2002) 
Not weedy, 
noninvasive 

SC (n = 41, 
Burns, this study) 

Perennial (Burns, 
this study) 

No (Burns, this 
study) 

DC (Burns, this 
study) 

Little rooting at 
nodes (Burns, this 
study) 

 

Commelina 
erecta L. 

   Cultivated 
(Wiersema and 
Leon 1999, GRIN 
2004, Hortiplex 
2004), 
Smithsonian 
Institution (2002), 
Botanical Garden 
(SysTax 2006) 

weedy (Faden 
1982, Hunt 1993, 
Wiersema and 
Leon 1999, Faden 
2000, GCW 2004, 
GRIN 2004), 
adventive (Faden 
1974), invasive 
(Wilson 1981) 

SC (Owens 1981, 
n = 30, Burns, 
this study) 

Perennial (Gray 
1950, Hunt 1993, 
Faden 2000) 

HS (Burns, this 
study) 

DC (Hunt 1993), 
DIC (Burns, this 
study) 

Yes (Burns, this 
study) 

diploid and 
tetraploid 
(inferred from: 
Faden and Suda 
1980, IPCN 
2005), aneuploids 
(Bhattacharya 
1975), infra-
specific 
polyploidy, 
hexaploid and 
octoploid (India) 
octoploid (Africa) 
(Rao et al. 1970) 
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Table 27. (cont.) 

Species 

Propagule 
pressure 

Introduction 
Sources Commercial 

Availability 

Potential 
Introduction 
Sources 

Status (weedy, 
adventive, or 
invasive) Self-compatible 

LH Seed 
Heteromorph 

Capsule 
dehiscence 

Vegetative 
Reproduction? 

Ploidy 

Commeliaceae 
Commelina 

fluviatilis Brenan 
   Smithsonian 

Institution (2002) 
Not weedy, 
noninvasive 

SI (n = 5, Burns, 
this study) 

Perennial (Burns, 
this study) 

  Yes (Burns, this 
study) 

 

Commelina 
foliacea Chiov. 
spp. 
amplexicaulis   

   Smithsonian 
Institution (2002) 

Weedy (Faden 
1974), 
noninvasive 

SC (n = 14, 
Burns, this study) 

Perennial (Burns, 
this study) 

No (Burns, this 
study) 

DC (Burns, this 
study) 

Yes (Burns, this 
study) 

 

Commelina 

imberbis Ehrenb. 
ex Hassk. 

   Smithsonian 
Institution (2002) 

Weedy (Faden 
1974), 
noninvasive 

SC (n = 30, 
Burns, this study) 

Perennial (Burns, 
this study) 

HS (Burns, this 
study) 

DIC (Burns, this 
study) 

Yes (Burns, this 
study) 

 

Commelina lukei    Smithsonian 
Institution (2002) 

Not weedy, 
noninvasive 

SC (n = 33, 
Burns, this study) 

Perennial (Burns, 
this study) 

No (Burns, this 
study) 

DC (Burns, this 
study) 

Yes (Burns, this 
study) 

 

Commelina 

mascarenica 
Clarke in DC. 

    Not weedy, 
unknown 

SC (n = 32, 
Burns, this study) 

Perennial (Burns, 
this study) 

HS (Burns, this 
study) 

DIC (Burns, this 
study) 

Yes (Burns, this 
study) 

 

Commelina 

nairobiensis 
Faden 

    Not weedy, 
unknown 

SC (n = 31, 
Burns, this study) 

Perennial (Burns, 
this study) 

No (Burns, this 
study) 

DC (Burns, this 
study) 

No (Burns, this 
study) 

 

Commelina 
purpurea C. B. 
Clarke 

   Smithsonian 
Institution (2002) 

Not weedy, 
noninvasive 

SC (Owens 
1981), protandry 
(Burns, personal 
observation) 

Perennial (Faden 
2003) 

 DC (Faden 2003) seldom rooting at 
nodes (Faden 
1974) 

 

Commelina 
schliebenii 
Mildbr. 

   Smithsonian 
Institution (2002) 

Not weedy, 
noninvasive 

 Perennial (Burns, 
this study) 

  No (Burns, this 
study) 

 

Commelina sp.     unknown, 
unknown 

    Yes (Burns, this 
study) 

 

Commelina 
virginica L. 

   cultivated 
(Hortiplex 2004, 
Royal 
Horticultural 
Society 2004) 

weedy (GCW 
2004), 
noninvasive 

SC (n = 7, Burns, 
this study) 

Perennial (Gray 
1950, Faden 
2000) 

HS (Burns, this 
study) 

DIC (Burns, this 
study) 

Yes (Gray 1950) diploid (inferred 
from: Faden and 
Suda 1980, Faden 
2000) 

Commelina 

welwitschii 
C.B.Clarke 

   Smithsonian 
Institution (2002) 

Not weedy, 
noninvasive 

SI (n = 22, Burns, 
this study) 

Perennial (Burns, 
this study) 

  No (Burns, this 
study) 

 

Cyanotis repens 
Faden & D.M. 
Cameron ssp. 
repens 

    Not weedy, 
unknown 

 Perennial (Burns, 
this study) 

  Yes (Burns, this 
study) 

 

Cyanotis repens 
ssp. robusta 
Faden & D.M. 
Cameron 

    Not weedy, 
unknown 

 Perennial (Burns, 
this study) 

  Yes (Burns, this 
study) 

 

Cyanotis 

somaliensis C. B. 
Clarke 

  Glasshouse works 
2004, Halsway 
Nursery (Royal 
Horticultural 
Society 2004) 

Smithsonian 
Institution (2002), 
Cult. (Desert 
Tropicals 2004, 
R. Horticultural 
Society 2004), 
Bot. Gardens 
(MBG 2004, 
SysTax 2006) 

Not weedy, 
noninvasive 

SC (Owens 1981) Perennial (Burns, 
this study) 

 DC (Faden 1998) No (Burns, this 
study) 

 

Cyanotis speciosa 
(L.f.) Hassk. 

    weedy (GCW 
2004), unknown 

 Perennial (Burns, 
this study) 

  No (Burns, this 
study) 

 

Cyanotis villosa 
Schult. f. 

   Smithsonian 
Institution (2002), 
Botanical 
Gardens (MBG 
2004) 

weedy (GCW 
2004), unknown 

SC (Owens 1981)     Infra-specific 
aneuploidy, auto-
tetraploid with 
diploidization 
(Rao et al. 1970) 
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Table 27. (cont.) 

Species 

Propagule 
pressure 

Introduction 
Sources Commercial 

Availability 

Potential 
Introduction 
Sources 

Status (weedy, 
adventive, or 
invasive) Self-compatible 

LH Seed 
Heteromorph 

Capsule 
dehiscence 

Vegetative 
Reproduction? 

Ploidy 

Commeliaceae 
Dichorisandra 
hexandra (Aubl.) 
Standl. 

   Smithsonian 
Institution (2002), 
Botanical Garden 
(SysTax 2006) 

Not weedy, 
noninvasive 

 Perennial (Faden 
1998) 

 DC (Faden 1998) No (Burns, this 
study) 

 

Dichorisandra 

thyrsiflora J. C. 
Mikan 

  Glasshouse works 
2004, 
Gardino Nursery 
(Growit.com 
2004) 

Smithsonian 
Institution (2002), 
Greenhouses (DC 
herbarium 2004), 
Cultivated (DC 
herbarium 2004, 
Desert Tropicals 
2004, GRIN 
2004), Botanical 
Garden (MBG 
2004), Botanical 
Garden (SysTax 
2006) 

weedy (GCW 
2004), adventive 
(GCW 2004), 
noninvasive 

 Perennial (Faden 
1998) 

 DC (Faden 1998) No (Burns, this 
study) 

 

Gibasis 
consobrina D. R. 
Hunt 

   Kew (Burns, this 
study) 

Not weedy, 
noninvasive 

SI (Hunt 1986) Perennial (Hunt 
1986) 

No (Burns, this 
study) 

DC (Hunt 1986) Rooting at nodes 
(Burns, this 
study) 

tetraploid (Hunt 
1986) 

Gibasis 

karwinskyana 
(Roem.& 
Schult.f.) 
Rohweder 

   Kew (Burns, this 
study) 

Not weedy, 
noninvasive 

SI (Owens and 
Stevenson 1977, 
Hunt 1986) 

Perennial (Hunt 
1986) 

 DC (Hunt 1986) Rooting at nodes 
(Burns, this 
study) 

diploid, 
autotetraploid, 
hexaploid (Hunt 
1986) 

Gibasis pellucida 
(Mart. & Gal.) 
D.R. Hunt  

   Smithsonian 
Institution (2002), 
Botanical Garden 
(MBG 2004), 
Cultivated (Hunt 
1986, Hunt 1993, 
Wiersema and 
Leon 1999, GRIN 
2004, Hortiplex 
2004, Royal 
Horticultural 
Society 2004) 

weedy (Faden 
2000, GCW 2004, 
Rosen and Faden 
unpublished 
manuscript), 
adventive (GCW 
2004, Wunderlin 
and Hansen 
2004), invasive 
(Invasive.org 
2004) 

SI (Hunt 1986, 
Hunt 1993), with 
a few 2n = 16 
individuals SC 
(Hunt 1986, Hunt 
1993) 

Perennial (Hunt 
1986, Hunt 1993, 
Faden 2000) 

 DC (Hunt 1986) rooting at nodes 
(Hunt 1986, Hunt 
1993) 

diploid (Hunt 
1986) 

Murdannia 

acutifolia 
(Lauterb. & 
K.Schum.) Faden 

  Glasshouse works 
2004 

Smithsonian 
Institution (2002), 
Commercial 

Not weedy, 
noninvasive 

SI (n = 31 
(Autogamous 
selfing), Burns, 
this study) 

Perennial (Burns, 
this study) 

  No (Burns, this 
study) 

 

Murdannia 

bracteata 
(C.B.Clarke) J.K. 
Morton ex D.Y. 
Hong 

2 2  Smithsonian 
Institution (2002), 
Botanical Garden 
(MBG 2004), 
Botanical Garden 
(SysTax 2006) 

Not weedy, 
noninvasive 

SC (copious seed 
production 
observed in a 
pollinator-free 
greenhouse: 
Burns, personal 
observation) 

Perennial (Hong 
and 
DeFilipps2000) 

No (Burns, this 
study) 

DC (Burns, this 
study) 

Rooting at 
proximal nodes 
(Hong and 
DeFilipps2000) 

 

Murdannia keisak 
(Hassk.) Hand.-
Mazz. 

2 2  cultivated 
(Hortiplex 2004), 
introduced 
accidentally with 
rice cultivation 
(Dunn and Sharitz 
1990) 

weedy (Faden 
1982, Dunn and 
Sharitz 1990), 
adventive (Dunn 
and Sharitz 
1990), invasive 
(GCW 2004, 
Invasive.org 2004 
SEEPPC 2004) 

SC (copious seed 
production 
observed in a 
pollinator-free 
greenhouse: 
Burns, personal 
observation) 

Annual (Hsu 
1978, Ka 1984, 
Faden 2000) 

HS (Burns, 
unpublished data) 

DC (Hsu 1978, 
Burns, this study) 

Yes (Gray 1950, 
Dunn and Sharitz 
1990, Burns, this 
study) 

Tetraploid 
(Fujishima 1970, 
Faden and Suda 
1980) 
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Table 27. (cont.) 

Species 

Propagule 
pressure 

Introduction 
Sources Commercial 

Availability 

Potential 
Introduction 
Sources 

Status (weedy, 
adventive, or 
invasive) Self-compatible 

LH Seed 
Heteromorph 

Capsule 
dehiscence 

Vegetative 
Reproduction? 

