
 

Journal of Ecology

 

 2008, 

 

96

 

, 869–883 doi: 10.1111/j.1365-2745.2008.01408.x

 

© 2008 The Authors. Journal compilation © 2008 British Ecological Society

 

Blackwell Publishing Ltd

 

Threat or invasive status in legumes is related to 

opposite extremes of the same ecological and 

life-history attributes

 

Corey J. A. Bradshaw

 

1,2,3

 

*, Xingli Giam

 

4

 

, Hugh T. W. Tan

 

4

 

, Barry W. Brook

 

1

 

 and Navjot S. Sodhi

 

4

 

1

 

Research Institute for Climate Change and Sustainability, School of  Earth and Environmental Sciences, University of  
Adelaide, South Australia 5005, Australia; 

 

2

 

South Australian Research and Development Institute, P.O. Box 120, Henley 
Beach, South Australia 5022, Australia; 

 

3

 

School for Environmental Research, Institute of  Advanced Studies, Charles 
Darwin University, Darwin 0909, Northern Territory, Australia; and 

 

4

 

Department of  Biological Sciences, National University 

 

of  Singapore, 14 Science Drive 4, Singapore 117543, Republic of  Singapore

 

Summary

 

1.

 

The urgency and scale of  the global biodiversity crisis requires the application of  generalized
predictors of a species’ likelihood of going extinct or becoming invasive in non-native areas. A common
approach is to correlate species’ ecological and life-history characteristics (attributes, traits) with
the probability of  becoming either threatened (responding negatively to human activity), or
invasive (responding positively). The limitation of previous studies is that the fates of becoming
threatened or invasive have generally been treated in isolation.

 

2.

 

Here we consider the problem of threat and invasiveness in unison based on analysis of one of
the largest-ever species attributes data bases (8906 species) compiled for a single plant family
(Fabaceae). We used generalized linear mixed-effects models (using taxonomic grouping to control
for within-family phylogenetic relationships) to correlate species’ life-history and ecological traits
to three response variables: probability of  being (i) threatened or not, (ii) invasive or not, and
(iii) threatened or invasive.

 

3.

 

We found that tall, annual, range-restricted species with tree-like growth forms, inhabiting
closed-forest and lowland sites are more likely to be threatened. Conversely, climbing and
herbaceous species that naturally span multiple floristic kingdoms and habitat types are more likely
to become invasive.

 

4.

 

Synthesis

 

. These results support the idea that at least for one of the richest plant families, species’
life-history and ecological traits correlate with a fate response to anthropogenic global change. Our
results show that species do demonstrate particular susceptibility to either fate based on their
evolved traits, and that traits generally correlated with invasiveness are also those that correlate with
a reduced probability of becoming threatened.
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Introduction

 

The contemporary global biodiversity crisis necessitates a
better understanding of extinction and invasion biology.
These disciplines primarily focus on the identification and
ranking of traits and environmental contexts that predict (or
at least correlate with) a species’ ultimate fate (Purvis 

 

et al

 

.
2000; Kolar & Lodge 2001; Heger & Trepl 2003; Pimm 

 

et al

 

.

2006; Sodhi 

 

et al

 

. 2008). Establishing predictors of extinction
risk or invasiveness is important for applying ecological
theory to improve management efficiency and prioritize
efforts to eradicate harmful invasive non-indigenous species
(Rejmánek & Richardson 1996; Buckley, Briese & Rees 2003;
Hamilton

 

 et al

 

. 2005; Py

 

s

 

ek & Richardson 2007) or recover
threatened taxa (Pimm 

 

et al

 

. 2006; Sodhi 

 

et al

 

. 2008). For
example, predictors of a species’ predisposition to a particular
fate might be especially useful for screening taxa proposed
for import to reduce the probability of allowing potentially
weedy species into novel areas, or for established alien species
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for eradication. On the other hand, effective predictors could
be used for selecting potentially sensitive taxa to monitor early
detection of population decline. Developing evidence-based
rules of thumb for categorizing poorly studied species into
proneness groups will aid decision makers in choosing the
best ways to allocate finite conservation resources (Duncan &
Young 2000; Cadotte, Murray & Lovett-Doust 2006).

Despite extensive research, the relative importance of life-
history and ecological attributes in predisposing a species to a
particular fate remains controversial (Rejmánek & Richardson
1996; Williamson 1999; Kolar & Lodge 2001; Heger & Trepl
2003; Croci, Le Quilliec & Clergeau 2007). Current evidence
certainly suggests that particular evolved ecological niches
and combinations of life-history and ecological characteristics
(organism size, dispersal capacity and native geographic
range prior to human interference) and other reproductive,
dispersal, morphological and physiological attributes can
influence a species’ proneness to extinction or to become
invasive (Goodwin, McAllister & Fahrig 1999; Duncan &
Young 2000; Heger & Trepl 2003; Wu, Chaw & Rejmánek
2003; Hamilton 

 

et al

 

. 2005; Croci 

 

et al

 

. 2007; Sodhi 

 

et al

 

. 2008),
with the strength of effect often depending on environmental
context (Williamson 1996; Kolar & Lodge 2001; Pimm 

 

et al

 

.
2006) and the spatial scale of investigation (Stohlgren 

 

et al

 

.
1999; Stohlgren 

 

et al

 

. 2002; Py

 

s

 

ek & Richardson 2007). We
hypothesize that traits which predispose a species to becoming
threatened would also reduce that species’ likelihood of
responding positively to abrupt change (i.e. the combined
probability of being introduced to a novel environment by
humans and becoming invasive), and vice versa. Indeed, it has
been shown that rare species tend to differ in many life-history
and ecological traits from common species – rare species tend
to demonstrate lower reproductive effort and dispersal capacity,
and more restricted geographic ranges (Kunin & Gaston 1993;
Kunin & Gaston 1997; Blackburn & Cassey 2004; Pocock

 

et al

 

. 2006). Yet, remarkably, the disciplines of extinction and
invasion biology have rarely overlapped (although see
Blackburn & Cassey 2004 for a comparison of introduced and
re-introduced bird species), with biologists searching mainly
instead for correlates of extinction proneness (Duncan &
Young 2000; Walker & Preston 2006; Sodhi 

 

et al

 

. 2008) or
invasiveness (Goodwin 

 

et al

 

. 1999; Heger & Trepl 2003;
Hamilton 

 

et al

 

. 2005; Croci 

 

et al

 

. 2007) in isolation.
Previous studies of extinction and invasion have been limited

by a variety of  constraints. Evolved life-history attributes
covary between related species, but the confounding effects of
sharing evolutionary history in cross-species comparisons
(Felsenstein 1985) can be overcome by techniques such as
independent contrasts (Purvis 

 

et al

 

. 2000), mixed-effects
models (Brook, Traill & Bradshaw 2006; Sodhi 

 

et al

 

. 2008)
and the comparison of closely related species (e.g. congenerics)
(Goodwin 

 

et al

 

. 1999; Gerlach & Rice 2003; Py

 

s

 

ek &
Richardson 2007). Factors limiting effective comparison
include insufficient sample size (number of species compared)
to detect subtle correlations (Lloret 

 

et al

 

. 2005), unreliability
of control groups (e.g. artificial selection modifying attributes
of non-indigenous species), geographic idiosyncrasies, lack of

information on unobserved extinctions or failed invasions,
mismatched or inappropriate spatial scale, differences in
environmental contexts, and global inferences made using taxa
from a single region (Duncan & Young 2000; Kolar & Lodge
2001; Py

 

s

 

ek, Richardson & Williamson 2004; Hamilton 

 

et al

 

.
2005; Lloret 

 

et al

 

. 2005; Py

 

s

 

ek & Richardson 2007).
To overcome many of these problems, we compiled one of the

largest species’ attributes data bases from a single taxonomic
group that spans the majority of the world’s terrestrial niches.
The family Fabaceae (also known as the Leguminosae) of the
Eudicots is the third-most speciose family of flowering plants,
with 19 325 species classified into three sub-families (Papilio-
noideae, Caesalpinioideae and Mimosoideae) and approxi-
mately 727 genera (Lewis 

 

et al

 

. 2005), representing > 7% of all

 

c.

