
Strong human association with plant invasion success
for Trifolium introductions to New Zealand
Kelly Gravuer*†, Jon J. Sullivan*, Peter A. Williams‡, and Richard P. Duncan*

*National Centre for Advanced Bio-Protection Technologies and Bio-Protection and Ecology Division, P.O. Box 84, Lincoln University, Lincoln 7647, New
Zealand; and ‡Landcare Research, Private Bag 6, Nelson 7042, New Zealand

Edited by James H. Brown, University of New Mexico, Albuquerque, NM, and approved March 11, 2008 (received for review December 20, 2007)

It has proven difficult, when focused only on biological determi-
nants, to explain why some plant species become naturalized in or
invade new locations, whereas others fail. We analyzed the inva-
sion of Trifolium (true clover) species into New Zealand, assessing
a range of human, biogeographic, and biological influences at
three key invasion stages: introduction, naturalization, and spread.
We used sparse principal component analysis (SPCA) to define
suites of related attributes and aggregated boosted trees to model
relationships with invasion outcomes. Human and biogeographic
attributes were strongly associated with success at all stages.
Whereas biogeographic attributes, notably large native range,
were consistently associated with success, different human factors
appeared to favor success at different stages, such as presence in
early trade/immigration hotspots (introduction), intentional large-
scale planting (naturalization), and frequent presence as a seed
contaminant (relative spread rate). Biological traits were less
strongly associated with success for introduction and spread and
little if at all for naturalization; we found that tall perennials with
long flowering periods were more frequently selected for intro-
duction, whereas species with extended flowering in New Zealand
spread more rapidly. In addition to causal relationships, the im-
portance of human factors may reflect indirect associations, in-
cluding ecological traits associated with both human use and
invasion. Nevertheless, our results highlight key roles that humans
can play in facilitating plant invasion via two pathways: (i) com-
mercial introduction leading to widespread planting and concom-
itant naturalization and spread and (ii) unintentional introduction
and spread of species associated with human activities, such as
seed contaminants.

alien � naturalization � spread � transition � stage

Because some nonnative species have detrimental economic
and ecological impacts, a major research goal is to identify

potentially harmful species before their introduction or spread
(1, 2). Previous studies of why some introduced species are more
widespread or problematic than others have focused on biolog-
ical traits (e.g., ref. 3) and interactions with recipient environ-
ments (e.g., ref. 4). These approaches have provided useful
insights, but the resulting models typically leave much variation
unexplained (5).

Recent studies have emphasized that human influences should
be explicitly incorporated into invasion models (6–8). For key
processes such as dispersal, anthropogenic variation, because of
human preference for transporting and cultivating particular
species (9), can be orders of magnitude greater than natural
variation. Other species, such as agricultural seed contaminants,
can benefit from human activities through unintended transport
(10). Given the scale of human influences, it may not be
surprising that models based on biological attributes alone can
leave much variation unexplained. Such models may even erro-
neously identify biological traits as direct causes of invasion
success when these traits are instead associated with human
activities (8). Consequently, understanding the role of human
influences in invasions, and how these influences interact with

invaders’ biogeographic and biological attributes, could substan-
tially improve our understanding of the invasion process (6, 11).

Invasions can be understood as a series of stages (including
transport/introduction, naturalization, spread, and integration/
impact), with different factors important in determining success
at each stage (12–14). This stage-based approach has improved
our understanding of animal invasions (15–18), but its applica-
tion to plants has been hindered by a lack of comprehensive data
on which species have succeeded or failed at each stage.

Here, we use a stage-based approach to examine the relation-
ship of human, biogeographic, and biological attributes to the
introduction, naturalization and spread of Trifolium (true clover)
species in New Zealand. We chose this study system for three
reasons. First, Trifolium plays a vital role in New Zealand’s
pastoral economy (e.g., ref. 19) and, because New Zealand has
no native Trifolium, many Trifolium species were introduced.
There is a remarkably detailed record of these introductions and
their outcome, allowing quantitative comparisons of success at
key invasion stages (Fig. 1). Second, because of their global
economic importance, a wealth of biological, biogeographic, and
human-use data on Trifolium species could be obtained. Finally,
because congeneric species share many attributes, focus on a
single genus can more precisely identify the factors responsible
for differences in behavior (20).