Ploidy 

Commeliaceae 
Murdannia 

nudiflora (L.) 
Brenan 

1 1  cultivated (Hunt 
1993, Hortiplex 
2004) 

weedy (Faden 
1982, Hunt 1993, 
Faden 2000, 
GCW 2004, 
GRIN 2004), 
adventive (Faden 
2000, GCW 2004, 
Wunderlin and 
Hansen 2004),  
invasive (Holm et 
al. 1977) 

SC (Owens 1981, 
Keighery 1982, n 
=42, Burns, this 
study) 

Annual (Hunt 
1993, Faden 
2000) 

No (Burns, this 
study) 

DC (Hunt 1993) Yes (Hunt 1993)  

Murdannia 
simplex (Vahl) 
Brenan 

2 2  Smithsonian 
Institution (2002), 
Cultivated 
(NRCS Plants 
2004) 

weedy (GCW 
2004), 
noninvasive 

SC (Owens 1981) Perennial (Faden 
1974), annual or 
perennial (Hsu 
1978), Perennial 
(Burns, this 
study) 

No (Burns, this 
study) 

DC (Hsu 1978, 
Faden 1998) 

Yes (Burns, this 
study) 

diploid, 
tetraploid, 
hexaploid, and 
octoploids (Faden 
and Suda 1980),  
infra-specific 
polyploidy, 
allopolyploidy 
(Rao et al. 1970) 

Palisota albertii 
L.Gentil 

   Kew (Burns, this 
study), Botanical 
Garden (SysTax 
2006) 

Not weedy, 
unknown 

 Perennial (Faden 
1998) 

 IC (Faden 1998) No (Burns, this 
study) 

 

Pollia japonica 
Thunberg  

  Crug Farm Plants, 
Frogwell Nursery, 
 Mallot Cort 
Nusery, Manor 
Nursery (Royal 
Horticultural 
Society 2004) 

Smithsonian 
Institution (2002), 
Cultivated (DC 
herbarium 2004), 
Botanical Garden 
(MBG 2004), 
cultivated (Royal 
Horticultural 
Society 2004), 
Botanical Garden 
(SysTax 2006) 

weedy (GCW 
2004), 
noninvasive 

SC (copious seed 
production 
observed in a 
pollinator-free 
greenhouse: 
Burns, personal 
observation) 

Perennial (Hsu 
1978 Ka 1984, 
Faden 1998) 

No (Burns, this 
study) 

IC (Hsu 1978, Ka 
1984, Faden 
1998) 

stems from 
creeping rhizome 
(Burns, this 
study) 

Diploid 
(Fujishima 1970, 
Faden and Suda 
1980) 

Pollia 

secundiflora 
(Blume) Bakh. 

   Smithsonian 
Institution (2002) 

Not weedy, 
noninvasive 

 Perennial (Hsu 
1978, Faden 
1998) 

 IC (Hsu 1978, 
Faden 1998) 

Yes (Burns, this 
study) 

 

Siderasis fuscata 
(Lodd.) H.E. 
Moore 

   Smithsonian 
Institution (2002), 
Botanical Garden 
(MBG 2004), 
Cultivated 
(Desert Tropicals 
2004) 

Not weedy, 
noninvasive 

SI (Owens 1981) Perennial (Faden 
1998) 

 DC (Faden 1998) No (Burns, this 
study) 

 

Spatholirion 
longifolium 
(Gagnep.) Dunn 

           

Thyrsanthemum 
Pichon sp. 

    Not weedy, 
unknown 

SI (Owens 1981)      

Tinantia pringlei 
(S. Wats) Rohw. 

  Edelweiss 
Perennials 2004, 
Cotswold Garden 
Flowers, Spinners 
Garden (Royal 
Horticultural 
Society 2004) 

Smithsonian 
Institution (2002), 
cultivated (Royal 
Horticultural 
Society 2004) 

Not weedy, 
noninvasive 

SC (Owens 1981, 
n = 8, Burns, this 
study) 

Annual (Faden 
1998) 

No (Burns, this 
study) 

DC (Faden 1998) No (Burns, this 
study) 
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Table 27. (cont.) 

Species 

Propagule 
pressure 

Introduction 
Sources Commercial 

Availability 

Potential 
Introduction 
Sources 

Status (weedy, 
adventive, or 
invasive) Self-compatible 

LH Seed 
Heteromorph 

Capsule 
dehiscence 

Vegetative 
Reproduction? 

Ploidy 

Commeliaceae 
Tradescantia  
andersoniana W. 
Ludwig & 
Rohweder nom 
inval. [ohiensis × 
(subasper × 
virginiana)] 

  Botanical Garden 
(SysTax 2006), 
Buy Perennials, 
Forest Farm, 
Golden Bough, 
Hampshire 
Farms, Mal's 
Garden Supply, 
Stork Road Farm, 
Sunlight Gardens 
(2004), 528 
Nurseries (Royal 
Horticultural 
Society 2004) 

cultivated 
(Hortiplex 2004) 

Not weedy, 
noninvasive 

SC (n = 6, Burns, 
this study) 

Perennial (Faden 
2000) 

No (Burns, this 
study) 

 No (Burns, this 
study) 

 

Tradescantia 

blossfeldiana 
Milbraed (syn. T. 
cerinthoides) 

5 2 Gardino Nursery, 
Sunshine Farm & 
Gardens 
(Growit.com 
2004), Halsway 
Nursery, (Royal 
Horticultural 
Society 2004), 
Botanical Garden 
(SysTax 2006) 

Smithsonian 
Institution (2002), 
Cultivated 
(Hortiplex 2004, 
Royal 
Horticultural 
Society 2004) 

Not weedy, 
adventive (GCW 
2004), 
noninvasive 

SC (Owens 1981, 
n = 43, Burns, 
this study) 

Perennial (Faden 
2000) 

No (Burns, this 
study) 

DC (Burns, this 
study) 

No (Burns, this 
study) 

 

Tradescantia 

bracteata Small  
  B&T World 

Seeds 2004, 
Prairie Nursery 
2004, Town Farm 
Nursery (Royal 
Horticultural 
Society 2004) 

Cultivated (GRIN 
2004,  Hortiplex 
2004, Royal 
Horticultural 
Society 2004), 
Botanical Garden 
(MBG 2004) 

weedy (GCW 
2004), 
noninvasive 

SI (Anderson and 
Sax 1934, Owens 
1981) 

Perennial (Gray 
1950, Faden 
2000) 

No (Burns, this 
study) 

 No (Burns, this 
study) 

Diploid 
(Darlington 1929) 

Tradescantia sp. 
(�Rhoeo 
bermudensis�) 

  Glasshouse works 
2004 

Commercial Not weedy, 
noninvasive 

 Perennial (Faden 
2000) 

  Yes (Burns, this 
study) 

 

Tradescantia 
brevifolia 
(Torrey) Rose 

2 2  Smithsonian 
Institution (2002), 
cultivated 
(Hortiplex 2004) 

Not weedy, 
noninvasive 

SI (Owens 1981) Perennial (Faden 
2000) 

  No (Burns, this 
study) 

 

Tradescantia 
buckleyi 
(I.M.Johnst.) 
D.R.Hunt 

   Smithsonian 
Institution (2002), 
Cultivated 
(Hortiplex 2004) 
Kew (Burns, this 
study) 

Not weedy, 
noninvasive 

SI (No seed set 
observed in 
greenhouse: Kew, 
personal 
communication) 

Perennial (Faden 
2000) 

  Rooting at nodes 
(Burns, this 
study) 

 

Tradescantia 

fluminensis Vell. 
9 2 Glasshouse works 

2004, Bill Moore 
and Company, 
Pittman Nursery 
Corporation, 
Royal Lane 
Nursery, Inc., 
Sunshine Farm & 
Gardens 
(Growit.com 
2004), John 
Churcher (Royal 
Horticultural 
Society 2004) 

Smithsonian 
Institution (2002), 
Cultivated 
(Wiersema and 
Leon 1999, GRIN 
2004, Hortiplex 
2004), Botanical 
Garden (SysTax 
2006) 

weedy (Faden 
1982, Wiersema 
and Leon 1999, 
GCW 2004, 
GRIN 2004), 
adventive (Faden 
2000, GCW 2004, 
Wunderlin and 
Hansen 2004), 
invasive (Yeates 
and Williams 
2001, FLEPPC 
2003b) 

SC (Owens 1981) Perennial (Faden 
2000) 

  Rooting at nodes 
(Burns, this 
study) 
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Table 27. (cont.) 

Species 

Propagule 
pressure 

Introduction 
Sources Commercial 

Availability 

Potential 
Introduction 
Sources 

Status (weedy, 
adventive, or 
invasive) Self-compatible 

LH Seed 
Heteromorph 

Capsule 
dehiscence 

Vegetative 
Reproduction? 

Ploidy 

Commeliaceae 
Tradescantia 

hirsutiflora Bush 
   cultivated 

(Hortiplex 2004) 
Not weedy, 
noninvasive 

SI (n = 7, Burns, 
this study) 

Perennial (Faden 
2000) 

  No (Burns, this 
study) 

 

Tradescantia 

occidentalis 
(Britt.) Smyth 

  B&T World 
Seeds 2004, 
Prairie Nursery 
2004, 
Royal Lane 
Nursery, Inc., 
Sunshine Farm & 
Gardens 
(Growit.com 
2004) 

cultivated 
(Hortiplex 2004, 
Royal 
Horticultural 
Society 2004), 
Botanical Garden 
(SysTax 2006) 

Not weedy, 
noninvasive 

SI (No seed set 
observed in a 
pollinator-free 
greenhouse, 
Burns, personal 
observation) 

Perennial (Gray 
1950, Faden 
2000) 

  No (Burns, this 
study) 

 

Tradescantia 

ohiensis Rafin. 
  B&T World 

Seeds 2004, 
Prairie Nursery 
2004, Avondale 
Nursery, Beeches 
Nursery, Feebers 
Hardy Plants, 
Manor Nursery 
Paul Bromfield - 
Aquatics (Royal 
Horticultural 
Society 2004) 

Commercial, 
Botanical Garden 
(MBG 2004), 
Cultivated (Gray 
1950, Wiersema 
and Leon 1999, 
GRIN 2004, 
Hortiplex 2004, 
Royal 
Horticultural 
Society 2004), 
Smithsonian 
Institution (2002), 
Botanical Garden 
(SysTax 2006) 

not weedy, 
adventive (Gray 
1950, GCW 
2004), 
noninvasive 

SI (No seed set 
observed in a 
pollinator-free 
greenhouse, 
Burns, personal 
observation) 

Perennial (Gray 
1950, Faden 
2000) 

  No (Burns, this 
study) 

triploid 

Tradescantia 
pallida (Rose) D. 
R. Hunt 
 

  8 nurseries 
(Growit.com 
2004), Palm 
Beach Wholesale 
2004, Ballyrogan 
Nurseries, 
Halsway Nursery, 
Oakland 
Nurseries, 
Shrubland Park 
Nurseries,  (Royal 
Horticultural 
Society 2004) 

Commercial, 
Botanical Garden 
(MBG 2004), 
Cultivated (Hunt 
1993, Wiersema 
and Leon 1999, 
Hardy 2003, 
Desert Tropicals 
2004, GRIN 
2004, Hortiplex 
2004, Royal 
Horticultural 
Society 2004), 
Botanical Garden 
(SysTax 2006) 

weedy (GCW 
2004), adventive 
(Hunt 1993, 
Faden 2000, 
GCW 2004, 
Wunderlin and 
Hansen 2004), 
noninvasive 

SI (Owens 1981, 
Hunt 1993) 

Perennial (Faden 
2000) 

  Yes (Burns, this 
study) 

tetraploid 
(Sakurai and 
Ichikawa 2001) 

Tradescantia 

roseolens Small 
   cultivated 

(Hortiplex 2004) 
Not weedy, 
noninvasive 

 Perennial (Faden 
2000) 

  No (Burns, this 
study) 

 

Tradescantia 
sillamontana 
Matuda 

  Glasshouse works 
2004 
Gardino Nursery 
(Growit.com 
2004), Bridemere 
Nurseries, 
Halsway Nursery, 
Old Hall Plants 
(Royal 
Horticultural 
Society 2004) 

Smithsonian 
Institution (2002), 
Botanical Garden 
(MBG 2004), 
Cultivated 
(Desert Topicals 
2004, Royal 
Horticultural 
Society 2004), 
Botanical Garden 
(SysTax 2006) 

Not weedy, 
noninvasive 

SI (few pseudo- 
SC, Owens 1981) 

Perennial (Faden 
2000) 

  No (Burns, this 
study) 

 

Tradescantia 

soconuscana 
Matuda 

   Smithsonian 
Institution (2002) 

Not weedy, 
noninvasive 

 Perennial (Faden 
2000) 

  No (Burns, this 
study) 
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Table 27. (cont.) 