 

 260 000 known flowering plant species (Angiosperm
Phylogeny Group 2003). Spread throughout all continents
and terrestrial biomes except Antarctica, legumes range in
size from dwarf herbs to large tropical trees. The family’s high
species richness, and its life history, form and functional
diversity makes it one of  the most important plant groups
for humans in terms of food production, fodder, medicines,
timber and other commercial products (Harborne 1994).

Our explicit aim was to test the hypothesis that evolved
ecological and life-history traits predict a species’ propensity
to become threatened or invasive, but that the specific out-
come depends on opposite extremes of the same traits (a ‘fate
dichotomy’). Specifically, we tested whether the probabilities
of being classed as ‘threatened’, ‘invasive’, or ‘neutral’ (i.e.
neither ‘threatened’ nor ‘invasive’) were correlated with 15
ecological and life-history attributes. These ecological and
life-history attributes describe habitat and range, life-history
strategy, reproduction, dispersal, defence mechanisms and
leaf  characteristics (see Appendix S1 in Supplementary
Material for more a detailed justification and description of
correlates used and hypotheses related to predicting fate risk).
We did not consider phenotypic plasticity, adaptation, or
success based on human intervention (e.g. propagule pressure,
human affiliation; Hamilton 

 

et al

 

. 2005; Jeschke & Strayer
2006). Although propagule pressure is considered one of the
major determinants of invasion success (Lockwood, Cassey
& Blackburn 2005), the detailed history of each species was
simply not available, and it was not our explicit objective to
predict the particular outcome of each species individually.
Rather, our central aim was to examine the propensity of a
species to become invasive or threatened given its evolved eco-
logical and life-history template (under the same environmental
conditions and histories), and whether statistically identified
correlates support the notion of higher susceptibility to either
fate rather than two distinct and unrelated processes.

 

Methods

 

GLOBAL

 

 

 

DATA

 

 

 

BASE

 

 

 

OF

 

 

 

THE

 

 

 

FAMILY

 

 

 

FABACEAE

 

We compiled a representative list of 8906 Fabaceae species from
online data bases, published Floras, taxonomic Manuals, checklists
and monographic revisions (data available from the authors upon
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request). Several data bases containing information describing
aspects of Fabaceae biology have been assembled over the last
20 years, such as the International Legume Data base and Information
Service (ILDIS) (www.ildis.org) and Germplasm Resources
Information Network (GRIN) (www.ars-grin.gov). Both the data
bases contain valuable information on taxonomic synonymy, global
distribution and root nodulation data. However to date, there has
been no data base that provides simultaneous information on
distribution, ecology and life-history attributes of a large proportion
of the legumes. We therefore combined elements of the various data
bases, published Floras, Manuals, checklists and monographic
revisions together to construct a globally representative data base.
We used this to test the hypothesis that evolved characteristics
(described below) can be used to predict a species’ particular fate.

To ensure ample representation of every geographical region in
which legumes are found, we recorded species from all three sub-
families (Papilionoideae, Caesalpinioideae and Mimosoideae) from
at least one full Flora/Manual from each floristic kingdom (Takhtajan
1986). In the geographically larger Holoarctic and Paleotropic
kingdoms, nine and 13 Floras, respectively, were consulted. Floras
consulted for at least one full Subfamily are listed in Supplementary
Appendix S2 (List S1), and the complete list of Floras and Manuals
referred to in this assessment is presented in List S2 (Supplementary
Appendix S2). In areas where complete Flora treatments have not
been published, species were recorded from every available publication
that contained descriptive information (e.g. monographic revisions
and papers). A complete list of publications consulted is presented
in List S3 (Supplementary Appendix S2). In cases where > 1 subspecies
were listed as separate entries with different ecological responses
(‘invasive’, ‘threatened’ or neither), we included only the subspecies
considered ‘threatened’ or ‘invasive’. We omitted two species listing
both ‘invasive’ and ‘threatened’ subspecies (see complete subspecific
filtering criteria and species removed or retained in Supplementary
Appendix S1, Table S1).

 

THREAT

 

 

 

AND

 

 

 

INVASIVENESS

 

‘Threatened’ species were identified according to IUCN Red List
criteria (

 

Critically Endangered

 

, 

 

Endangered

 

, 

 

Vulnerable

 

 and 

 

Near
Threatened

 

). Nearly all IUCN Red-Listed species were included in
our data set, so the sample is unbiased with respect to that classifi-
cation system. Invasive species were identified using the definition
of Py

 

s

 

ek, Prach and Smilauer (1995) as ‘alien species increasing in
both anthropogenic and natural habitats’. Invasive species were
obtained from the global checklist of weeds compiled by Randall
(2002) and the invasive plant guide by Weber (2003). In line with the
adopted definition, only species and subspecies classified as ‘weed’,
‘environmental weed’ and ‘noxious weed’ in Randall (2002) were
considered ‘invasive’. Species classified as ‘quarantine weed’, ‘native
weed’, ‘naturalized’, ‘sleeper weed’ or ‘casual alien’ were not considered
‘invasive’. Species classified as ‘quarantine weed’ are species prohibited
entry under a country’s quarantine regulations, and hence, do not
indicate invasiveness. Species classified under ‘native weed’ were
excluded because they do not satisfy the criterion of being alien.
Species classified as ‘naturalized’, ‘sleeper weed’, or ‘casual alien’
were also excluded because these terms do not reflect an increase in
population size.

To validate the results of the global analysis that may have biases
associated with underrepresented species in the IUCN Red List
(Lughadha 

 

et al

 

. 2005), we also compiled Fabaceae species from a
single, well-studied region – Canada and the USA. We compiled
1158 species classed from GH to G5 from the NatureServe rare and

endangered species data base (www.natureserve.org/explorer). We
classed all GH (Possibly Extinct), G1 (Critically Imperilled) and G2
(Imperilled) legume species in the NatureServe data base as ‘threat-
ened’, and all others as ‘not threatened’. Species with range ranks
across our definitions (e.g. G2G3 and G2G4) of ‘threatened’ and
‘not threatened’ indicate uncertainty in status and were removed prior
to analysis. We were thus left with 491 legume species for which we
had trait information. Threat status was correlated with our com-
piled ecological and life-history attributes (see below).

 

ECOLOGICAL

 

 

 

AND

 

 

 

L IFE

 

-

 

H ISTORY

 

 

 

ATTRIBUTES

 

For each of the species, we compiled attributes hypothesized to relate
to a species’ propensity to become threatened/extinct (Thompson
1994; Turner 

 

et al

 

. 1994; McIntyre, Lavorel & Tremont 1995;
Duncan & Young 2000; Walker & Preston 2006; Sodhi 

 

et al

 

. 2008),
invasive (Py

 

s

 

ek 

 

et al

 

. 1995; Lake & Leishman 2004; Hamilton 

 

et al

 

.
2005; Cadotte 

 

et al

 

. 2006), and general plant survival strategies
(Westoby 1998). These included information on geographic dis-
tribution and range, altitudinal range, habitat, life strategy, growth
habit, height, presence of armaments, presence of indumentum
(hairs), length of the smallest leaf unit, floral display, presence of
hooks on the fruit, fruit dehiscence and seed size. More specific
detail on the justification and particular hypotheses related to the
attributes chosen (or omitted) can be found in Supplementary
Appendix S1. All attributes were either uncorrelated or weakly
inter-correlated (Spearman’s 

 

ρ

 

 and Kendall’s 

 

τ

 

) with the exception
of 

 

habit

 

 and 

 

height

 

 (

 

ρ

 

 = –0.746, 

 

τ

 

 = –0.687; Table S2); regardless,
moderately correlated variables do not compromise model ranking
procedures when based on estimates of relative parsimony (see
Methods section).