Results
To identify factors associated with success at each stage (Fig. 1),
we considered a range of human, biogeographic, and biological
variables. To reduce multicollinearity issues, we assembled vari-
ables into sparse principal components (PCs), with one set of
PCs for each invasion stage, and analyzed the relationship of
sparse PCs to invasion success by using aggregated boosted trees
(ABT) (21) [Tables 1 and 2 and supporting information (SI)
Figs. S1–S4]. See SI for complete variable listing (Table S1) and
full set of PCs for each stage (Tables S2, S5, and S7). The sparse
PC analysis method improves PC interpretability at the expense
of optimality (22); sparse PCs can be moderately correlated. We
discuss the strongest relationships between PCs and success at
each invasion stage below; PC correlations are considered in
Tables S3, S4, S6, and S8. We also constructed ABT models
using the raw variables for comparison (Tables S9 and S10). We
report ABT prediction error as misclassification rate for binary
outcomes (introduction and naturalization) and as percentage of
variance unexplained for the continuous outcome (relative
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spread rate). Prediction errors were derived by using cross-
validation to avoid overly optimistic estimates (21).

The best ABT model of intentional introduction included
main effects of three PCs (Table 1 and Fig. S1) and had a

prediction error of 17.7% (40 of 228 species misclassified). From
the global pool of Trifolium species, those intentionally intro-
duced to New Zealand were characterized by large native ranges,
tolerance of diverse conditions (many biomes in native range),
presence in climates well matched to New Zealand, and extensive
opportunity for transport and use by humans, including presence
in Britain, a Mediterranean center of origin, and global eco-
nomic use (PC1) (Table 1). To a lesser extent (lower PC relative
importance), intentionally introduced species were tall with an
erect habit and a long flowering period, which was also associ-
ated with global economic use (PC4), and were characterized by
‘‘perennial’’ traits, including perennial life span, inability to
self-pollinate, long corollas, vegetative reproduction, and
polyploidy (PC3) (Table 1).

The best ABT model of naturalization of these intentionally
introduced species included just one PC (Table 1 and Fig. S2).
This model had a prediction error of 1.9% (1 of 54 species
misclassified) and suggested that intentionally introduced Trifo-
lium that have naturalized were British species that were intro-
duced early to New Zealand. These were generally species used
for commercial agriculture, rather than exclusively for experi-
mental plots or horticulture (Table 1).

The best ABT model of unintentional introduction–
naturalization also included just one PC (Table 1 and Fig. S3),
the same PC having the greatest relative importance for inten-
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Fig. 1. Stages in the invasion process, with the number of Trifolium species
successful at each stage in New Zealand. Intentional introduction: reported at
least once as intentionally planted outdoors in a location suitable for reproduc-
tion. Naturalization: intentionally introduced species observed at least once (and
usually frequently) in the reproductive state; circumstances of record suggest no
direct intervention (i.e., cultivation) by humans. Unintentional introduction-
naturalization: observed at least once in the reproductive state, with either no
record of intentional introduction or before any record of intentional introduc-
tion; circumstances of record suggest no direct intervention by humans. Relative
spread rate: for species naturalized after intentional or unintentional introduc-
tion, the relative rate of cumulative occupancy of the landscape, 1840–2000. *,
units represent relative cumulative occupancy per year of 40-km � 30-km grid
cells comprising New Zealand. Units are relative rather than absolute because of
a resampling procedure used to standardize for variation in collection effort over
time; see Materials and Methods for details.

Table 1. Sparse PCs retained in the best ABT models for introduction (Intro.) and naturalization (Nat.) of
intentionally introduced species and for combined introduction and naturalization (Intro.–Nat.) of unintentionally
introduced species

Explanatory variable

Intentional Unintentional

Intro. Nat. Intro.–Nat.

PC1i PC4i PC3i PC1n PC1i

Center of origin �0.261 0.118 �0.261
Present in Britain �0.393 0.067 �0.477 �0.393
Global economic use �0.249 �0.292 �0.035 �0.169 �0.249
Introduction date n.a. n.a. n.a. 0.637 n.a.
Commercial agriculture use n.a. n.a. n.a. �0.528 n.a.
Compatible Rhizobium n.a. n.a. n.a. �0.014 n.a.
Native-range area �0.407 �0.161 �0.407
Conditions tolerated �0.352 �0.118 �0.352
New Zealand climate match �0.641 0.001 �0.641
Urban/rural habitats �0.100 �0.049 �0.100
Elevation of native range �0.143
Native canopy cover �0.124
Life span �0.429
Vegetative reproduction �0.346
Self-pollination capable �0.593
Corolla length �0.190 �0.300 0.119
Seed size 0.020
Long-distance dispersal 0.103
Seed shape like T. repens 0.033 �0.371
Polyploidy 0.008 �0.233 0.008
Reduced chromosome number �0.142
Maximum height �0.728
Habit 0.047 �0.410 0.144 0.024 0.047
Flowering time (native)
Flowering length (native) �0.048 �0.369 �0.048