Species 

Propagule 
pressure 

Introduction 
Sources Commercial 

Availability 

Potential 
Introduction 
Sources 

Status (weedy, 
adventive, or 
invasive) Self-compatible 

LH Seed 
Heteromorph 

Capsule 
dehiscence 

Vegetative 
Reproduction? 

Ploidy 

Commeliaceae 
Tradescantia 
spathacae Sw. 

  B&T World 
Seeds 2004 
Glasshouse works 
2004 
Nickey's Nursery 
2004 
(Growit.com 
2004), Halsway 
Nursery, 
Shrubland Park 
Nurseries (Royal 
Horticultural 
Society 2004), 4 
out of 10 local 
nurseries (Burns, 
unpublished data) 

Smithsonian 
Institution (2002), 
Cultivated 
(Wiersema and 
Leon 1999, Hardy 
2003, DC 
herbarium 2004, 
GRIN 2004, 
Hortiplex 2004, 
Royal 
Horticultural 
Society 2004), 
Botanical Garden 
(MBG 2004), 
Botanical Garden 
(SysTax 2006) 

weedy (GCW 
2004, GRIN 
2004), adventive 
(Faden 2000, 
GCW 2004, 
Wunderlin and 
Hansen 2004), 
Invasive 
(FLEPPC 2003b) 

SC (Owens 1981) Perennial (Hong 
and 
DeFilipps2000, 
Faden 2000) 

No (Burns, this 
study) 

DC (Burns, this 
study) 

Often forming 
colonies (Hong 
and 
DeFilipps2000) 

Diploid (Owens 
1981) 

Tradescantia 
standleyi 
Steyerm. 

   Kew (Burns, this 
study) 

Not weedy, 
unknown 

SI (Jones et al. 
1981) 

Perennial (Jones 
et al. 1981) 

  Rooting at nodes 
(Burns, this 
study) 

Diploid (Jones et 
al. 1981) 

Tradescantia 

zanonia (L.) Sw.  
   Cultivated (Hardy 

2003, Hortiplex 
2004), 
Smithsonian 
Institution (2002), 
Botanical Garden 
(SysTax 2006) 

weedy (GCW 
2004), 
noninvasive 

SI (Hunt 1993) Perennial (Hunt 
1993, Faden 
2000) 

 IC (Hardy and 
Faden 2004) 

Rarely rooting at 
nodes (Burns, this 
study) 

Tetraploid? 
(Darlington 1929) 

Tradescantia 

zebrina Heynh. 

14 2 Fowlers Nursery, 
Sunshine Farm & 
Gardens, 
Triple S Plants  
(Growit.com 
2004), 
Glasshouse works 
2004, Master 
Gardener 2004, 
Palm Beach 
Wholesale 2004, 
Halsway Nursery, 
John Churcher, 
and 4 suppliers of 
cultivars (Royal 
Horticultural 
Society 2004) 

Smithsonian 
Institution (2002), 
Botanical Garden 
(MBG 2004), 
cultivated 
(Wiersema and 
Leon 1999, Hardy 
2003, Desert 
Tropicals 2004, 
Hortiplex 2004, 
Plant Facts 2004, 
Royal 
Horticultural 
Society 2004), 
Botanical Garden 
(SysTax 2006) 

weedy (Faden 
1982, Wiersema 
and Leon 1999, 
GCW 2004, 
Hardy 2003), 
adventive (Faden 
1974, FNA 2004, 
GCW 2004, 
Wunderlin and 
Hansen 2004), 
invasive 
(Batianoff and 
Butler 2002, 
Wunderlin and 
Hansen 2004) 

SI (Owens 1981, 
Hunt 1993) 

Perennial (Faden 
1974, Hunt 1993, 
Faden 2000) 

 DC (Faden 1974) often rooting at 
nodes (Faden 
1974, Hunt 1993, 
Hong and 
DeFilipps2000) 

autopolyploid 
(Bhattacharya 
1975), might me a 
�structural 
hybrid� 
(Fujishima 1969) 

Tripogandra 

serrulata (Vahl) 
Handlos 

   Smithsonian 
Institution (2002), 
cultivated (UGA 
greenhouses 
2004, Hortiplex 
2004) 

Not weedy, 
noninvasive 

SC (Hunt 1993) Perennial (Hunt 
1993) 

  Yes (Hunt 1993)  

Weldenia candida 

Schult. f. 
  7 nurseries (Royal 

Horticultural 
Society 2004) 

cultivated (Royal 
Horticultural 
Society 2004) 

Not weedy, 
unknown 

SI (Owens 1981) Perennial (Hunt 
1993, Faden 
1998) 

 DC (Hunt 1993)   
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Table 27. (cont.) 

Species 

Propagule 
pressure 

Introduction 
Sources Commercial 

Availability 

Potential 
Introduction 
Sources 

Status (weedy, 
adventive, or 
invasive) Self-compatible 

LH Seed 
Heteromorph 

Capsule 
dehiscence 

Vegetative 
Reproduction? 

Ploidy 

Haemodoraceae 
Anigozanthos 

bicolor Endl. 
     SI (Hopper 1980) Perennial 

(Hopper 1980) 
 DC (Hopper 

1980) 
  

Anigozanthos 
flavidus Redoute 

     SC (Hopper 
1980) 

Perennial 
(Hopper 1980) 

 DC (Hopper 
1980) 

  

Anigozanthos 

humilis Lindl. 
     SI (Hopper 1980) Perennial 

(Hopper 1980) 
 DC (Hopper 

1980) 
  

Anigozanthos 

preissii Endl. 
     SI (Hopper 1980) Perennial 

(Hopper 1980) 
 DC (Hopper 

1980) 
  

Blancoa 
canescens 

Lindl. 

     SI (Keighery 
1981) 

     

Conostylis 

androstemma 
F.Muell. 

     SI (Keighery 
1981) 

     

Conostylis 

candicans Endl. 
     SI (Keighery 

1981) 
     

Conostylis 

setigera 
R.Br. 

     SI (Keighery 
1981) 

     

Dilatris ixioides 
Lam. 

           

Haemodorum 

spicatum 
R.Br. 

           

Lachnanthes 

caroliniana 
(Lam.) Dandy 

           

Macropidia 
fuliginosa 

(Hook.) Druce 

     SC (Hopper 
1980) 

Perennial 
(Hopper 1980) 

 DC (Hopper 
1980) 

  

Phlebocarya 

ciliata R. Br. 
           

Schiekia 
orinocensis 
(Kunth) Meisn. 

           

Tribonanthes 

uniflora 
Lindl. 

           

Xiphidium Aubl. 
sp. 

           

Wachendorfia 

thyrsiflora Burm. 
     SC (Jesson and 

Barrett 2002) 
   Yes (Jesson and 

Barrett 2002) 
 

Philydraceae 
Helmholtzia 

glaberrima 
(Hook. f.) Caruel 

           

Philydrella 

pygmaea R. Br. 
      Perennial 

(Macfarlane, et al. 
2002) 

 DC (Macfarlane, 
et al. 2002) 

  

Pontederiaceae 
Pontederia 

cordata L. 
     SI (Barrett and 

Anderson 1985, 
Kohn et al. 1996) 

Perennial (Barrett 
and Anderson 
1985) 

   Diploid (Barrett 
and Anderson 
1985) 

Cultivated indicates cultivated as an ornamental.  Bold = get from library.  Jones, Keith, Ann Kenton, and David R. Hunt.  1981.  Contributions to the cytotaxonomy of the Commelinaceae.  Chromosomes evolution in Tradescantia section Cymbispatha.  

Botanical Journal of the Linnean Society.  83: 157-188.  MBOT 2006.  Missouri Botanical Garden.  <http://mobot.mobot.org>  Accessecd online on 15 March 2006.  SysTax 2006. SysTax - a Database System for Systematics and Taxonomy 

<http://www.biologie.uni-ulm.de/systax/index.html>  Accessed online 15 March 2006.  T.D. Macfarlane, L. Watson and n.G. Marchant (Editors) (2000 onwards). Western Australian Genera and Families of Flowering Plants. Western Australian Herbarium. Version: 
August 2002.  http://florabase.calm.wa.gov.au/. 
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Table 28.  Continuous characters used for comparative phylogenetic analysis. 
Species Autogamous 

selfing 
(proportion) 

Seed size (mm) Seed mass (mg) CV seed 
mass 

Chromosome countsa Seeds/fruit Capsule 
size 

Date of First 
Introduction 

SLA (cm2/g) 
average of 3 
leaves, all 
under same 
conditions 

Max rate 
of spread 

Average 
rate of 
spread 

Commelinaceae 
Callisia 
cordifolia (Sw.) 
E. S. Anderson & 
Woodson 

0.636 (n=33, 
Burns, this 
study) 
 

0.6-0.7 mm (Faden 2000)   2n = 14 (Faden 2000)  1.5 mm 
(Hunt 1994) 

 303 (Burns, 
this study) 

  

Callisia fragrans 
(Lindl.) Woodson 

0 (SI: Owens 
1981) 

0.9  0.6 mm (Hunt 1994)   2n = 12 (mostly), 120 (IPCN 2005)  2 mm (Hunt 
1994) 

1886 (US), 
1958 (FL) 
(Herbarium 
records) 

154 (Burns, 
this study) 

140 (n = 
14, 
Burns, 
this 
study) 

28 (SD = 
28, Burns, 
this study) 

Callisia 

gramimea (Small) 
G. Tucker 

0.000 (n = 9, 
Burns, this 
study) 

1.5-2 mm (Faden 2000)   12, 24, 36 (Giles 1942), n =6, 12, 18 
(Faden 2000) 

 2-3.5 mm 
(Faden 
2000), 2-3 
mm (Gray 
1950) 

 110 (Burns, 
this study) 

  

Callisia 

navicularis 
(Ortgies) D.R. 
Hunt 

0.821 (n = 39, 
Burns, this 
study) 

    6 (Hardy and 
Stevenson 2000) 

  878 (Burns, 
this study) 

  

Callisia repens 
(Jacq.) L. 

? (SC: Owens 
1981; SI: Hunt 
1993, 1994) 

1 mm (Faden 2000), 0.7-
1.75  0.65-0.8 mm (Hunt 
1993) 

  2n =12 (Hunt 1993), 2n = 12 (IPCN 
2005), 2n = 12, 24 (Hunt 1994) 

2-4 (Hunt 1993) 1.5-2 mm  
0.75 mm  
0.5 mm 
(Hunt 1993) 

1977 (FL) 
(Herbarium 
records) 
 

 66 (n = 
8, Burns, 
this 
study) 

31 (SD = 
28, Burns, 
this study) 

Commelina 

africana L. var. 
villosior (C. B. 
Clarke) Brenan 

0.303 
(n=33, Burns, 
this study) 
 
 

   n = 15 (India) n = 30 (Africa) (Rao et 
al. 1970) 

2.7 (Burns, this 
study, n =3) 

  1342 (Burns, 
this study) 

  

Commelina 

benghalensis L. 
0.875 
(n=32, Burns, 
this study) 
 

1.7-2.5 mm (Faden 2000), 
DC = 1.6 mm long, IC = 
3.7 mm long  1.8 mm wide 
(Hsu 1978), 2 mm (Hong 
and DeFilipps2000) 

D = 2.5 and I = 4.6 
mg (Burns, this 
study, n = 387, 
202, respectively) 

47 
(Burns, 
this 
study) 

2n = 22 (Ganguly 1946, Fujishima 
1969, Bhattacharya 1975, Faden and 
Suda 1980), 2n = 22, 28, 30, 44, 56, 60, 
c. 68 (refs. in Faden and Suda 1980), n 
= 11, 2n = 22, 22+1-4B (IPCN 2005),  
= 11, n = 11, 11 + 0-2B, 22 2n = 22, 30 
(Rao et al. 1970) 

5 (Faden 1974, Hsu 
1978, Faden 2000) 

4-6 mm 
(Faden 
2000), 5.5 
mm (Hsu 
1978) 

1928 (Faden 
1993) 

272 (Burns, 
this study) 

140 (n = 
34, 
Burns, 
this 
study) 

27 (SD = 
35, Burns, 
this study) 

Commelina 
bracteosa Hassk. 

0.143 
(n=42, Burns, 
this study) 
 

 14 mg (Burns, this 
study, n = 9) 

26 
(Burns, 
this 
study) 

2n = 30 (Faden and Suda 1980) 3 (Faden 2001), 3 
(Burns, this study, n 
= 3) 

  201 (Burns, 
this study) 

  

Commelina 
capitata Benth. 