 

STATISTICAL

 

 

 

ANALYSES

 

To determine the relationships between the ecological and life-
history traits and the threat and invasiveness risks of the compiled
legume species, we fitted generalized linear mixed-effect models
(GLMM) to the data using the lmer function implemented in the

 

R

 

 Package v 2.4 (R Development Core Team 2004). All GLMM
constructed had a binomial response variable (see below for details)
and a logit link function.

Species are phylogenetic units with shared evolutionary histories
and are therefore not statistically independent (Felsenstein 1985).
Even though we sampled species from only a single plant family
(Fabaceae), it was still necessary to decompose the variance across
species by coding the random-effects error structure of the GLMM
as a hierarchical taxonomic effect (Blackburn & Duncan 2001b).
We had adequate replication to use the nested random effect of
Subfamily/Tribe, but insufficient replication within genera to include
Genus (there were many instances of monospecific genera). We also
included a second set of models using the nested taxonomic effect
of Tribe within nominal phylogenetic group (NPG) to examine
whether our choice of taxonomic association affected our conclusions
(few differences arise – see Results section – so we base the majority
of our analyses on the Subfamily/Tribe random effect). Our method
is more appropriate than the independent-contrasts approach
(Purvis 

 

et al

 

. 2000) in situations where a complete phylogeny of the
study taxon is unavailable, when categorical variables are included
in the analysis (as was the case in this study), and when model
selection, rather than Neyman–Pearson hypothesis testing, is the
statistical paradigm being used for inference (Blackburn & Duncan

http://www.natureserve.org/explorer
http://www.ildis.org
http://www.ars-grin.gov
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2001a). The amount of variance in the threat and invasiveness
probability response variable captured by each model considered
(see below) was assessed as the percent deviance explained (%DE),
expressed relative to the deviance of a null model with no fixed
effects but retaining the hierarchical random effect (Brook 

 

et al

 

.
2006).

Our model-building strategy used existing knowledge from other
studies, ecological theory and logic to construct a plausible set of 

 

a
priori

 

 hypotheses to examine the predictors of threat and invasive-
ness risk in plants. We split the modelling approach into three
phases to examine related questions: (i) 

 

Phase 1

 

 examined threat
risk, which was defined as whether a species was IUCN Red-Listed
(threatened

 

 

 

= all categories except ‘Least Concern’ and Data
Deficient’) or not (including neutral (neither threatened nor invasive)
and invasive species). The ecological and life-history correlates
height, range, habitat, altitudinal range, life cycle, growth habit,
presence/absence of hooks on fruit, presence/absence of fruit de-
hiscence, seed size, presence/absence of armaments, presence/absence
of hairs on vegetative parts, and maximum length of leaf lamina
were modelled as linear predictors (fixed factors) of the binomial
response. The variables height, range, growth habit and maximum
length of leaf lamina were coded as ordered-level (ordinal) factors,
with all others coded as nominal factors. We further considered
models where height and maximum length of leaf lamina were
coded as log

 

10

 

-scaled continuous variables to account for potential
bias associated with multi-level ordinal factors (see Supplementary
Appendix S1). No differences were detected using covariates in the
initial threat analysis (see Results section), so they were not considered
further. No interactions were considered. Various combinations of
the ecological life-history terms were built under themes which
represent broad hypotheses about the dominant determinant of
threat/invasiveness: allometry, habitat models, life-history strategy
models, reproduction and dispersal models, defence models and
various combinations of these themes (

 

n 

 

= 65 models; Supplementary
Table S3); (ii) 

 

Phase 2

 

 examined the response variable invasiveness
as a binary coded variable (invasive or not invasive, with the latter
category including all neutral and threatened species) using the same
model set as 

 

threat

 

; (iii) 

 

Phase 3

 

 used the same model set as above,
but the response variable was coded as either 

 

threatened 

 

or 

 

invasive

 

(i.e. after removing all ‘neutral’ species).
To avoid potential circularity in correlations between IUCN

threat status based on restricted range size criteria and native range,
we repeated the threat-risk analysis (Phase 1) by removing all
‘threatened’ species (as defined above) that were designated as such
due to small range sizes (IUCN Red List Criterion B, D2 or both –
www.iucnredlist.org). All models used in the full analysis were
repeated with this reduced set to determine whether conclusions
reached using the full data set were affected by potential circularity.
The restricted data set was also used to verify the conclusions
reached in Phase 3 (

 

threatened 

 

or 

 

invasive

 

).
We used an index of Kullback–Leibler (K-L) information loss to

assign relative strengths of evidence to the different competing
models (Burnham & Anderson 2002), Akaike’s Information Criterion
corrected for small sample size (AIC

 

c

 

), as well as the dimension-
consistent Bayesian information criterion (BIC), an approximation
of the Bayes factor given no informative prior information on
relative model support (Burnham & Anderson 2002). These indices
of model parsimony identify the relative evidence of model(s) from
a set of candidate models. The relative likelihoods of candidate
models were calculated using AIC

 

c

 

 and BIC weights (Burnham &
Anderson 2002), with the weight (

 

w

 

AIC

 

c

 

 and 

 

w

 

BIC) of any particular
model varying from 0 (no support) to 1 (complete support) relative

to the entire model set. However, the K-L prior used to justify AIC

 

c

 

weighting can favour more complex models when sample sizes are
large (Burnham & Anderson 2004; Link & Barker 2006), as was the
case for our data set). As such, we considered BIC weighting as most
appropriate for determining the contribution of the most important
correlates of extinction risk (major effects only), and AIC

 

c

 

 weighting
to identify the most parsimonious models for maximizing prediction
accuracy (major terms plus tapering effects; Burnham & Anderson
2004; Link & Barker 2006). The sample size for each model set
was reduced in most cases owing to some missing data for some
species in some of the hypothesized correlates (updated sample
sizes given in Results); however, all model comparisons within a set
were made using the same number of species so that AIC

 

c

 

 and BIC
were comparable. Consistency in results among the analysis phases
(see Results section) suggests that conclusions remained robust to
reductions in sample size necessitated by missing data for some
species’ traits.

 

Results

 

The 8906 legume species we sampled reliably (and after
filtering – Supplementary Appendix S1) mirrored Subfamily
diversity: 63% were from the most diverse Subfamily
Papilionoideae, 24% from the Mimosoideae and 13% from
the Caesalpinioideae (Table 1), compared to the worldwide
distribution of all Fabaceae species (71%, 17% and 12%,
respectively based on 19 325 species; Supplementary Fig. S1a)
(Lewis 

 

et al

 

. 2005). All 36 known tribes were represented in
our data base (Lewis

 

 et al

 

. 2005), and species were sampled
from all six floristic kingdoms (Takhtajan 1986). There was
considerable variation in the proportion of  threatened,
neutral and invasive legumes among kingdoms (Supplementary
Fig. S2). Likewise, our data base closely mimicked the
world distribution of species according to life cycle and major
growth habit categories (Supplementary Fig. S1b,c). Of all
species sampled, 46.6% were missing data for seed size (4756
of  8906 species), so we removed this term from the model
set for the main analysis (thus reducing the total number of
models considered from 65 to 57; see Supplementary Table S3),
but we did also consider the reduced data set with seed size
separately (see below).