PC relative importance, % (effect direction) 58.4 (�) 22.4 (�) 19.2 (�) 100.0 (�) 100.0 (�)

PC loadings � 0.200 are (arbitrarily) bolded for emphasis. Blank cells indicate loadings �0. PC superscripts denote separate PC analyses
for introduction (i) (Table S2) and naturalization (n) (Table S5), respectively (note that the same set of introduction PCs was used in both the
intentional introduction and unintentional introduction–naturalization analyses). n.a. indicates variables that are not applicable to the
introduction stage (intentional or unintentional); these variables were not included in the introduction PC analysis. For an individual tree
created in an ABT model, a PC’s relative importance is the sum of squared improvements at all splits determined by it. A PC’s overall relative
importance (shown here) is the average of these values over all trees, expressed as a percentage. Graphs of the relationship between PCs and
response variables are in Figs. S1–S3 , and prediction errors of ABT models are given in Results.
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tional introduction (PC1). Like intentional introductions, species
that were unintentionally introduced and succeeded in natural-
izing were characterized by large native ranges, tolerance of
diverse conditions (many biomes in native range), presence in
climates well matched to New Zealand, and extensive opportu-
nity for transport and use by humans (Table 1). The relative
importance of PC1 was greater for unintentional relative to
intentional introductions; the ABT model including only this PC
had a prediction error of 2.6% (5 of 174 species misclassified).

The best ABT model for relative spread rate included main
effects of four of the seven PCs (Table 2 and Fig. S4), explaining
56.0% of the variation (prediction error � 44.0%). Species that
spread most rapidly in New Zealand tended to be frequent seed
contaminants; to occupy low-elevation, open, urban/rural hab-
itats in their native ranges and cultivated habitats in New
Zealand; to lack morphological adaptations for long-distance
dispersal; and to be used for commercial agriculture with
associated introduction of compatible Rhizobium (PC4) (Table
2). PC1 was almost as important, including large native range,
tolerance of diverse conditions (many biomes in native range),
and presence in climates well matched to New Zealand; a
perennial life span with capability for vegetative reproduction;
and a long flowering period in the native range (Table 2). PC6,
of lesser importance, suggested that British species that natu-
ralized early spread faster (Table 2). PC2, also of lesser impor-
tance, suggested that self-pollinating species with short corollas,
small seeds, and reduced height, which also tended to tolerate
diverse conditions (many biomes in native range), spread more
quickly (Table 2). Finally, length of the New Zealand flowering
period had high relative importance in the raw variable analysis

(Table S10), although it did not load strongly on any one PC
(Table S7).

Discussion
Trifolium introductions to New Zealand provide an ideal system
for understanding why some plants succeed through key stages
in the invasion process. Two important findings emerge. First,
human and biogeographic factors were more strongly associated
with success than biological attributes across all stages. We found
a relationship with biological traits only for the selection of
species for introduction and relative rates of spread. Second,
whereas some factors were consistently associated with success
across all stages, several were unique to particular stages,
implying that different factors determine the probability of plant
introduction, naturalization, and spread.

New Zealand lacks native Trifolium species, and the first wave
of Trifolium introductions began in the mid-1800s with an influx
of European, predominantly British, immigrants (23). European
colonists intentionally introduced Trifolium species that were of
known economic utility and available in their home countries
(PC1), a pattern that parallels bird introductions to New Zealand
(24). Starting in the 1950s, efforts to increase agricultural
production led to trialing of additional clover species from other
locations (25). Economic use and a large native range (PC1,
PC4) doubtless increased species’ availability; many accessions
used in trials were foreign cultivars. Collection sites were often
chosen based on their climatic similarity with New Zealand
(PC1) (25). Here, tall species with long flowering periods would
have been conspicuous (PC4) and may have been more com-
monly collected. Disproportionate introduction of perennials