?  (Patwary et al. 1985)   2n = 52 (IPNC 2005)       

Commelina 

coelestis Willd. 
 
0.042 
(n=24, Burns, 
this study) 
 

 4.3 (n = 45, Burns, 
this study) DC = (n 
= 41, IC (n = 4, 
Burns, this study) 

32 (n = 
45, 
Burns, 
this 
study) 

2n = 90 (Rao et al. 1970, Hunt 1993, 
IPCN 2005) 

5 (Hunt 1993)   287 (Burns, 
this study) 

  

Commelina 

communis L. 
0.500 
(n=8, Burns, 
this study) 
 

(2-)2.2-4.2 (Faden 2000), 
3.5-4 mm (Gray 1950) 

6.9 mg (Burns, this 
study, n = 33) 

15 
(Burns, 
this 
study, n 
= 33) 

2n = 16, 22, 28, 32, 36, 40, c.48, 84, 
88+1B, 90 (IPCN 2005) 

4 (Hsu 1978, Faden 
2000), 2.7 (Burns, 
white flowered 
variety, n = 6), 3 
(Burns, this study, n 
=3) 

4.5-8 mm 
(Faden 
2000) 

1869 
(Herbarium 
records) 
 

 98 (n = 
82, 
Burns, 
this 
study) 

16 (SD = 
23, Burns, 
this study) 

Commelina 

communis L. var. 
ludens L. (Miq.) 
C. B. Clarke 

       1992 
(Herbarium 
records) 
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Table 28. (cont.) 
Species Autogamous 

selfing 
(proportion) 

Seed size (mm) Seed mass (mg) CV seed 
mass 

Chromosome countsa Seeds/fruit Capsule size Date of First 
Introduction 

SLA (cm2/g) 
average of 3 
leaves, all under 
same conditions 

Max 
rate of 
spread 

Average 
rate of 
spread 

Commelinaceae 
Commelina 

congesta C. B. 
Clarke 

?    2n = 30 (Faden and Suda 1980), 2n = 28, 
30 (IPCN 2005) 

   226 (Burns, this 
study) 

  

Commelina 

dianthifolia DC. 
0.058 
 (n = 52, 
Burns, this 
study) 

1.7-2.7 mm (Faden 
2000), DC seeds = 2.6  
2.1 mm; IC seeds = 3.8 
 2.1 mm (Burns, 
herbarium specimens n 
= 8, 3) 

  2n = 90 (Hunt 1993), 5 (Hunt 1993, 
Faden 2000) 

5-6 mm (Faden 
2000), 2.9-6.6 mm 
(Burns, herbarium 
specimens, n = 4) 

 130 (Burns, this 
study) 

  

Commelina 

diffusa Burm. f. 
0.774 
(n=31, Burns, 
this study) 

1.4-2.8(-3.2) (Faden 
2000), 2-2.5 mm (Gray 
1950) 

4.0 mg (Burns, this 
study, n = 17) 

42 
(Burns, 
this study, 
n = 17) 

2n = 30, 28, 60 (Bhattacharya 1975), 2n = 
30 (Faden and Suda 1980, Hunt 1993), 2n 
= 28, 30, 35, 42, 56, 58, 60, 120 
(references in Faden and Suda 1980), n = 
15, 2n = 18, 28, 30 (IPCN 2005), n = 15, 
2n = 30 (Rao et al. 1970) 

5 (Hsu 1978, 
Ka 1984, Hunt 
1993, Faden 
2000) 

4-6.3 mm (Faden 
2000) 

    

Commelina 

eckloniana Kunth  
0.171 
 (n = 41, 
Burns, this 
study) 

   n = 13, 13 (+ 1?) (Rao et al. 1970)    182 (Burns, this 
study) 

  

Commelina 
erecta L. 

0.833 (n=30, 
Burns, this 
study) 
 

2.3-3.5 mm (Faden 
2000) 

6.6 mg (Burns, this 
study, n = 6) 

28 
(Burns, 
this study, 
n = 6) 

2n = 60 (Faden 2000), n = 30, 60, 2n = 60 
(IPCN 2005), n = 30, 45, 60, 2n = 56, 58, 
112 (Rao et al. 1970) 

3 (Faden 2000) 3-5 mm (Faden 
2000) 

 1636 (Burns, 
this study) 

  

Commelina 
fluviatilis Brenan 

0.000 (n=30, 
Burns, this 
study) 
 

       128 (Burns, this 
study) 

  

Commelina 

foliacea Chiov. 
spp. 
amplexicaulis   

0.286 
(n = 14, Burns, 
this study) 

 2.06 (n = 2, Burns, 
this study) 

84 (n = 2, 
Burns, 
this 
study) 

    166 (Burns, this 
study) 

  

Commelina 

imberbis Ehrenb. 
ex Hassk. 

0.133 
(n = 30, Burns, 
this study) 

 12 (n = 59, Burns, 
this study), DC = 10 
(n = 30, Burns, this 
study) IC = 14 (n = 
29, Burns, this 
study) 

19 (n = 
59, Burns, 
this 
study) 

n = 15, 30, 2n = 30 (Rao et al. 1970)    289-330 (Burns, 
this study) 

  

Commelina lukei 0.121 
(n = 33, Burns, 
this study) 

 9.9 (n = 18, Burns, 
this study) 

20 (n = 
18, Burns, 
this 
study) 

    175 (Burns, this 
study) 

  

Commelina 
mascarenica 
Clarke in DC. 

0.281 
(n = 32, Burns, 
this study) 

 13.6 (n = 61, Burns, 
this study), DC = 
11.4 (n = 30, Burns, 
this study), IC = 
15.7 (n = 31, Burns, 
this study) 

20 (n = 
61, Burns, 
this 
study) 

    332-334 (Burns, 
this study) 

  

Commelina 

nairobiensis 
Faden 

0.162 (n=31, 
Burns, this 
study) 
 

 10.0 (n = 21, Burns, 
this study) 

7.7 (n = 
21, Burns, 
this 
study) 

    248 (Burns, this 
study) 

  

Commelina 

purpurea C. B. 
Clarke 

0.000 (n=30, 
Burns, this 
study) 

(1.6-) 1.9-2.3  (1.45-) 
1.7-2 mm 

  n = 15 (Rao et al. 1970) 5 (Faden 2003) 4-6.2  2-2.5 mm  167 (Burns, this 
study) 

  

Commelina 
schliebenii 
Mildbr. 

?        125 (Burns, this 
study) 
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Table 28. (cont.) 
Species Autogamous 

selfing 
(proportion) 

Seed size (mm) Seed mass (mg) CV seed 
mass 

Chromosome countsa Seeds/fruit Capsule size Date of First 
Introduction 

SLA (cm2/g) 
average of 3 
leaves, all under 
same conditions 

Max rate 
of spread 

Average 
rate of 
spread 

Commelinaceae 
Commelina sp. 0 

(n = 5, Burns, 
this study) 

       168 (Burns, this 
study) 

  

Commelina virginica 

L. 
0.286 (n=7, 
Burns, this 
study) 
 

2.4-5(-6) (Faden 
2000), 6 mm (Gray 
1950) 

10.2 (n = 61, Burns, 
this study), DC = 7.9 
(n = 32, Burns, this 
study), IC = 12.7 (n 
= 29, Burns, this 
study) 

26 (n = 
61, Burns, 
this study) 

n = 30 (Faden 2000),  = 15 
(Faden and Suda 1980), 2n 
= c. 52 (Rao et al. 1970) 

5 (Faden 2000), 3.5 
(Burns, this study, n 
= 3.5) 

3-9 mm (Faden 2000)     

Commelina 

welwitschii C.B. 
Clarke 

0.018 
(n=57, Burns, 
this study) 
 

   n = 30 (Rao et al. 1970)    93 (Burns, this 
study) 

  

Cyanotis repens ssp. 
repens (80-337) 

0 (n = 6, Burns, 
this study) 

       142 (Burns, this 
study) 

  

Cyanotis repens ssp. 
robusta (80-336) 

0 (n = 30, 
Burns, this 
study) 

       123 (Burns, this 
study) 

  

Cyanotis somaliensis 
C. B. Cl. 

? (SC: Owens 
1981) 

   2n = 28+ (Rao et al. 1970)    121 (Burns, this 
study) 

  

Cyanotis speciosa 
(L.f.) Hassk. 

0 (n = 36, 
Burns, this 
study) 

   n = 13, 13 + 1, 15 (Rao et 
al. 1970) 

   132 (Burns, this 
study) 

  

Cyanotis villosa 
Schult. f. 

    2n = 24 (Bhattacharya 
1975), n = 12ll, 13ll, 2n = 
24, 26(IPCN 2005), n = 
12, 13, 2n = 24 (Rao et al. 
1970) 

      

Dichorisandra 

hexandra (Aubl.) 
Standl. 

0 (n = 4, Burns, 
this study) 

   2n = 38 (Hunt 1994)       

Dichorisandra 
thyrsiflora J. C. 
Mikan 

    n = 19, 2n = 38 (IPCN 
2005) 

18-24 (Hardy et al. 
2000) 

 1886 
(Herbarium 
records) 
 

146 (Burns, this 
study) 

0 (n = 2, 
Burns, 
this 
study) 

0 (SD = 0, 
Burns, this 
study) 

Gibasis consobrina 
D. R. Hunt 

 1.7-2  1.3-1.6 mm 
(Hunt 1986) 

1.19 mg (n = 30, 
Burns, this study) 

63 (n = 
30, Burns, 
this study) 

2n = 10, 20 (IPCN 2005), 
2n = 20 (Hunt 1986) 

6 (Hunt 1986)      

Gibasis 

karwinskyana Rohw.  
 1.9  1.7 mm (Hunt 

1986) 
  n = 5, 10, 2n = 10 + Bs, 20, 

20 + Bs  (IPCN 2005),  = 5 
(Rao et al. 1970),  = 5, 2n 
= 10, 20, 30 (Hunt 1986) 

6 (Hunt 1986)      

Gibasis pellucida 
(Mart. & Gal.) D.R. 
Hunt 

0 
(n = 32, Burns, 
this study) 

1 mm (Hunt 1993, 
Faden 2000), 1.1  1.5 
mm (Burns, 
herbarium 
specimens, n = 10) 

  2n = 10, 16 (Hunt 1993), 
2n = 10, 16 (Hunt 1986) 

6 (Hunt 1986, 
Faden 2000) 

2.5 mm (Faden 2000), 
2.1  2.9 mm (Burns, 
herbarium specimens, n 
= 3) 

1784 (Hunt 
1986, Hunt 
1993) 

261 (Burns, this 
study) 

560 (n = 
4, Burns, 
this 
study) 

250 (SD = 
280, Burns, 
this study) 

Murdannia acutifolia 
(Lauterb. & 
K.Schum.) Faden 
 

0 (n = 34, 
Burns, this 
study) 

       236 (Burns, this 
study) 

  

Murdannia bracteata 
(C.B.Clarke) J.K. 
Morton ex D.Y. 
Hong 

? (SC: Burns, 
this study) 

 1.4 mg (Burns, this 
study, n = 568) 

20 (Burns, 
this study) 

 6 (Hong and 
DeFilipps2000) 

4 mm (Hong and 
DeFilipps2000) 

 131 (Burns, this 
study) 
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Table 28. (cont.) 
Species Autogamous selfing 

(proportion) 
Seed size 
(mm) 

Seed mass (mg) CV seed 
mass 

Chromosome countsa Seeds/fruit Capsule size Date of First 
Introduction 

SLA (cm2/g) 
average of 3 
leaves, all under 
same conditions 

Max rate 
of spread 

Average 
rate of 
spread 

Commelinaceae 
Murdannia keisak (Hassk.) 
Hand.-Mazz. 