Using 

 

threat 

 

as the binary response (i.e. ‘threatened’ or
‘not’, where the ‘not’ category represented all ‘neutral’ and
invasive species; 

 

n

 

 = 2737), the two most highly supported
GLMM, as ranked by the BIC, demonstrated important
contributions of  native geographic range, plant height,
habitat, altitudinal distribution, life cycle and growth habit
(combined 

 

w

 

BIC = 0.999) explaining > 16% of the deviance
(Table 2). These were also the most parsimonious models
according to AIC (corrected for small sample size) weights
(

 

w

 

AIC

 

c

 

), suggesting a lack of tapering effects. The term
growth habit alone accounted for nearly 12% of the deviance
(%DE), with important contributions of height (single-term
model with %DE = 4.9%). In general, taller (Fig. 1a), range-
restricted (Fig. 1b) species were more threatened, as well as
species occupying closed forests (Fig. 1c) and those spanning
only one altitudinal band (Fig. 1d). Annual species were
more likely to be classed as threatened than perennial species

http://www.iucnredlist.org
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(Fig. 1e; although see below), and trees were more threatened
than shrubs, climbers and herbs (Fig. 1f). The NatureServe
threatened classification (219 species remaining after
removing all species with missing attribute data) analysis
revealed strongest support for the saturated model based
on 

 

w

 

AIC

 

c

 

 (Supplementary Table S4), with the greatest con-
tribution to %DE from life cycle, height, range and altitude.
This confirms that the results based on the global data base of
IUCN Red-Listed species appear valid.

Including the term seed size reduced the IUCN Red List

 

threat

 

 analysis data set to 1693, and there was only extremely
weak support for this term’s contribution to the model
weights (

 

w

 

AICc << 0.001). Treating height and maximum
length of leaf lamina as covariates altered goodness-of-fit and
model ranking only slightly (Supplementary Table S5), with
height having a positive coefficient with increasing threat
probability (data not shown). Substituting nominal phylogenetic

group (NPG) for Subfamily in the nested taxonomic random
effect altered model ranking and goodness-of-fit only mar-
ginally (Supplementary Table S6), so we used the Subfamily/
Tribe random effect in all subsequent analyses.

Removing Criteria B and D2 threatened species (approxi-
mately one third of  species designated as ‘threatened’)
produced nearly identical model rankings (Table 3), with an
even higher goodness-of-fit (%DE ≅ 19%). The directions of
the relationships for prediction threat risk based on the
reduced data set were nearly identical to the full data set
(Fig. 2), with one notable difference – the reduced data set
produced a higher predicted threat risk for perennial compared
to annual species (Fig. 2e). This was opposite to the trend
revealed by the full data set (cf. Fig. 1e), mainly because so
few annuals were present in the reduced data set. We also
considered only the IUCN-listed species in a separate analysis
where Critically Endangered, Endangered and Vulnerable

Table 1. Taxonomic and species attribute summary for the 8906 sampled threatened (Thr), invasive (Inv) and neutral (Ntr) Fabaceae species
(Subfamilies, Tribes, Genera, and nominal phylogenetic groups [NPG – see Supplementary Appendix S1 for description]) examined. Note that
not all attribute level sample sizes sum to 8906 due to missing data

Taxonomy/status
Number 
of spp/gr Attribute Level

Number 
of spp

Proportion 
of Thr

Proportion 
of Ntr

Proportion 
of Inv

Papilionoideae 5591 Height ≤ 1 m 3274 0.003 0 875 0.121
Caesalpinioideae 1207 > 1 and ≤ 10 m 2935 0.080 0.801 0.119
Mimosoideae 2108 > 10 m 1293 0.210 0.715 0.075
Number of tribes 36 Altitudinal range Lowland 3399 0.136 0.759 0.106
Number of genera 537 Montane 1382 0.046 0.915 0.039

Both 978 0.015 0.724 0.261
‘threatened’ 688 Habitat closed forest 1703 0.258 0.733 0.008
‘neutral’ 7298 Open 4673 0.042 0.851 0.107
‘invasive’ 920 Both 1080 0.028 0.688 0.284
NPG1-cercidae 183 Range 1 floristic kingdom 8599 0.080 0.826 0.094
NPG2-detarieae 402 ≥ 2 floristic kingdoms 304 0.007 0.625 0.368
NPG3-cassieae 50 Life cycle Annual 918 0.004 0.732 0.264
NPG4-mimosoideae 2675 Perennial 7960 0.086 0.829 0.085
NPG5-papilionoideae 5596 Habit Tree 2126 0.260 0.656 0.084

Shrub 2873 0.037 0.890 0.073
Climber 723 0.015 0.860 0.124
Herb 3168 0.005 0.856 0.139

Floral display Solitary 598 0.030 0.865 0.105
Inflorescence 8223 0.077 0.819 0.104

Hooks on fruit Present 455 0.009 0.741 0.251
Absent 7129 0.072 0.830 0.098

Fruit dehiscence Present 4515 0.056 0.829 0.115
Absent 1937 0.138 0.749 0.114

Seed size ≤ 10 mm 3958 0.032 0.819 0.149
> 10 and ≤ 20 mm 545 0.169 0.719 0.111
> 20 mm 253 0.174 0.787 0.040

Armaments Present 692 0.053 0.645 0.302
Absent 8110 0.074 0.839 0.087

Hairs Present 6690 0.061 0.828 0.111
Absent 2102 0.110 0.813 0.077

Maximum leaf 
lamina length ≤ 4 cm 4753 0.039 0.841 0.120

> 4 and ≤ 8 cm 1582 0.093 0.794 0.113
> 8 and ≤ 12 cm 906 0.113 0.819 0.068
> 12 and ≤ 16 cm 613 0.131 0.796 0.073
> 16 and ≤ 20 cm 365 0.132 0.830 0.038
> 20 cm 323 0.186 0.789 0.025
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species were classed this time as ‘threatened’ and Near Threatened
(formerly, Lower Risk) species as ‘not threatened’ to account
for the probability of species not being assessed in the Red
List. This left only a total of 310 species of which 268 were
‘threatened’, making the application of the full model set
impractical. Thus, we considered only univariate models and
showed that habit accounted for the most deviance in this
threat risk response (although overall goodness-of-fit was
low; Supplementary Table S7). Removing range-restricted
species (Criteria B and D2 species) prevented model con-
vergence due to low sample sizes (n = 112 total species). This
lack of power suggests caution when interpreting these
results, although the similarity in model weights demonstrates
the small contributions of each of the factors considered
(Supplementary Table S7).

Using invasive as the binary response (i.e. ‘invasive’ or ‘not’,
where the ‘not’ category represented all ‘neutral’ and threat-
ened species; n = 3046), the saturated model was supported
by both wBIC and wAICc (weights > 0.999; Table 4) and
accounted for > 16% of the deviance. The models range +

altitude and range + habitat accounted for nearly 9% and
12%, respectively, of the deviance. Even though the saturated
model had most support, range, habitat, altitude, life cycle
and growth habit (second-ranked model) were the main
effects explaining deviance in the response. Although the
reduced data set produced equivocal results for the effects of
life cycle on threat status (see above Phases 1 and 2; Figs 1 and
2), annual plants tended to be more invasive than perennials
(Fig. 3e). In general then, traits that lead to higher threat
risk also reduce the likelihood of becoming invasive. Species
spanning multiple floristic kingdoms (Fig. 3b), both closed
forest and open habitats (Fig. 3c), and both lowland and
montane altitudinal ranges (Fig. 3d), were the most likely to be
invasive. Likewise, climbers and herbs were generally more
likely to be invasive than trees and shrubs (Fig. 3f). Including
seed size in the analysis reduced the invasive analysis data set
to 1987 species – seed size was including in the most highly
BIC-ranked model (saturated; wBIC = 0.985). However, the
single-term model only accounted for 0.35% of the deviance,
suggesting a negligible effect of seed size on invasiveness. We