Table 2. Sparse PCs retained in the best ABT model of relative spread rate

Explanatory variable PC4 PC1 PC6 PC2

Present in Britain �0.003 �0.645 0.016
Global economic use �0.098 0.161
Naturalization date 0.555
Commercial agriculture use �0.212 0.116 0.144
Compatible Rhizobium �0.273 0.159
Seed-contaminant frequency �0.569
Cultivated habitats (NZ) �0.351
Native-range area 0.386
Conditions tolerated 0.477 �0.318
New Zealand climate match 0.394 0.050
Urban/rural habitats �0.298 0.365
Elevation of native range 0.207 0.058
Native canopy cover �0.350 �0.131 �0.195
Life span 0.243
Vegetative reproduction 0.458
Self-pollination capable 0.424
Corolla length 0.051 0.140 0.618
Seed size 0.369
Long-distance dispersal �0.352 �0.043 0.134
Seed shape like T. repens 0.137 0.125
Polyploidy �0.104 0.124
Reduced chromosome number 0.070
Maximum height 0.328
Habit 0.286 0.032
Flowering time (native)
Flowering length (native) 0.251 �0.149 �0.025
Flowering time (NZ) �0.057 �0.028
Flowering length (NZ) �0.172 �0.161

PC relative importance, % (effect direction) 39.9 (�) 26.2 (�) 17.8 (�) 16.1 (�)

PC loadings � 0.200 are (arbitrarily) bolded for emphasis. Blank cells indicate loadings �0. PC analysis details are in Table S7, graphs
of the relationship between PCs and the response variable are in Fig. S4, and prediction errors of ABT models are given in Results. The
Table 1 legend describes how relative importance values were calculated.
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(PC3) likely derives from the prior success of such species, and
their suitability for many marginal environments (26). Finally,
native-range abundance, which we did not measure, may have
mediated some processes at this stage, because it is often
correlated with range size (27) and likely both a cause and effect
of economic use.

Intentional introduction of Trifolium species occurred with
great variation in timing and effort. The mean (�SE) year of first
introduction for commercial species intended for immediate
sowing was 1881 (�11 yr), by which time the area planted in
‘‘grasses and clovers’’ exceeded 1.4 million hectares (ha) (28). In
contrast, the introduction of species for agricultural trials had a
mean first introduction year of 1964 (�3), and the area planted
averaged only 0.01 (�0.007) ha (e.g., ref. 29). The success of
commercial species in naturalizing (8 of 10 succeeded) relative
to species introduced for agricultural trials or horticulture (1 of
44 succeeded) very likely reflects their early introduction and
high propagule pressure, two factors repeatedly identified as
promoting plant naturalization (30–34). Two commercial species
(Trifolium alexandrinum and Trifolium ambiguum) failed to
naturalize, but even these largely fit the pattern; they were minor
commercial species with small native ranges, and, for T. am-
biguum, late introduction. However, biological idiosyncrasies
such as unique rhizobial requirements may also have contrib-
uted. In addition to the propagule pressure advantage of com-
mercial species, biological attributes that made species commer-
cially desirable, including rapid growth and ecological versatility,
may have contributed to naturalization success. Our naturaliza-
tion results parallel those for animal introductions where prop-
agule pressure exerts a strong influence (7), with native range
attributes further contributing (16, 35).

From the pool of species that were not intentionally intro-
duced, those that succeeded in arriving and naturalizing were
characterized by the same set of human transport/use and
biogeographic attributes as intentional, especially commercial,
introductions. This surprising result may reflect the importance
of commercial pasture seed contamination as an unintentional
introduction pathway (36, 37). This early pathway would have
facilitated naturalization through both high propagule pressure
and deposition of species into well distributed, favorable envi-
ronments (38, 39). Pre-1900 European seed contaminants also
contributed significantly to the U.S. naturalized flora (40).
Although successful species shared certain biological and habitat
attributes—nearly all were self-pollinated annuals of lowland,
urban/rural habitats—their large native ranges, climatic toler-
ances, and related presence in Britain were what critically
distinguished them from otherwise similar Mediterranean spe-
cies. Additionally, ecological attributes such as ecological ver-
satility and superior reproduction and dispersal in human-
modified environments likely enabled species to both widely
colonize Britain and naturalize in New Zealand. Other studies
of plant introduction–naturalization have found strong associa-
tions with native-range attributes (41–43).