? (SC: Burns, this 
study) 

1.6-3 mm 
(Faden 2000), 
2.62-3.94 mg 
(Dunn and 
Sharitz 1990) 

2.0 mg (n =2, 524Burns, 
this study), Proximal = 
2.5 mg, Distal = 1.5 mg 
(Burns, this study, n = 
190, 71 respectively) 

90 
(Burns, 
this 
study) 

2n = 40 (Fujishima 
1970a,b), 2n = 30 (Rao et 
al. 1970) 

6-18 (Faden 
2000),  >= 9 
(Hsu 1978) 

(4-) 5-9 mm 
(Faden 2000), 10 
mm (Ka 1984) 

1927 (Dunn and 
Sharitz 1990), 
1900 (Herbarium 
records) 

196 (Burns, this 
study) 

160 (n = 
28, 
Burns, 
this 
study) 

25 (SD = 
40, Burns, 
this study) 

Murdannia nudiflora (L.) 
Brenan 

0.796 
 (n = 49, Burns, this 
study) 

1.3-1.8 mm 
(Faden 2000) 

1.0 mg (n = 7,906Burns, 
this study) 

29 
(Burns, 
this 
study) 

2n = 20 (Bhattacharya 
1975, Hunt 1993, Faden 
2000), n = 10, 2n = 20 
(Rao et al. 1970) 

6 (Faden 
2000) 

3-4 mm (Hunt 
1993) 2.5-5 mm 
(Faden 2000) 

1933 (Herbarium 
records) 
 

222 (Burns, this 
study) 

210 (n = 
76, , 
Burns, 
this 
study) 

33 (SD = 
50, Burns, 
this study) 

Murdannia simplex (Vahl) 
Brenan 

0.000 
 (n=44, Burns, this 
study) 

0.9-1.4 mm 
(Faden 1980) 

1.73 mg (n = 16, Burns, 
this study) 

14 (n = 
16, 
Burns, 
this 
study) 

2n = 40 (Faden and Suda 
1980), 2n = 20 (refs. in 
Faden and Suda 1980), n = 
20, 30, 40, 2n = 40 (Rao et 
al. 1970) 

6 (Hsu 1978) 3.5-6.5 mm (Faden 
1980) 

 148-223 (Burns, 
this study) 

  

Palisota albertii L.Gentil            
Pollia japonica Thunberg   2.32 (n = 31, Burns, this 

study) 
11 (n = 
31, 
Burns, 
this 
study) 

2n = 32 (Fujishima 
1970a), 2n = 38 (Rao et al. 
1970) 

18-36 (Hsu 
1978) 

5 mm (Ka 1984) 1994 (Herbarium 
records) 

271 (Burns, this 
study) 

0 (n = 1, 
Burns, 
this 
study) 

0 (Burns, 
this study) 
 

Pollia secundiflora 

(Blume) Bakh. 
    2n = 32 (Fujishima 1970b 

, Faden and Suda 1980), n 
= 16 (Rao et al. 1970) 

20-30 (Hsu 
1978) 

6 mm (Hong and 
DeFilipps2000) 

 364 (Burns, this 
study) 

  

Siderasis fuscata (Lodd.) 
H.E. Moore 

    2n = 38 (Faden 1998)       

Spatholirion longifolium 
(Gagnep.) Dunn 

    2n = 20 (IPCN 2005)       

Thyrsanthemum sp.            
Tinantia pringlei (S. Wats) 
Rohw. 

0.250 
(n=8, Burns, this 
study) 

 9.34 (n = 23, Burns, this 
study) 

20 (n = 
23, 
Burns, 
this 
study) 

 3.7 (Burns, 
this study, n = 
3) 

  422 (Burns, this 
study) 

  

Tradescantia x. 
andersoniana W. Ludwig 
& Rohweder nom inval. 
[ohiensis × (subasper × 
virginiana)] 

0 (n = 1, Burns, this 
study) 

 3.67 (n = 30, Burns, this 
study) 

27 (n = 
30, 
Burns, 
this 
study) 

 6 (Faden 
2000) 

  243 (Burns, this 
study) 

  

Tradescantia sp. (�Rhoeo 
bermudensis�) 

     6 (Faden 
2000) 

  233 (Burns, this 
study) 

  

Tradescantia blossfeldiana 
Milbraed 

0.093 (n = 43, 
Burns, this study) 

    2n = 60, 72, 76, 92, 114 
(IPCN 2005) 

6 (Faden 
2000) 

  208 (Burns, this 
study) 

  

Tradescantia bracteata 
Small (or Tradescantia 
bracteata Small ex Britt.) 

0 (SI: Anderson and 
Sax 1934, Owens 
1981) 

2-3 mm 
(Faden 2000) 

3.64 (n = 30, Burns, this 
study) 

15 (n = 
30, 
Burns, 
this 
study) 

2n = 12, 24 (Faden 2000), 
2n = 12 (Darlington 1929) 

6 (Faden 
2000) 

5-6 mm (Faden 
2000) 

 346 (Burns, this 
study) 

  

Tradescantia brevifolia 
(Torrey) Rose 

0 (Owens 1981)    2n = 18 (Faden 2000) 6 (Faden 
2000) 

4 mm (Faden 
2000) 

 329 (Burns, this 
study) 

  

Tradescantia buckleyi 
(I.M.Johnst.) D.R.Hunt 

0 (SI: Kew gardens, 
personal 
communication) 

2-3 mm 
(Faden 2000) 

   6 (Faden 
2000) 

3.5 mm (Faden 
2000) 

1896 (Herbarium 
records) 
 

 0 (n = 1, 
Burns, 
this 
study) 

0 (Burns, 
this study) 
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Table 28. (cont.) 
Species Autogamous 

selfing 
(proportion) 

Seed size (mm) Seed mass (mg) CV seed 
mass 

Chromosome countsa Seeds/fruit Capsule size Date of First 
Introduction 

SLA (cm2/g) 
average of 3 
leaves, all under 
same conditions 

Max rate 
of spread 

Average 
rate of 
spread 

Commelinaceae 
Tradescantia fluminensis 
Vell. 

? (SC: Owens 
1981) 

   2n = 30, 40, 50, 60, 108, 
109 + 1B, 132, 140, 144 
(IPCN 2005) 

6 (Faden 
2000) 

 1966 (Herbarium 
records) 
 

365-636 (Burns, 
this study) 

130 (n = 
22, 
Burns, 
this 
study) 

17 (SD = 
29, Burns, 
this study) 

Tradescantia fluminensis 
Vell. var. varigata 

        541 (Burns, this 
study) 

  

Tradescantia hirsutiflora 

Bush 

0 (n = 32, Burns, 
this study) 

2-3 mm (Faden 
2000) 

  2n = 12, 24 (Faden 2000), 
2n = 12, 24 (IPCN 2005) 

6 (Faden 
2000) 

5-7 mm (Faden 
2000) 

    

Tradescantia 

occidentalis (Britt.) 
Smyth 

0 (SI: ?) 2-4 mm (Gray 
1950, Faden 
2000) 

3 mg (Stevens 1957)  2n = 12 (IPCN 2005) 6 (Faden 
2000) 

4-7 mm (Faden 
2000) 

 264 (Burns, this 
study) 

  

Tradescantia ohiensis 
Rafin. 

0 (SI: ?) 2-3 mm (Faden 
2000) 

3.4 (Mazer, 1989)  2n = 12, 24 (Faden 2000), 
2n = 18 (triploid, Sakurai 
and Ichikawa 2001), n = 6 
+ 3B (IPCN 2005) 

6 (Faden 
2000, Hardy 
and 
Stevenson 
2000, Sakurai 
and Ichikawa 
2001) 

4-6 mm (Faden 
2000) 

 122 (Burns, this 
study) 

  

Tradescantia pallida 
(Rose) D. R. Hunt 
 

0 (SI: Owens 
1981, Hunt 1993) 

2.5-3 mm (Faden 
2000) 

  2n = 12, 24 (Hunt 1993) 
2n = 24 (Faden 2000, 
Sakurai and Ichikawa 
2001), n = 12, 12ll (irr.), 
6ll + 6l, 1lll + 5ll + 5l, 2n 
= 18, 24 (IPCN 2005) 

6 (Faden 
2000) 

4-5 mm (Hunt 1993) 
3.5 mm (Faden 
2000) 

1957 (Herbarium 
records) 
 

131 (Burns, this 
study) 

15 (n = 4, 
Burns, 
this 
study) 

5.6 (SD = 
7.0, Burns, 
this study) 

Tradescantia roseolens 
Small 

0 
 (n = 6, Burns, this 
study)  

3-4 mm (Faden 
2000) 

  2n = 24 (Faden 2000) 6 (Faden 
2000) 

5-7 mm (Faden 
2000) 

 202 (Burns, this 
study) 

  

Tradescantia 

sillamontana Matuda 
0 (SI: few pseudo- 
SC, Owens 1981) 

    6 (Faden 
2000) 

  186 (Burns, this 
study) 

  

Tradescantia 
soconuscana Matuda 

?    2n = 16, 26 (IPCN 2005) 6 (Faden 
2000) 

     

Tradescantia spathacae 

Sw. 
0.286 
(n = 70, Burns, 
this study) 

3-4 mm (Faden 
2000) 

  2n = 12 (Faden 2000), n = 
6, 6ll, 1Xll, irr., R12, 2n = 
12, 13 (IPCN 2005) 

2-3 (Faden 
2000) 

3-4 mm (Faden 
2000) 

1896 (DC), 1983 
(FL) (Herbarium 
records) 
 

186 (Burns, this 
study) 

410 (n = 
14, 
Burns, 
this 
study) 

110 (SD = 
130, Burns, 
this study) 

Tradescantia standleyi 
Steyerm. 

0 (SI: Jones et al. 
1981) 

1.5 � 2 mm (Hunt 
1994) 

  2n = 16 (Jones et al. 
1981) 

 4 mm (Hunt 1994)     

Tradescantia zanonia 
(L.) Sw. 

0 (SI: Hunt 1993)  3.3 (Ramirez 1993)  2n = 16  (Hunt 1994) 6 (Faden 
2000) 

3-5 mm (Hunt 1993)  202 (Burns, this 
study) 

  

Tradescantia zebrina 
Heynh. 
 

0 (SI: Owens 
1981, Hunt 1993) 

   2n = 24 + f (Fujishima 
1969) 2n = 24 
(Bhattacharya 1975), 2n = 
22, 23, 24, 47, 48 ( = 7 
(Hunt 1993) 2n = 24 
(Sakurai and Ichikawa 
2001), n = 12, 2n = 21, 
22, 23, 24 (IPCN 2005) 

6 (Faden 
2000), 7 
(Sakurai and 
Ichikawa 
2001) 

 1963 (Herbarium 
records) 
 

323 (Burns, this 
study) 

8.8 (n = 
2, Burns, 
this 
study) 

6.4 (SD = 
3.3, Burns, 
this study) 

Tripogandra serrulata 
(Vahl) Handlos 

? (SC: Hunt 1993) 1-1.5 mm (Hunt 
1993) 

  2n = 32, 48, 64 (Hunt 
1993) 

 2-2.8  1.5-2.5 mm 
(Hunt 1993) 

 324 (Burns, this 
study) 
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Table 28. (cont.) 
Species Autogamous 

selfing 
(proportion) 

Seed size (mm) Seed mass (mg) CV seed 
mass 

Chromosome 
countsa 

Seeds/fruit Capsule size Date of First 
Introduction 

SLA (cm2/g) 
average of 3 leaves, 
all under same 
conditions 

Max rate of 
spread 

Average rate of 
spread 

Commelinaceae 
Weldenia candida 
Schult. f. 

 2  1.3 mm (Hunt 
1003) 

  2n = 20 
(Hunt 1993) 
2n = 18, 20, 
24 (Faden 
1998) 

18 (Hunt 1993) 15  4 mm (Hunt 1994)     

Haemodoraceae 
Anigozanthos bicolor 
Endl. 

           

Anigozanthos flavidus 
Redoute 

           

Anigozanthos humilis 
Lindl. 

           

Anigozanthos preissii 

Endl. 
           

Blancoa canescens            
Conostylis 

androstemma 
F.Muell. 

           

Conostylis candicans 
Endl. 

           

Conostylis setigera 

R.Br. 
           

Dilatris ixioides Lam.            
Haemodorum sp.     n = 8 (IPCN 

2005) 
      

Haemodorum spicatum 

R.Br. 
           

Lachnanthes 
caroliniana (Lam.) 
Dandy 

           

Macropidia fuliginosa 

(Hook.) Druce 
           

Phlebocarya ciliata R. 
Br. 

           

Schiekia orinocensis 
(Kunth) Meisn. 

           

Tribonanthes uniflora 

Lindl. 
           