Table 2. The five most parsimonious generalized linear mixed-effects models investigating the life-history correlates of threat risk for legumes
(full data set, n = 2737 species, 310 ‘threatened’) according to (a) the Bayesian Information Criterion (BIC) and (b) Akaike’s Information
Criterion corrected for small sample size (AICc). The five most highly BIC-ranked models accounted for > 99% of the information-theoretic
weight (wBIC) of the total of 57 models considered (see Table S3). Terms shown are HT = height, RG = range, HBT = habitat, ALT = altitude,
LC = life cycle, HB = habit. Also shown are the number of parameters (k), the maximum log-likelihood (LL), the difference in BIC and AICc

for each model from the most parsimonious model (ΔBIC and ΔAICc), AICc weight, and the percent deviance explained (%DE) in the response
variable by the model under consideration

Model k LL ΔBIC wBIC ΔAICc wAICc %DE

(a) BIC-ranked
~RG + HBT + ALT + LC + HB 13 –675.486 0.000 0.857 2.468 0.223 16.37
~HT + RG + HBT + ALT + LC + HB 15 –671.939 3.576 0.143 0.000 0.767 16.81
~RG + HBT + LC + HB 11 –688.202 14.942 < 0.001 23.345 < 0.001 14.80
~RG + ALT + LC + HB 11 –689.791 18.191 < 0.001 26.514 < 0.001 14.60
~HT + RG + HBT + LC + HB 13 –684.634 18.507 < 0.001 20.731 < 0.001 15.24

(b) AICc-ranked
~HT + RG + HBT + ALT + LC + HB 15 –671.939 3.576 0.143 0.000 0.767 16.81
~RG + HBT + ALT + LC + HB 13 –675.486 0.000 0.857 2.468 0.223 16.37
saturated model 25 –663.932 40.56 < 0.001 8.761 0.010 17.80

~HT + RG + HBT + LC + HB 13 –684.634 18.507 < 0.001 20.731 < 0.001 15.24
~HT + RG + ALT + LC + HB 11 –688.202 14.942 < 0.001 23.345 < 0.001 14.80

Table 3. The five most parsimonious generalized linear mixed-effects models investigating the life history correlates of threat risk for legumes
after removing species designated as ‘range-restricted’ as the principal reason for IUCN Red Listing (Categories B and D2) (full data set,
n = 2426 species, 112 ‘threatened’) according to the Bayesian Information Criterion (BIC) and Akaike’s Information Criterion corrected for
small sample size (AICc). The five most highly BIC- and AICc-ranked models accounted for 99% of the information-theoretic weight (wBIC and
wAICc) of the total of 57 models considered (see Supplementary Table S3). Terms shown are HT = height, RG = range, HBT = habitat,
ALT = altitude, LC = life cycle, HB = habit. Also shown are the number of parameters (k), the maximum log-likelihood (LL), the difference in
BIC and AICc for each model from the most parsimonious model (ΔBIC and ΔAICc), AICc weight, and the percent deviance explained (%DE)
in the response variable by the model under consideration

Model k LL ΔBIC wBIC ΔAICc wAICc %DE

BIC-ranked
~RG + HBT + ALT + LC + HB 13 –322.442 0.000 0.698 0.000 0.583 19.26
~RG + ALT + LC + HB 11 –328.457 3.286 0.135 6.491 0.023 17.75
~HT + RG + HBT + ALT + LC + HB 15 –320.105 4.239 0.084 1.112 0.334 19.84
~HT + RG + ALT + LC + HB 13 –324.816 4.894 0.060 4.682 0.056 18.66
~RG + HBT + LC + HB 11 –331.020 8.416 0.010 11.616 0.002 17.11
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also investigated the remaining life-history terms for their
contributions given the support for the saturated model
(Table 4). Of the six remaining terms, presence/absence of
armaments, presence/absence of hairs on vegetative parts,
and presence/absence of hooks on fruit were supported. In
general, the presence of hooks on fruit, armaments such as
spines and prickles, and vegetative hairs increased invasive-
ness risk (Fig. 4a–c).

The reduced data set (i.e. removing all ‘neutral’ species and
range-restricted ‘threatened’ species; n = 606) using the
classification of threatened or invasive as the binary response
variable confirmed the notion that traits increasing the
probability of becoming threatened were generally also those
that reduced the probability of becoming invasive (Fig. 5).

Again, the effect of life cycle was somewhat equivocal (Fig. 5e),
although this comparison supported the hypothesis that
annual species were less likely to be threatened than perennials.
The height + range + habitat + altitude + life cycle + habit
model had the strongest support (combined wBIC = 0.851)
and accounted for c. 62% of  the deviance (Table 5). Incor-
porating seed size (n = 474 species) provided little support
for that term (the saturated model including seed size had
wBIC < 0.02).

Discussion

Our results for legumes support the hypothesis that particular
combinations of  ecological and life-history attributes

Fig. 1. Probability of a legume species being classed as ‘threatened’ (Pr[threat]) predicted for each category of term included in the most
parsimonious generalized linear mixed-effects models (Pr[threat] ~ height + range + habitat + altitude + life cycle + habit; Table 2) based on
the full data set. Dotted horizontal lines represent the bootstrapped (10 000 iterations) 95% confidence interval limits for Pr[threat] derived from
the aforementioned model based on the observed data for 2737 species. These predictions of the observed data’s threat range are based only on the
model above, so they do not describe unexplained variation in the original data set nor do they include data from species missing trait data.
Hence, they do not necessarily reflect the proportional results shown in Table 1. Predicted Pr[threat] for each term level were calculated by
adjusting the original data set so that all species were given the same value for that level (each level in turn), keeping all other terms in the model
as in the original data set. Error bars represent the 10 000-iteration bootstrapped upper 95% confidence limits. The percent deviance explained
(%DE) in Pr[threat] by the univariate models for each term shown are: (a) species ≤ 1 m, 1 to ≤ 10 m or > 10 m in height (%DE = 4.9%),
(b) species restricted to either 1, 2 or 3 floristic kingdoms (%DE = 0.8%), (c) species restricted to closed forest, open, or spanning both habitats
(%DE = 4.6%), (d) species restricted to lowland, montane, or both altitudinal ranges (%DE = 3.2%), (e) annual or perennial species
(%DE = 0.2%), and (f) trees, shrubs, climbers or herbs (%DE = 11.7%). See Appendix S1 for a detailed description of the attributes shown.
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characterize plant species at one or other extreme of a fate
continuum between the states of  threatened and invasive.
We are aware of  only two other studies (Sutherland 2004;
Cardillo et al. 2005) that have compared the attributes of either
threatened/non-threatened, or invasive/non-invasive species
among a comparable or greater number of species. However,
those studies examined only one fate extreme across species
from many families and used only univariate (Sutherland
2004) or multiple regression t-tests (Cardillo et al. 2005) of
particular traits, thus potentially confounding perceived

relationships by ignoring the simultaneous effects of multiple
correlates. Our study is a major advance because (i) we
examined the attributes pertaining to a species fate between
the two extreme categories (threatened and invasive), which
was particularly informative in terms of the models’ greater
explanatory power (%DE – cf. Tables 1–4 with Table 5) and
for confirmation that the traits related to species becoming
invasive are generally those that are correlated with lower
threat risk; (ii) we compiled information for species from a
single (albeit diverse) family, thereby reducing the potentially

Fig. 2. Probability of a legume species being
classed as ‘threatened’ (Pr[threat]) predicted
for each category of term included in the most
parsimonious generalized linear mixed-
effects models (Pr[threat] ~ height + range +
habitat + altitude + life cycle + habit; Table 3)
using the reduced data base (i.e. after removing
threatened species classed as such due to
restricted ranges – see Methods). Dotted
horizontal lines represent the bootstrapped
(10 000 iterations) 95% confidence inter-
val limits for Pr[threat] derived from the
aforementioned model based on the observed
data for 2426 species. Predicted Pr[threat] for
each term level were calculated by adjusting
the original data set so that all species were
given the same value for that level (each level
in turn), keeping all other terms in the model
as in the original data set. Error bars
represent the 10 000-iteration bootstrapped
upper 95% confidence limits. The per cent
deviance explained (%DE) in Pr[threat] by
the univariate models for each term shown
are: (a) species ≤ 1 m, 1 to ≤ 10 m or > 10 m in
height (%DE = 9.4%), (b) species restricted to
either 1, 2 or 3 floristic kingdoms (%DE =
0.5%), (c) species restricted to closed forest,
open, or spanning both habitats (%DE =
6.0%), (d) species restricted to lowland,
montane, or both altitudinal ranges (%DE =
4.4%), (e) annual or perennial species (%DE =
1.1%), and (f) trees, shrubs, climbers or herbs
(%DE = 14.6%). See Appendix S1 for a
detailed description of the attributes shown.

Table 4. The five most parsimonious generalized linear mixed-effects models investigating the life history correlates of invasiveness for legumes
(full data set, n = 3046 species, 491 ‘invasive’) according to both (a) the Bayesian information criterion (BIC) and (b) Akaike’s information
criterion corrected for small sample size (AICc) (equivalent ranking using either metric). The most highly ranked model (saturated) accounted
for > 99% of the information-theoretic weight (wBIC and wAICc) of the total of 57 models considered (see Supplementary Table S3). Terms
shown are HT = height, RG = range, HBT = habitat, ALT = altitude, LC = life cycle, HB = habit. Also shown are the number of parameters
(k), the maximum log-likelihood (LL), the difference in BIC and AICc for each model from the most parsimonious model (ΔBIC and ΔAICc),
AICc weight, and the percent deviance explained (%DE) in the response variable by the model under consideration

Model k LL ΔBIC wBIC ΔAICc wAICc %DE

Saturated 26 –917.053 0.000 > 0.999 0.000 > 0.999 22.18
~RG + HBT + ALT + LC + HB 14 –968.014 35.527 < 0.001 73.703 < 0.001 17.86
~RG + HBT + ALT 10 –984.298 45.627 < 0.001 97.511 < 0.001 16.48
~HT + RG + HBT + ALT + LC + HB 16 –967.446 45.706 < 0.001 77.040 < 0.001 17.91
~HT + RG + HBT + ALT 12 –983.502 55.369 < 0.001 100.255 < 0.001 16.54
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confounding influence of phylogenetic relatedness (which was
controlled for statistically down to the tribal level); (iii) the
chosen family spanned the entire globe (except Antarctica)
and virtually all terrestrial habitats and (iv) we used linear
mixed-effects modelling and multi-model inference to evaluate
the relative evidence for an attribute’s correlation to a species’
status.

We found moderate to good correlations between the
attributes supported by model ranking and threat/invasion
risk (based on the percent deviance explained in the binary
responses, which ranged from 15% to 68%). The upper limit
of  > 60% likely resulted from our choice to maximize the
ecological signal in the reduced threatened/invasive com-
parison by deliberately contrasting the two fate extremes.

Fig. 3. Probability of a legume species being
classed as ‘invasive’ (Pr[invasive]) predicted
for each category of term included in the most
parsimonious generalized linear mixed-effects
models (saturated model: Pr[invasive] ~ height
+ range + habitat + altitude +life cycle +
habit + armaments + hairs + floral display +
dehiscence + fruit hooks + leaf length; Table 4).
Dotted horizontal lines represent the boot-
strapped (10 000 iterations) 95% confidence
interval limits for Pr[invasive] derived from
the aforementioned model based on the
observed data for 3046 species. Predicted
Pr[invasive] for each term level were calcu-
lated by adjusting the original data set so that
all species were given the same value for that
level (each level in turn), keeping all other
terms in the model as in the original data set.
Error bars represent the 10 000-iteration
bootstrapped upper 95% confidence limits.
The percent deviance explained (%DE) in
Pr[invasive] by the univariate models for each
term shown are: (a) species ≤ 1 m, 1 to
≤ 10 m or > 10 m in height (%DE = 0.1%),
(b) species restricted to either 1, 2 or 3
floristic kingdoms (%DE = 3.4%), (c) species
restricted to closed forest, open, or spanning
both habitats (%DE = 8.7%), (d) species
restricted to lowland, montane, or both
altitudinal ranges (%DE = 5.8%), (e) annual
or perennial species (%DE = 1.9%), and (f)
trees, shrubs, climbers or herbs (%DE = 1.2%).
See Appendix S1 for a detailed description
of the attributes shown.

Table 5. The five most parsimonious generalized linear mixed-effects models investigating the life history correlates of extinction threat (coded
0) versus invasiveness (coded 1) for legumes (full data set, n = 606 species due to the removal of ‘neutral’ and range-restricted ‘threatened’
species) according to (a) the Bayesian Information Criterion (BIC) and (b) Akaike’s Information Criterion corrected for small sample size
(AICc). The five most highly BIC-ranked models accounted for > 99% of the information-theoretic weight (wBIC) of the total of 57 models
considered (the top-ranked model accounted for c. 1.00 of wAICc). Terms shown are HT = height, RG = range, HBT = habitat, ALT = altitude,
LC = life cycle, HB = habit. Also shown are the number of parameters (k), the maximum log-likelihood (LL), the difference in BIC and AICc

for each model from the most parsimonious model (ΔBIC and ΔAICc), AICc weight, and the percent deviance explained (%DE) in the response
variable by the model under consideration.

Model k LL ΔBIC wBIC ΔAICc wAICc %DE

~RG + HBT + ALT + LC + HB 14 –74.625 0.000 0.851 251.854 < 0.001 61.54
~HT + RG + HBT + ALT + LC + HB 16 –73.612 3.630 0.139 560.491 < 0.001 62.07
Saturated 26 –63.274 9.175 0.009 0.000 > 0.999 67.40
~RG + HBT + LC + HB 12 –83.010 12.424 0.002 183.176 < 0.001 57.23
~HT + RG + HBT + LC + HB 14 –81.634 15.547 < 0.001 219.891 < 0.001 57.93



878 C. J. A. Bradshaw et al.

© 2008 The Authors. Journal compilation © 2008 British Ecological Society, Journal of Ecology, 96, 869–883

This highlights the importance of contrasting the extremes of
species’ fates together, especially considering that other stud-
ies have generally only found weak correlations between
threat/invasion risk and life-history/ecological traits (Jeschke
& Strayer 2006; Sodhi et al. 2008; see also review by Cadotte
et al. 2006).

As predicted (Heger & Trepl 2003), the extent of a species’
native range, expressed in terms of its geographic, altitudinal
and habitat tolerance, explains a large component of  the
variation in its propensity to become invasive or threatened,
even after removing threatened species that had been
designated so based on reduced range size (thus removing a
large part of any circularity that may have existed in our con-
clusions). Indeed, geographic range is an important predictor
of invasive bird success (Croci et al. 2007). This has been
rationalized on the basis that widespread species tend to have
a higher capacity to tolerate new environments given that they
have already encountered a variety of climatic and habitat con-
ditions in their evolutionary history and acquired a relatively
higher phenotypic plasticity (Sax & Brown 2000; Croci et al.
2007). Widely dispersed species may also harbour greater
genotypic variation such that new founder populations may
have sufficient genetic variability to adapt to local conditions
(Williamson 1996; Tsutsui & Case 2001). Our hypothesis that

altitudinally restricted species are more susceptible to becom-
ing threatened and less likely to be invasive was supported
by both the single- and two-fate analyses. This corroborates
previous work demonstrating that higher altitudes tend to
have fewer invasive species (Pauchard & Alaback 2004; Becker
et al. 2005) and that rare plant species have lower maximum
elevations than common species (Hegde & Ellstrand 1999).