Xiphidium Aubl. sp.            
Xiphidium coeruleum 
Aubl. 

    n = 19 
(IPCN 2005) 

      

Wachendorfia 

thyrsiflora Burm. 
0.24 (inc. 
geitonogamy: 
Jesson and Barrett 
2002) 

          

Phylidraceae 
Helmholtzia glaberrima 
(Hook. f.) Caruel 

           

Philydrum lanugiosum 
Banks & Sol. ex Gaertn. 

 0.7 mm (Ka 
1984) 

  n = 8 (IPCN 
2005) 

 12 mm (Ka 1984)     

Philydrella pygmaea R. 
Br. 

           

Pontederiaceae 
Pontederia cordata L.            
a May include reference therein. 



 

 129

APPENDIX D 
 
Invasive species are those that are not native to a given area and have spread rapidly in the novel 
range (Richardson et al. 2000).  Rates of spread were used as a continuous estimate of 
invasiveness for ten species of Commelinaceae.  Data was available online for ten species at the 
county level.  Rates of spread were estimated in ArcMAP 9.1 (ESRI 1999-2005).  Since data 
were mostly available at the county level, distances were estimated for the shortest possible 
distance between counties (or 1 km for adjacent counties) and for the greatest possible distance 
between counties using the measuring tool in ArcMAP.  The rate of spread was calculated as the 
distance spread (km) divided by the time over which the spread occurred (yr).  Maximum and 
average rates of spread are given, and result in similar rankings of species with respect to 
invasiveness. 
 
Table 29.  Summary statistics for the rate of spread for ten invasive Commelinaceae. 
Species Maximum rate 

of spread 
(km/yr) 

Average rate of 
spread (km/yr) 

SD average rate 
of spread 

N CV average rate 
of spread 

Callisia fragrans 137 28.3 42.1 14 150 
Callisia repens 66 31 28 8 90 
Commelina benghalensis 140 26.6 35.4 34 130 
Commelina communis 98 15.7 22.6 82 140 
Dichorisandra thyrsiflora 0 0 0 2 0 
Gibasis pellucida 556 246.9 275.7 4 110 
Murdannia keisak 159 25.4 40.1 28 160 
Murdannia nudiflora 214 32.8 50.3 76 150 
Pollia japonica 0 0 0 1 0 
Tradescantia buckleyi 0 0 0 1 0 
Tradescantia fluminensis 134 16.6 29.3 22 180 
Tradescantia pallida 14.8 5.6 7.0 4 130 
Tradescantia spathacae 406 106.4 134.2 14 130 
Tradescantia zebrina 8.8 6.4 3.3 2 50 

 
Table 30.  Repeatability statistics for rates of spread for three representative Commelinaceae.  Rates of spread were 
estimated five times per species from the same area maps to determine the amount of variance in estimating 
distances using the measuring tool.  Coefficients of variation were less than ten for all species and measures of rates 
of spread. 
Species Maximum 

rate of 
spread 
(km/yr) 

SD max 
rate of 
spread 

N CV max 
rate of 
spread 

Average rate 
of spread 

SD 
average 
rate of 
spread 

N CV average 
rate of 
spread 

Commelina 

benghalensis 

138.8 
 

2.7 
 

5 1.9 26.3 0.8 5 2.9 

Murdannia keisak 159.2 1.3 5 8.2 25.6 0.6 5 2.4 
Tradescantia 

fluminensis 

135.2 0.8 5 6.2 17.6 0.6 5 3.3 

References for Appendix D (ERSI (1999-2005), Herbaria online 2006). 
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APPENDIX E 
 
Letter with permission to reprint from Diversity and Distributions (Burns 2004). 
 
Subject: FW: permission to reprint? 
Date: Fri, 15 Sep 2006 10:07:49 +0100 
From: "Journals Rights" <JournalsRights@oxon.blackwellpublishing.com> 
Sender: "Wilson Laura" <Laura.Wilson@oxon.blackwellpublishing.com> 
 
Dear Jean Burns, 

Thank you for your email request. Permission is granted for you to use the material below 
for your thesis subject to the usual acknowledgements and on the understanding that you will 
reapply for permission if you wish to distribute or publish your thesis commercially. 
  
Good Luck! 
  
Kind regards, 
  
Laura Wilson. 
  
Permissions Dept. 
Blackwell Publishing 
PO Box 805 
9600 Garsington Road 
Oxford 
OX4 2ZG 
United Kingdom 
 
Dear Journal Rights department, 
  
I am an author of a paper published in Diversity and Distributions, 
and I would like permission to republish my figures in my 
dissertation, if that is possible. 
  
I am a graduate student at Florida State University, and the 
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APPENDIX F 
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To: Cliff Duke 
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I would like to please request permission to reprint my article from  
Ecological Applications, 2006, in my dissertation at Florida State  
University.  I have attached the article for your reference. 
 
The manuscript number was: 
05-1451R1 
 
Thank you very much. 
 
Sincerely, 
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                                                        APPENDIX G 
 

 Chapter 1 was published (Burns 2004) prior to the dissertation defense.  It was later 
determined that the analysis used in the published version was insufficient.  The published 
analysis determined the effects of invasiveness nested within pair, treatment, and their 
interactions.  However, nesting invasiveness within pair may have a less straightforward 
interpretation than an unnested design.  Therefore, a re-analysis of the results presented in 
Chapter 1 is presented here to determine the effects of invasiveness, pair, and their interactions 
on the response traits.  To avoid confusion associated with changes to a published paper, all new 
analyses are presented in this appendix only. 

The new analyses used mixed models with pair and block and interactions with pair or 
block treated as random variables and treatment, invasiveness, and their interaction treated as 
fixed effects.  In the table below, the new analyses are placed to the right of the previous nested 
analyses to facilitate comparisons between the two.  All analyses presented here were conducted 
in SAS Version 9.1.  A discussion of differences between the analyses and any new 
interpretations are presented below. 

 
Summary of nutrient gradient experiment design from Chapter 1 
 An experiment was conducted for two pairs of invasive and noninvasive congeners to 
determine their responses to a range of nutrient availabilities (for details of experimental design, 
see Chapter 1).  These species were grown across four levels of nutrient availability in the 
greenhouse.  The primary goal of these experiments was to determine what levels of nutrient 
availability capture the range of species responses to nutrients.  This information was later used 
to develop a factorial experiment, with two levels of water and nutrient availability (see Chapter 
2).  Total biomass and relative growth rate were measured for each individual plant to determine 
whether there were differences between the invasive species and their noninvasive relatives, in 
order to develop hypotheses to test in future studies.  Since there were only two pairs of invasive 
and noninvasive congeners, the analyses related to invasiveness are primarily exploratory. 
 I am mostly interested in interpreting the invasiveness effect, and interactions with 
invasiveness; other model parameters, such as initial plant size, block, and pair are not of 
primary interest and are not discussed here (see Table 31).  A significant invasiveness main 
effect would indication that invasive species differ from noninvasive species consistently across 
environments.  An invasiveness by treatment interaction indicates that the differences between 
invasive and noninvasive species vary across environments.  An invasiveness by pair interaction 
indicates that pairs of species differ, either in direction or magnitude, in the differences between 
invasvie and noninvasive species. 
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Table 31.  Reanalysis for total biomass across a nutrient gradient for chapter 1.  The results were originally analyzed 
as follows: the natural log of total biomass across a nutrient gradient for two pairs of invasive and noninvasive 
species (GLM, SAS Version 8.01).  Invasive variances were not equal (P < 0.05) (Levene's test for homogeneity of 
variance), but weighing the results for the one-way ANOVA by the variance (Welch 1951) does not change the 
qualitative result.  Results of contrasts with Dunn-�idák corrected P-values (k = 4).  New analyses were conducted 
without invasiveness nested within pair, and with the invasiveness by pair interaction, as described in the text to this 
appendix, using PROC MIXED, with block and pair treated as random variables (REML, SAS, Version 9.1).  
Effects that differ between analyses are highlighted in bold. 
 Original Results New Results  
Source DF MS  F-

ratio 
P-
value 

Estimate/Num 
DF 

SE/Den 
DF 

Z- 
value/F-
value 

P-
value 

Initial Sizea 1 0.28  2.2 0.15    
Block 1 1.2  8.9 < 

0.01 0.009 0.0152 0.58 0.28

Treatment 3 7.2  56 < 
0.01 3 3 33.32

< 
0.01

Pair 1 1.7  13 < 

0.01 0 . . . 

Invasive(Pair) (or un-

nested, for the new version) 

2 5.2  40 < 

0.01 1 1 0.06 0.85

Invasive x Pair      1.363 1.494 0.91 0.18
Treatment x Pair 3 0.26  2.0 0.13 0.012 0.024 0.50 0.31
Treatment x Invasive (Pair) ( 
or un-nested, for the new 
version) 

6 0.97  7.5 < 
0.01 

3 50 11.34
< 
0.01 

Error 46 0.13    
0.141 0.028 4.95

< 
0.01 

Contrasts      Num DF Den DF F-ratio P-
value 

Tradescantia fluminensis 

vs. T. blossfeldiana 

1 0.46  3.6 0.26 1 46 3.1 0.083 

Commelina benghalensis vs. 
C. bracteosa 

1 10  80 < 
0.01 

1 46 80.5 < 
0.01 

Invasive vs. Noninvasive 
(High nutrients, 1.5) 

1 4.0  21 < 
0.01 

1 12 19.1 < 
0.01 

Invasive vs. Noninvasive 
(Low nutrients, 0) 

1 0.0001  0 1.0 1 12 0.0 > 
0.25 

a Initial size could not be tested for total biomass, because the REML model would not converge. 
 



 134

Table 32.  Reanalysis for relative growth rate (RGR) across a nutrient gradient for chapter 1.  Original results were 
analyzed as follows: RGR as a function of nutrient availability for two pairs of invasive and noninvasive species 
(GLM, SAS).  Variances were equal among treatments and invasive and noninvasive species (P > 0.05, Levene's 
test).  Results of contrasts with Dunn-�idák corrected P-values (k = 4).  New results were conducted without 
invasiveness nested within pair, and with the invasiveness by pair interaction, as described in the text to this 
appendix, using PROC MIXED, with block and pair treated as random variables (REML, SAS, Version 9.1). Effects 
that differ between analyses are highlighted in bold. 
 Original Results New Results 
Source DF MS F-

ratio 
P-
value 

Num 
DF 

Den DF F-ratio P-
value 

Block 1 0.0005 10 < 0.01 2.41E-

06

3.63E-

06 

0.66 0.25

Treatment 3 0.002 49 < 0.01 3 3 35.78 < 0.01
Pair 1 0.002 44 < 0.01 0.001 0.001 0.7 0.24

Invasive(Pair) (or un-nested, for the new 
version) 

2 0.01 220 < 0.01 1 1 396.69 0.03

Invasive x Pair    0 . . . 
Treatment x Pair 3 0.0006 1.4 0.27 1.34E-

06
6.62E-

06 
0.2 0.42

Treatment x Invasive (Pair) ( or un-
nested, for the new version) 

6 0.0005 11 < 0.01 3 50 17.32 < 0.01 

Error 47 0.00005  0.0001 0.00001 5.05 < 0.01 
Contrasts    Num 

DF 
Den DF F-ratio P-

value 
Tradescantia fluminensis vs. T. 

blossfeldiana 
1 0.0003 68 < 0.01 1 46 11.4 < 0.01

Commelina benghalensis vs. C. 

bracteosa 
1 0.005 110 < 0.01 1 46 102.8 < 0.01

Invasive vs. Noninvasive (High 
nutrients, 1.5) 

1 0.009 90 < 0.01 1 13 89.7 < 0.01

Invasive vs. Noninvasive (Low 

nutrients, 0) 

1 0.0008 4.0 0.27
a
 1 13 4.4 0.06 

a Marginally significant (P = 0.07) before correction for multiple comparisons. 
The three-way interaction could not be tested for the unnested model. 

 
Re-evaluation of nutrient gradient experiment 
 Qualitatively, the interpretation of invasiveness across the nutrient gradient is identical 
for both the original and the new analyses, with the nutrient by invasiveness interaction being 
important in both models.  For total biomass, there are some quantitative differences between the 
models, with main effect of invasiveness significant in the nested analyses and not significant in 
the unnested analysis.  However, the treatment by invasiveness interaction was significant in 
both cases, so a main effect of invasiveness was not interpretable (or interpreted) in the previous 
analysis.  The invasive species had greater biomass than their noninvasive relatives only under 
high nutrient conditions.  The two pairs differed in whether the invasive species had significantly 
greater biomass than its noninvasive congener.  Commelina benghalensis had significantly 
greater biomass than its noninvasive congener, however, Tradescantia fluminensis did not 
(contrasts Table 31).  This results was the same for both nested and unnested analyses (see 
contrasts in Table 31). 
 Results for relative growth rates were also similar for nested and unnested designs.  
However, pair was no longer significant in the unnested design.  Pair was not of primary interest 
in the study, but a main effect of pair would have indicated that Tradescantia differ on average in 
RGR from Commelina.  This main effect was no longer significant in the new, unnested analysis. 
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 The interaction between treatment and invasiveness was of the most interest, and was significant 
in both models (Table 32).  The invasive species had higher RGR than their noninvasive 
congeners for both species pairs in both models (see contrasts in Table ?).  Also, the invasive 
species had higher RGR than the noninvasive species under high nutrient conditions (contrast, 
Table 32).  The only difference between the interpretation of the two models for RGR is that the 
invasive species had marginally higher RGR under low nutrient conditions in the new analysis, 
whereas this result was not significant in the original nested analysis (contrast, Table 32). 
 Overall, the two invaders have high total biomass and RGR than their noninvasive 
relatives, but only at high nutrient availabilities for total biomass (Tables 31, 32).  This result 
was robust to analyses with or without invasiveness nested within pair. 
 
Summary of water gradient experiment design 
 A water gradient experiment was also conducted with the same goal of determining a 
relevant range of water availabilities for future experiments.  Three pairs of invasive and 
noninvasive congeners were grown across four water availabilities in the greenhouse.  For details 
of the experimental design, see Chapter 1.  As in the nutrient gradient experiment (above), total 
biomass and relative growth rate were measured for each plant to determine whether invasive 
species differed on average from noninvasive congeners.  Again, as for the nutrient gradient 
experiment, the number of pairs was low, and these analyses are exploratory. 
 As for the nutrient gradient analysis (above) a re-analysis of the published results (see 
Burns 2004) are presented here to determine the effects of invasiveness, pair, and their 
interactions and compared with the earlier models with invasiveness nested within pair.  An 
interpretation of the differences between these two models is presented below. 
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Table 33.  Reanalysis for total biomass across a water gradient for chapter 1.  Original results were analyzed as 
follows: total biomass (natural-log transformed) for the water gradient experiment with three pairs of invasive and 
noninvasive species (GLM, SAS).  Variances are equal among treatments and between invasive and noninvasive 
species (P > 0.05, Levene's test). Results of contrasts with Dunn-�idák corrected P-values (k = 3).  New results were 
conducted without invasiveness nested within pair, and with the invasiveness by pair interaction, as described in the 
text to this appendix, using PROC MIXED, with block and pair treated as random variables (REML, SAS, Version 
9.1). Effects that differ between analyses are highlighted in bold. 
 Original Results New Results 
Source DF MS F-

ratio 
P-
value 

Estimate/Num 
DF 

SE/Den 
DF 

Z- 
value/F-
value 

P-value 

Block 1 16 17 < 

0.001 

0.0091 0.0154 0.59 0.28 

Treatment 3 13 14 < 
0.001 

3 3 32.81 0.01 

Pair 1 5.1 5.6 < 0.01 0 . . . 
Invasive(Pair) 2 5.7 6.2 < 

0.001 

1 1 0.06 0.85 

Invasive x Pair     1.377 1.5069 0.91 0.18 
Treatment x Pair 6 0.29 0.32 0.93 0 . . . 
Treatment x Invasive 

(Pair) ( or un-nested, 

for the new version) 

9 0.41 0.45 0.90 3 3 6.56 0.08 

T x I x P     0.02743 0.0359 0.76 0.22 
Error 63 0.93   0.1342 0.02793 4.8 <0.01 
Contrasts     Num DF Den DF F-ratio P-value 
Tradescantia zebrina 

vs. T. brevifolia 

1 9.7 11 < 0.01 1 47 . . 

Commelina 

benghalensis vs. C. 

bracteosa 

1 0.68 0.75 1.0 1 47 76.45 <0.01 

Murdannia nudiflora 

vs. M. simplex 

1 6.7 7.3 0.03 1 47 35.54 <0.01 

 

 
 
 



 

 137

Table 34.  Reanalysis for RGR across a water gradient for chapter 1.  Original results were analyzed as follows:  
RGR for the water gradient experiment with three pairs of invasive and noninvasive species (GLM, SAS).  
Variances are equal among treatments and between invasive and noninvasive species (P > 0.05, Levene's test).  
Results of contrasts with Dunn-�idák corrected P-values (k = 3).  New results were conducted without invasiveness 
nested within pair, and with the invasiveness by pair interaction, as described in the text to this appendix, using 
PROC MIXED, with block and pair treated as random variables (REML, SAS, Version 9.1). Effects that differ 
between analyses are highlighted in bold. 
 Original Results New Results 
Source DF MS F-

ratio 
P-
value 

Estimate/Num 
DF 

SE/Den 
DF 

Z- 
value/F-
value 

P-
value 

Block 1 0.016 17 < 

0.01

2.82E-06 4.34E-06 0.65 0.26

Treatment 3 0.013 14 < 
0.01

3 3 23.11 0.01

Pair 1 0.007 8.1 < 

0.01

0.000638 0.000918 0.69 0.24

Invasive(Pair) 2 0.0097 10 < 
0.01

1 1 212.89 0.04

Invasive x Pair    3.36E-21 . . . 
Treatment x Pair 6 0.0003 0.32 0.93 0 . . . 
Treatment x Invasive (Pair) ( 
or un-nested, for the new 
version) 

9 0.0004 0.45 0.90 3 3 9.3 0.5

Treatment x Pair x Invasive    0.000013 0.000014 0.92 0.18
Error 63 0.001  0.000047 9.74E-06 4.84 <0.01 

Contrasts    Num DF Den DF F-ratio P-
value 

Tradescantia zebrina vs. T. 

brevifolia 

1 0.001 1.1 0.88 1 47 . . 

Commelina benghalensis vs. 
C. bracteosa 

1 0.016 17 < 
0.01

1 47 108.66 <0.01 

Murdannia nudiflora vs. M. 

simplex 

1 0.012 13 < 
0.01

1 47 76.51 <0.01 

 

 
 
 

Re-evaluation of water gradient experiment 
 The new interpretation of the water gradient experiment is mostly consistent with that 
originally presented in Chapter 1 (and Burns 2004).  For total biomass, the main effect of 
invasiveness is no longer significant in the new unnested design; however, the treatment by 
invasiveness interaction is now marginally significant (Table 33) and invaders were larger in 
high water availability environments (Chapter 1, Fig. 2).  The contrast results for total biomass 
differed between the two analyses.  The invasive Commelina and Murdannia species were larger 
than their noninvasive relatives, however, the Tradescantia species did not differ in biomass 
(Table 33).  It should be noted that the Tradescantia comparisons lacked power due to small 
sample sizes (Chapter 1).  The overall pattern for invasive species to be larger than their 
noninvasive relatives still holds in the new analyses. 
 The results for RGR were completely congruent between nested and unnested analyses, 
with the exception of block and pair (Table 34).  Invasive species on average had higher relative 
growth rates than their noninvasive congeners and this was significant for the Commelina and 
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Murdannia pairs, but not for the Tradescantia pair in contrasts (Table 34). 
 The interpretation of the water gradient experiment is the same as for previous analyses, 
with invasive species having higher biomass, but only under high quality environments (with 
high water availability).  The invaders also had higher relative growth rates irrespective of 
treatment.  Again, with only three pairs there is an insufficient sample size to make broad 
generalizations about invasive species. 



 

 139

APPENDIX H 
 

A greenhouse experiment on five pairs of invasive and noninvasive congeners was 
conducted to determine whether there are growth-related traits associated with invasive species 
and whether those association are robust to environmental variation (Chapter 2).  This 
experiment has been published (Burns 2006).  Here, I present a re-analysis of the results 
presented in Chapter 2 to determine the effect of invasiveness, pair, and their interactions on the 
response traits.  There was an error in the original analysis, where fixed effects were tested over 
the residual MSE, instead of the appropriate MSE, resulting in inflated P-values.  In the 
reanalysis presented here, each term is now tested over the appropriate MSE.  Also, the former 
species pair of Murdannia keisak and M. simplex pair was unpaired in all of these analyses, 
unlike in previous analyses, since the relationships among Murdannia species in the phylogeny 
presented in Chapter 4 does not support their pairing.  Re-analyses are presented next to original 
analyses, with differences between the two highlighted in bold. 

 
Summary of experimental design from Chapter 2 
 A greenhouse experiment was conducted to determine whether there were traits 
associated with invasive species, and whether those trait-associations were robust to 
environmental variation.  Five pairs of invasive and noninvasive congeners were grown across 
four experimental treatments in a factorial design, with high and low water and nutrient 
availability.  The details of the experimental design are given in Chapter 2. 
 The re-analysis presented here corrects the problems described above.  I am mostly 
interested in interpreting effects of invasiveness and their interactions with other factors in this 
experiment.  A main effect of invasiveness (and no significant interactions with invasiveness and 
other factors) would suggest that invasive species differ on average from noninvasive species.  A 
treatment by invasiveness interaction suggests that invasive species differ from noninvasive 
species, but that these differences vary across environments.  An invasiveness by pair interaction 
indicates that invasive and noninvasive species do differ, but that the pattern of differences varies 
across pairs.  Finally, an invasiveness by treatment by pair interaction would indicate that 
differences between invasive and noninvasive congeners differ by pair and that those by-pair 
differences vary by treatment.  Main effects and interactions that do not involve invasiveness are 
not of primary interest in this study and are not interpreted here. 
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Table 35.  Reanalysis for a factorial experiment for chapter 2.  Mixed model ANOVA (REML) summary for traits 
measured in four invasive and noninvasive congeneric pairs of species in the Commelinaceae (plus 2 unpaired 
Murdannia taxa).  The factorial experiment involved two levels of water and nutrient availability.  Block and pair 
and their relevant interactions were treated as random effects. Effects that differ between analyses are highlighted in 
bold. 
 Original 

analyses 
New analyses 

      Source F P Numerator df 
/Parameter 
estimate 

Denominator df 
/SE parameter 
estimate 

F P 

Dependent variable 
Specific leaf area 

Water 270 <0.001 1 3 5.55 0.10 

Nutrients 10 0.002 1 3 22.73 0.02 
Invasive 10 0.002 1 3 0.18 0.70 

Water x Nutrients 4.3 0.039 1 3 4.39 0.13 

Water x Invasive 1.3 0.241 1 9 3.42 0.10 
Nutrients x Invasive 5.4 <0.001 1 9 11.65 0.08 

Waterx Nutrients x Invasive 1.1 0.362 1 9 0.06 0.82 
Covariance parameter estimates 

Block   1.3569 0.9288 1.46 0.07 
Pair   1.509 2.1495 0.7 0.24 
Invasive x Pair   0.6165 0.6621 0.93 0.18 
Water x Pair   0 . . . 
Nutrients x Pair   1.1782 1.1351 1.04 0.15 
Water x Nutrients xPair   0.04779 0.2946 0.16 0.44 
Water x Nutrients x Invasive x 
Pair   0.1592 0.3516 0.45 0.33 

Residual   8.0935 0.5641 14.35
< 

0.01 
Number nodesa 

Water 21 <0.001 1 3 11.99 0.04 

Nutrients 
1100 <0.001 

1 3 97.87
< 

0.01 
Invasive 15 <0.001 1 3 8.36 0.07 

Water x Nutrients 16 <0.001 1 3 22.31 0.02 
Water x Invasive 062 0.784 1 9 0.9 0.37 