Recently, Sodhi et al. (2008) demonstrated that angio-
sperms that have recently gone extinct in tropical Singapore are
restricted to inland forest habitats, and Pocock et al. (2006)
found that the area of occurrence of rare and scarce British
plants was predicted by habitat association. These observa-
tions agree partially with our results that closed-forest
legumes had a higher risk of being classed as threatened
(Tables 2 and 3) and a lower likelihood of being classed as
invasive (Table 4). This finding also supports the observation
of Sutherland (2004) that weeds are more likely to be shade
intolerant. Although we found evidence that shorter species
had a reduced threat risk (Fig. 2), the influence of plant height
on invasiveness was weak (Fig. 3). Taller species of many taxa
are known to be more at risk of threat (Duncan & Young
2000; Cardillo et al. 2005; Sodhi et al. 2008) because smaller
species tend to have faster vital rates to offset deterministic
drivers of decline, and there is also some evidence that smaller

Fig. 4. Probability of a legume species being
classed as ‘invasive’ (Pr[invasive]) predicted
for each category of the six additional life-
history terms included in the saturated
model: Pr[invasive] ~ height + range + habitat
+ altitude + life cycle + habit + armaments
+ hairs + floral display + dehiscence + fruit
hooks + leaf length; Table 4). Dotted
horizontal lines represent the bootstrapped
(10 000 iterations) 95% confidence interval
limits for Pr[invasive] derived from the
aforementioned model based on the observed
data for 3046 species. Predicted Pr[invasive]
for each term level were calculated by
adjusting the original data set so that all
species were given the same value for that
level (each level in turn), keeping all other
terms in the model as in the original data set.
Error bars represent the 10 000-iteration
bootstrapped upper 95% confidence limits.
The percent deviance explained (%DE) in
Pr[invasive] by the univariate models for each
term shown are: (a) species with or without
hooks on fruit (%DE = 1.6%), (b) species with
or without hairs on vegetative parts (%DE =
0.8%), (c) species possessing armaments
such as spines and prickles (%DE = 2.8%),
(d) species with either solitary flowers or
inflorescences (%DE = 0.1%), (e) maximum leaf
length category (%DE = 0.4%), and (f ) species
with or without dehiscing fruit (%DE =
0.03%). See Supplementary Appendix S1 for a
detailed description of the attributes shown.
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species are better invaders (Sutherland 2004; Ruesink 2005),
although there are many regional and taxonomic exceptions
(Crawley, Harvey & Purvis 1996; Williamson & Fitter 1996).
Our analysis of legumes generally supports the trends that
larger species are more prone to being threatened (Fig. 1),
although it was the coarser size measure, growth habit (trees,
shrubs, climbers or herbs), that was more diagnostic overall
(after accounting for taxonomy as a random effect). This agrees
with the conclusion of Sutherland (2004) that life form rather
than generation time (as inferred from plant size) is the more
important determinant of a species’ proneness to invasion.

The effects of the term life cycle (annual versus perennial)
were equivocal partially owing to the absence of threatened
annuals in the reduced data set (Figs 2e and 5e) which did
not permit useful inference regarding the direction of the
effect. Although weedy (invasive) species tend more often to
be annuals in the USA (Sutherland 2004), Wu et al. (2003)

reported that the majority of naturalized legumes in Taiwan
were herbaceous perennials. Other studies have failed to
find an effect of life cycle on a plant’s probability of becoming
invasive (Lonsdale 1994; Goodwin et al. 1999). The unbalanced
samples in our study and the conflicting reports in the litera-
ture lead us to hypothesize that the type of life cycle a particular
legume species evolves may only affect its fate within particular
environmental contexts. Larger samples and evidence from
other diverse plant families may eventually provide better
insight.

Another attribute commonly associated with invasiveness
and plant rarity is seed size (Rejmánek & Richardson 1996;
Pocock et al. 2006). Species with small seeds may be expected
to have better propagule dispersal capacity and so may be
better invaders (Rejmánek & Richardson 1996; Pocock et al.
2006), whereas larger seeds may require animal dispersal
(Pocock et al. 2006) such that habitat loss may confer an

Fig. 5. Probability of a legume species being classed either as ‘threatened’ or ‘invasive’ (Pr[threat|invasive]) predicted for each category of term
included in the most parsimonious generalized linear mixed-effects models (Pr[threat|invasive] ~ height +range + habitat + altitude + life
cycle + habit; Table 5) using the reduced data base (i.e. after removing threatened species classed as such due to restricted ranges – see Methods).
Dotted horizontal lines represent the bootstrapped (10 000 iterations) 95% confidence interval limits for Pr[threat|invasive] derived from the
aforementioned model based on the observed data for 606 species. Predicted Pr[threat|invasive] for each term level were calculated by adjusting
the original data set so that all species were given the same value for that level (each level in turn), keeping all other terms in the model as in the
original data set. Error bars represent the 10 000-iteration bootstrapped upper 95% confidence limits. The percent deviance explained (%DE)
in Pr[threat|invasive] by the univariate models for each term shown are: (a) species ≤ 1 m, 1 to ≤ 10 m or > 10 m in height (%DE = 18.6%),
(b) species restricted to 1, 2 or 3 floristic kingdoms (%DE = 7.5%), (c) species restricted to closed forest, open, or spanning both habitats
(%DE = 30.0%), (d) species restricted to lowland, montane, or both altitudinal ranges (%DE = 12.5%), (e) annual or perennial species
(%DE = 5.0%), and (f) trees, shrubs, climbers or herbs (%DE = 32.3%). See Supplementary Appendix S1 for a detailed description of the
attributes shown.
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additional disadvantage to species relying on dispersers that
are themselves threatened with extinction (Brook, Sodhi &
Bradshaw 2008). However, we found no evidence to support a
correlation between this trait and either fate, possibly owing
to the fecundity trade-off  between seed size and seed number
or dispersal mode (Eriksson & Jakobsson 1998; Thompson
et al. 2002; Pocock et al. 2006), and that we only examined a
single spatial (global) scale (Hamilton et al. 2005). Species
invading a wide variety of habitats are potentially drawn from
a wide selection of ecological strategies. Given that seed size is
a good indicator of  plant’s ecological strategy, the lack of
evidence for a relationship between invasiveness and seed
size may result partially from such a large sample of species
with different strategies (i.e. regional trends may have been
swamped by the large number of strategies sampled – Crawley
et al. 1996; Pysek & Richardson 2007). Another potentially
confounding influence is the role of vertebrate dispersal of
seeds that can mask the effect of small seed size (Richardson
et al. 2000). Finally, attributes relating to propagule dispersal
(e.g. hooks on fruit) and defence from herbivory (e.g. hairs
and spines) were also related to an increased probability of
being invasive as expected (Sutherland 2004), thus con-
firming the finding in the opposite direction that species
with poor fruit dispersal capacity are more extinction-prone
(Duncan & Young 2000).

Many studies have examined which ecological and life-
history attributes influence the probability that a plant species
becomes extinct, is classed as threatened, or is rare. However,
the variance in extinction risk explained by these correlates is
typically low, suggesting that innate traits themselves explain
the probability of  population decline better than those
eventually causing extinction given the decoupling of these
processes (Caughley 1994; Brook et al. 2006; Pocock et al. 2006;
Brook et al. 2008). Rare plants (which may not necessarily
have a higher risk of  extinction than common species),
also tend to demonstrate certain ecological and life-history
attributes. Rare mosses and vascular plants tend to depend
more on vegetative reproduction, are more likely to be
monoecious, and have more bilaterally symmetrical flowers
(see review by Kunin & Gaston 1993). Although we were
unable to test for the influence of clonality and sexual system
on a legume species’ probability of being classed as threatened,
the accumulated evidence from other taxa suggests that these
traits are likely to contribute.

Additional traits such as clonal capacity (Alpert et al.
2000; Duncan & Young 2000; Pocock et al. 2006; Sodhi et al.
2008), growth rate (Grotkopp, Rejmánek & Rost 2002),
pollination system (Pocock et al. 2006; Sodhi et al. 2008),
sexual system (Sodhi et al. 2008), and relative abundance
(Duncan & Young 2000; Pocock et al. 2006), are all known or
hypothesized to correlate with threat, extinction or invasion
risk (Rejmánek 2000; Pysek & Richardson 2007), but could not
be tested here owing to lack of family-wide data (see Supple-
mentary methods in Appendix S1). Similarly, invasiveness
and threat risk in some plant groups are influenced by the
proportion of the life cycle devoted to reproduction (Brändle
et al. 2003), fecundity (Burns 2006), duration of the juvenile

period (Rejmánek & Richardson 1996), shade tolerance
(Sutherland 2004), toxicity (Sutherland 2004), capacity for
vegetative reproduction (Burns 2006; Pocock et al. 2006), and
specific leaf area (Grotkopp et al. 2002; Hamilton et al. 2005)
(a proxy for photosynthetic capacity, leaf nitrogen content,
leaf life span and relative growth rate; Reich, Walters &
Ellsworth 1997). In legumes, the specificity of rhizobia in
nitrogen-fixing species may also be relevant – such species are
unlikely to become invasive if  their specific rhizobium
symbionts are absent during the transport and introduction
of seeds (Bala & Giller 2001). Given the unavoidable omission
of many traits, and any species-specific or stochastic events,
the amount of  variation in legume threat and invasion
probability described by a few key attributes in our study is
remarkably high.

Part of the unexplainable variation in risk may also arise
because a species’ ultimate fate depends on many interacting
factors (Lockwood et al. 2005; Brook et al. 2006). For example,
for a species to become a successful invader, it must be trans-
ported outside of its native range in sufficient number to avoid
chance demographic or genetic failure, become established,
and spread (Williamson 1996). As such, an invasive species’
immediate history with respect to propagule pressure, its
affiliation with humans, its probability of being transported
outside its native range, and its phenotypic plasticity
(Hamilton et al. 2005; Lockwood et al. 2005; Jeschke & Strayer
2006) strongly dictate its opportunity to become invasive
(Rejmánek 2000; Pysek & Richardson 2007). Indeed, Chong
et al. (2006) determined that attributes making species more
or less prone to invasion were generally swamped by history
and environmental context. Another possible aspect com-
plicating the relationships we found is that particular ecological
and life-history attributes may themselves influence the
probability of a plant species’ fate being modified by humans
(Sakai et al. 2001). For example, lowland or altitudinal
generalist species may be more invasive than montane species
not only because the former tend to grow and reproduce more
rapidly, but also because they may have a greater probability
of being collected and transported to new locations by humans
living in similar environments. Thus, higher propagule pres-
sure may account more for the observed higher invasion risk
in some species rather than an innate evolved trait per se.

One other potential bias that may contribute to the low
explanatory power of analyses such as ours is that there is an
overrepresentation of woody Fabaceae species in the IUCN
Red List (Lughadha et al. 2005; Supplementary Fig. S1f).
However, this bias is potentially counteracted by the way
assessments are prepared; formal assessments are generally
made, primarily or exclusively, for species that are considered
likely to meet the threatened status criteria, which is reflected
by the high proportion of threatened species relative to the
total number of species evaluated (Lughadha et al. 2005). For
instance, 593 out of 770 extant legume species evaluated are
categorized in the CR, EN and VU categories. Therefore, the
high probability of woody species being assessed is also equally
likely to be owing to their higher endangerment status when
compared to species of other growth habits. Nonetheless,
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future assessments of  legume species threat status should
consider describing more of the smaller Fabaceae to evaluate
this potential bias.

Conclusion

Our study is the first to examine explicitly and quantitatively
the evolved characteristics that correlate with a higher likeli-
hood of species from a single taxonomic group falling into one
of  the two fate categories examined: ‘threatened’ and thus
having a higher likelihood of going extinct, or ‘invasive’ by
responding positively to human land-use modifications.
Although some biases are plausible and uncertainties remain,
we are confident our results are broadly applicable to the
Fabaceae family in general. Although our results are not
necessarily applicable to all plant taxa (Pysek & Richardson
2007), the speciose, diverse and important Fabaceae family
we investigated certainly provides strong inference (especially
where our results corroborate previous findings for other taxa
– Pysek & Richardson 2007).

Conservation managers will therefore benefit from the
insight our results provide by being able to rank certain plant
species according to their risk of becoming threatened. When
land-use changes are imminent, poorly documented species
can essentially be ranked according to those ecological and
life-history traits that predispose them to respond negatively
to habitat modification. Here, species inventories combined
with known or expected life-history information (e.g. from
congeners) can identify which species may require particular
conservation attention such as specific habitat protection
measures or artificial rearing. For example, tree and shrub
species of the genus Abarema endemic to the Neotropics
occupy a wide range of habitats including tropical lowland
terra firme, montane humid forest and coastal shrublands. Of
the 21 Abarema species that have been assessed in the IUCN
Red List; only one (A. commutata) is listed as Least Concern.
Based on our results, the assessment of tall, lowland, closed-
forest Abarema tree species (e.g. A. adenophora, A. asplenifolia,
A. floribunda, A. langsdorfii, A. macradenia, A. mataybifolia,
A. piresii and A. ricoae) should be prioritized because these
species are potentially at higher risk of becoming threatened.
The same approach can be used by land managers to rank
introduced plant species for their probability of spreading
beyond the point of  introduction and threatening native
ecosystems, and to prioritize management interventions
(Goodwin et al. 1999; Rejmánek 2000; Kolar & Lodge 2001).
Our results are particularly valuable for situations of sustained
habitat loss and fragmentation, especially given predictions
that global climate change will simultaneously favour the
establishment and proliferation of invasive non-indigenous
species (Dukes & Mooney 1999) and lead to greater back-
ground extinction rates (Pimm 2001; Brook et al. 2008).
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ecological and life-history attributes and its threat proneness
or invasiveness.

Table S4 Results for the generalized linear mixed-effects
models used to examine the correlation between a legume
species’ ecological and life-history attributes and its threat
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Table S5 Results for the generalized linear mixed-effects
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treated as continuous covariates.

Table S6 Results for the generalized linear mixed-effects
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– see Table 1 and Supplementary Appendix S1, Fig. S3)

Table S7 Results for the univariate generalized linear mixed-
effects models examining the probability of a legume species
being classed as either ‘threatened’ (Critically Endangered,

Endangered or Vulnerable) or Near Threatened (IUCN Red
List categories)

Figure S1 Proportional distribution of 8906 species sampled
compared to the global distribution of described Fabaceae
species. The proportional distributions between described
and IUCN Red-Listed species are also shown.

Figure S2 Proportion of threatened, neutral and invasive
Fabaceae species per major trait level and among six floristic
kingdoms.

Figure S3 Phylogenetic tree of subfamily and tribal classifica-
tions of sampled and catalogued species in Family Fabaceae.

Appendix S2 Lists of  Floras, Manuals and publications
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Appendix S3 List of all Fabaceae species considered in the
study.
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