NutrientsxInvasive 
12 <0.001 

1 9 42.22
< 

0.01 
Water x Nutrients x Invasive 1.1 0.345 1 9 1.06 0.33 

Covariance parameter estimates 
Block   0.001969 0.002406 0.82 0.21 
Pair   0.03182 0.0617 0.52 0.30 
Invasive x Pair   0.03006 0.02702 1.11 0.13 
Water x Pair   0 . . . 
Nutrients x Pair   0.04324 0.03778 1.14 0.13 
Water x Nutrients x Pair   0 . . . 
Water x Nutrients x Invasive x 
Pair   0.002312 0.004393 0.53 0.30 
Residual   0.1396 0.00955 14.61 <0.01 
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Table 35. (cont.) 
 Original 

analyses 
New analyses 

Source F P Numerator df 
/Parameter 
estimate 

Denominator df 
/SE parameter estimate 

F P 

Root to shoot ratio 
Water 11 0.001 1 3 0.82 0.43 

Nutrients 680 <0.001 1 3 9.63 0.05 
Invasive 46 <0.001 1 3 2.32 0.23 

Water x Nutrients 0.68 0.410 1 3 0.06 0.82 
Water x Invasive 1.4 0.183 1 9 0.01 0.94 
Nutrients x Invasive 32 <0.001 1 9 1.56 0.24 

Water x Nutrients x Invasive 2.6 0.005 1 9 0.07 0.80 

Covariance parameter estimates 
Block   0.000641 0.000588 1.09 0.14 
Pair   0.008662 0.01564 0.55 0.29 
Invasive x Pair   0.003074 0.004909 0.63 0.27 
Water x Pair   0 . . . 
Nutrients x Pair   0.01174 0.01192 0.99 0.16 
Water x Nutrients x Pair   0 . . . 
Water x Nutrients x Invasive x 

Pair   0.009706 0.004095 2.37 

< 

0.01 

Residual   0.02186 0.001495 
14.6

2 
< 

0.01 
Number of seeds 

Water 0.74 0.389 1 1 0.74 0.55

Nutrients 

73 <0.001 1 1 14.9

4 

0.16

Invasive 

81 <0.001 1 1 39.5

6 

0.10

Water x Nutrients 1.7 0.189 1 1 0.89 0.52
Water x Invasive 1.8 0.132 1 3 2.15 0.24

Nutrients x Invasive 

12 <0.001 1 3 28.7

5 

0.01

Water x Nutrients x Invasive 1.1 0.374 1 3 1.2 0.35
Covariance parameter estimates 

Block   0.05431 0.0449 1.21 0.11 
Pair   1.9221 2.8612 0.67 0.25 
Invasive x Pair   0.04269 0.09964 0.43 0.33 
Water x Pair   0.02129 0.09611 0.22 0.41 
Nutrients xPair   0.08226 0.1726 0.48 0.32 
Water x Nutrients x Pair   0.04753 0.1002 0.47 0.32 
Water x Nutrients x Invasive x 
Pair   7.53E-20 . . . 
Residual   0.3369 0.04376 7.7 <0.01 

Biomass seeds 
Water 2.0 0.162 1 3 0.57 0.51
Nutrients 61 <0.001 1 3 2.46 0.21

Invasive 7.7 <0.001 1 3 2.81 0.19

Water x Nutrients 0.88 0.350 1 3 0.4 0.57
Water x Invasive 2.3 0.061 1 9 0.27 0.62

Nutrients x Invasive 8.8 <0.001 1 9 7.97 0.02
Water x Nutrients x Invasive 0.96 0.430 1 9 0.19 0.68
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Table 35. (cont.) 
 Original 

analyses New analyses 
Source F P Numerator df 

/Parameter est. 
Denominator df 
/SE parameter estimate 

F P 

Covariance parameter estimates 
Block   6.64E-06 0.000013 0.52 0.30
Pair   0 . . .
Invasive x Pair   0.000994 0.000917 1.08 0.14
Water x Pair   0 . . .
Nutrients x Pair   0.000922 0.000878 1.05 0.15
Water x Nutrients x Pair   0 . . .
Water x Nutrients x Invasive x 

Pair   0.001109 0.00043 2.58 < 0.01

Residual   0.00101 0.000068 14.9 < 0.01
Total biomass 

Water 35 <0.001 1 3 7.92 0.07

Nutrients 1300 <0.001 1 3 238 < 0.01
Invasive 200 <0.001 1 3 2.23 0.23

Water x Nutrients 16 <0.001 1 3 6.66 0.08

Water x Invasive 1.9 0.047 1 9 1.95 0.20

Nutrients x Invasive 
18 <0.001 

1 9 
12.0

5 < 0.01
Water x Nutrients x Invasive 1.8 0.065 1 9 0.14 0.71

Covariance parameter estimates 
Block   0.004721 0.005478 0.86 0.19
Pair   0 . . .
Invasive x Pair   0.4174 0.2574 1.62 0.05

Water x Pair   0.005832 0.02323 0.25 0.40
Nutrients x Pair   0.02217 0.03503 0.63 0.26
Water x Nutrients x Pair   0 . . .
Water x Nutrients x Invasive x 

Pair   0.0645 0.03481 1.85 0.03

Residual   0.2877 0.01971 14.6 <0.01
RGR 

Water 15 <0.001 1 3 4.95 0.11

Nutrients 
1100 <0.001 

1 3 
263.

8 < 0.01

Invasive 
130 <0.001 

1 3 
25.6

8 0.01
Water x Nutrients 11 0.001 1 3 5.48 0.10

Water x Invasive 1.3 0.253 1 9 0.5 0.50
Nutrients x Invasive 22 <0.001 1 9 14.1 < 0.01
Water x Nutrients x Invasive 2.0 0.046 1 9 0.94 0.36

Covariance parameter estimates 
Block   9.61E-08 0 . .
Pair   0.000026 0.000025 1.02 0.16
Invasive x Pair   0 . . .
Water x Pair   0 . . .
Nutrients x Pair   4.20E-06 7.98E-06 0.53 0.30
Water x Nutrients x Pair   0 . . .
Water x Nutrients x Invasive x 

Pair   0.000015 7.12E-06 2.16 0.02

Residual   0.000086 5.86E-06 15 < 0.01
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Table 35. (cont.) 
Notes:  NA = not applicable.  RGR = relative growth rate.  Number of seeds, biomass of seeds, number of nodes, 
and total biomass were ln transformed, and specific leaf area and root-to-shoot ratio were square-root transformed 
prior to analysis. 

a Number of nodes was rescaled (ln(Number of Nodes)x200) to improve the convergence of the residual 
maximum likelihood model. 

 

Interpretation of re-analyses for Chapter 2 
Statistical results for models with invasiveness, pair, and their interaction were similar to 

the original nested models for some traits.  Interpretations for specific leaf area, number of 
nodes, and the number of seeds per plant were similar with and without the corrections presented 
here (Table 35), albiet with inflated P-values for the original analyses.  In the new analysis, the 
invasiveness by nutrient interaction is now only marginally significant for specific leaf area; 
however, it is still highly significant for the number of nodes and the number of seeds.  
Interpretation of these traits are identical to previous interpretations, with the caveat that the 
specific leaf area interaction is now only marginally significant (P = 0.08). 

A four way interaction not present in previous models was significant for four of the 
traits.  The water by nutrients by invasiveness by pair interaction was significant for root-to-
shoot ratio, biomass of seeds, total biomass, and relative growth rate (Table 35).  This indicates 
that different pairs responded differently to the invasiveness by environment interaction 
indicated in previous analyses.  In order to facilitate interpretation of these interactions, I have 
included graphs for all seven traits below. 

Graphs were generated by taking the mean for each species by treatment-block to 
generate a single estimate of each response variable in a treatment-block.  (Treatment-block 
refers to the treatment within a block.  Each treatment was randomly assigned to a position 
within a block, see Chapter 2, materials and methods).  Then a ratio of invasive to noninvasive 
response for each pair was taken on a per treatment-block basis.  The Murdannia keisak, M. 

simplex pair was excluded from all of these graphs, since the relationships among Murdannia 
species in the phylogeny presented in Chapter 4 does not support their pairing.  This ratio takes 
pair into account, and averages across variation within blocks.  Ratios equal to 1 indicate that the 
invasive and noninvasive species did not differ.  Ratios greater than 1 indicate that the invader 
has a greater trait value for that pair. 
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Fig. 24.  Ratios of invasive to noninvasive response variables, with species means and SE for (a) SLA, (b) number 
of nodes, and (c) total biomass.  The dashed line indicates a ratio of 1, where invasives species and noninvasive 
species had equal response values. 
 
 
 
 

 Specific leaf area was larger for invasive species at high nutrient availabilities (Fig. 24a). 
 The number of nodes (vegetative reproduction) was higher for the invasive species at high 
nutrient availabilities, and for some pair at low nutrient availabilities (Fig. 24b).  For the two 
pairs for which seed number could be compared, the invasive species always made more seeds 
than the noninvasive species, with the exception of the Murdannia pair in the low nutrients, high 
water environment (Fig. 24c). 

Commelina Murdannia Tradescantia 1 Tradescantia 2
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Fig. 25.  Ratios of invasive to noninvasive response variables, with species means and SE for (a) root-to-shoot ratio, 
(b) total seed biomass, (c) total biomass, and (d) relative growth rate.  The dashed line indicates a ratio of 1, where 
invasives species and noninvasive species had equal response values. 
 
 
 
 

The root-to-shoot ratio was greater for some invasive species than others, mostly at low 
nutrient availabilities (Fig. 25a).  Paired t-tests found that invasive species had significantly 
higher root-to-shoot ratios than their noninvasive relatives only in the low-water, low-nutrient 
treatment (paired t-test: P = 0.04, n =5, Chapter 2).   Interpretation of root-to-shoot ratios for the 
new analyses is qualitatively the same as in previous analyses.  The significant interaction for 
water by nutrients by invasiveness by pair for root-to-shoot ratio indicates that different pairs 
differ in their responses to water and nutrient availability.  Most invasive species have greater 
root-to-shoot ratios than their noninvasive congeners, but only under low nutrient conditions, 
with the exception of the first Tradescantia pair in the low nutrient, high water environment (Fig. 
25a). 

Differences between invasive and noninvasive species for total seed biomass in these new 
analyses could not legitimately be tested since only two self-compatible species remained after 
pairing (because a single Murdannia �pair� was dropped, see above).  However, the pattern of 
response is similar to that of previous analyses, where invaders produced a greater biomass of 
seeds than their noninvasive relatives, especially under high resource conditions (Fig. 25b, cf. 
paired t-tests, P < 0.05 for 3 out of 4 treatments, Chapter 2).  The invasive species had higher 

Commelina Murdannia Tradescantia 1 Tradescantia 2
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total seed biomass than its noninvasive congener in every environment and for both pairs, with 
the exception of the Murdannia pair in the low nutrients, high water treatment (Fig. 25b). 

Patterns of total biomass varied by pair, with some pairs having greater biomass for the 
invader and others for the noninvasive congener (Fig. 25c).  This pattern does not contradict 
previous analyses, which found that invasive species were never significantly larger in paired t-
tests (P > 0.05, n = 5), and were marginally smaller in one environment (paired t-test P = 0.09, n 
= 5) (Chapter 2).  However, this new figure shows more clearly that some invaders (Commelina 

benghalensis and Tradescantia zebrina) were significantly larger than their noninvasive 
relatives.  Commelina benghalensis is one of the most troublesome invaders in this group, and is 
classified as a noxious weed by the United States government (USDA 2002).  Its greater biomass 
may be correlated with other factors, such as high fecundity, that facilitate its invasion. 

Relative growth rate is higher for invasive species than their noninvasive congeners, but 
again only in some environments (Fig. 25d).  The significant four way interaction may be the 
results of a greater response observed in only some pairs when water and nutrient availability are 
low (Fig. 25d).  This pattern is also consistent with the results of paired t-tests, which found 
greater RGR for invaders only in some environments (Chapter 2).  It should also be noted that 
the one exception to this pattern in the high nutrient, low water environment in previous analyses 
was the Murdannia keisak, M. bracteata pair, for which the noninvasive species had a slightly 
high RGR than the invasive species (0.0445 g/g/d for M. braceata and 0.0399 g/g/d for M. 

keisak).  Removing this pair may have actually made the pattern for RGR stronger for invasive 
versus noninvasive species. 

The general conclusions of Chapter 2, that some traits are consistently associated with 
invasiveness across environments, for example vegetative reproduction, whereas other traits are 
associated with invasive species, but only when measured in some environments, is supported by 
these re-analyses.  This last conclusion is the most important, as the differences in trait-
invasiveness associations across environments (invasiveness by environment interactions) 
suggest that models that use species traits to predict invasiveness need to include information on 
the trait-environment interaction in order to more accurately predict and prevent invasions. 
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