Species that subsequently spread most rapidly included nearly
equal numbers of intentional and unintentional introductions.
These species shared an affinity for low-elevation, open, urban/
rural habitats and a strong association with agricultural systems
in New Zealand, being either commercially planted, occurring as
seed contaminants, or both (PC4). Association with agricultural
systems conferred a significant propagule-pressure advantage,
including introduction over a wide area (44). This would have
facilitated widespread and numerous naturalization events func-
tioning as invasion foci and resulting in rapid spread (45, 46).
Moreover, both the timing of these early escapees relative to
other Trifolium species (PC6) and their particular habitat pref-
erences (PC4) may have provided a head start in occupying
available habitat (47). The inclusion of PC1 and PC2 suggests
that rapidly spreading species were characterized by large native

ranges, presence in a large number of biomes, and climates well
matched to New Zealand. Species with larger native ranges may
have achieved greater intentional and unintentional propagule
pressure (43), facilitating rapid spread. Alternatively or addi-
tionally, such species may have spread quickly because of eco-
logical versatility (41, 42) or preadaptation to the New Zealand
climate (15, 48). Finally, species with longer flowering periods,
particularly in New Zealand, tended to spread more rapidly
(Table S10); this attribute is often associated with invasion
success (49), via mechanisms such as associated longer fruiting
period and increased seed transport probability. Here, it may
also reflect species’ versatility and ability to exploit favorable
conditions. The ABT model for relative spread explained less
variation than the models for earlier invasion stages. We may
have missed key variables that characterize rapidly spreading
species, but this may also reflect the different pathways by which
species with different characteristics can achieve similar relative
rates of spread.

Overall, our results suggest that certain Trifolium species have
become widespread in New Zealand by one of two main
pathways: (i) economically useful species introduced early by
Europeans were widely planted, with most subsequently natu-
ralizing and several spreading rapidly and (ii) species cooccur-
ring with commercially important species or present in nearby
urban/rural habitats were unintentionally introduced and natu-
ralized, with some spreading rapidly via pathways linked to
human activities. Species in each of these groups share different
biological traits; the intentional species were predominantly
perennials, with traits such as inability to self-pollinate, whereas
the unintentional species were predominantly annuals, with
traits such as small seeds. These two distinct pathways, favoring
species with very different trait suites, may explain why, overall,
few biological traits were associated with relative rate of spread.

A large native range was strongly associated with success
across all stages and pathways. Our study does not isolate the
mechanism of this association, but it suggests several possibili-
ties, such as overlap with a trade/immigration hotspot; greater
abundance, human encounter frequency, and therefore prop-
agule pressure; overlap with a similar climate; ecological versa-
tility; and biological traits that facilitate large range size. The
consistent importance of this attribute in invasion studies (32)
may be a product of several mutually reinforcing processes acting
at different invasion stages.

Human-associated factors were strongly tied to invasion suc-
cess in our study, an association that is increasingly evident in
natural as well as modified landscapes (6, 11, 50). However,
several unique features of our study system also probably
contributed. First, as noted, Trifolium species selected for intro-
duction likely also possessed ecological attributes facilitating
success. It may be easier to untangle these influences in groups
where these two factors are less closely associated, such as
horticultural introductions selected for flower form. Moreover,
in New Zealand, Trifolium species have spread mostly within
highly modified habitats. The ‘‘barriers’’ to overcome between
our naturalization and spread stages (51) were therefore not
great, probably contributing to the association of spread with
human dispersal. Biological traits may play a larger role in
influencing rate of spread in natural habitats, or in ecological
impact (50, 52, 53). Additionally, the scale of Trifolium planting
in New Zealand far exceeds that of a typical introduced plant; by
the late 20th century, Trifolium species were planted on 10
million ha (54), nearly 38% of New Zealand’s land area. Finally,
the importance of human influences may be greater when
comparing species with similar life histories (32). Despite this,
our overall findings are consistent with studies of other natu-
ralized floras (40, 55). Whereas the economic importance of
Trifolium facilitated our study, similar stage-based analyses
should be feasible for other plant groups, particularly in the New
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World where historical introduction and naturalization records
are more available (e.g., refs. 31 and 40).

Inferences from retrospective invasion analyses will always be
limited, as was our study, by close interrelationships among
factors promoting success. Experimental studies that break such
correlations (e.g., ref. 56) are therefore critical to understanding
invasions. Nevertheless, retrospective studies contribute signif-
icantly to understanding of real-world situations, particularly
given increasing recognition of human influences as a key
invasion driver. Our study illustrates the value of stage- and
pathway-specific analyses in which human factors are explicitly
considered.

Materials and Methods
To identify which of the world’s 228 Trifolium species (57) were introduced
intentionally to New Zealand, we consulted the NZ ALLWEEDS database (58),
herbarium specimens, historical publications (particularly agricultural trials),
and experts, yielding a list of 54 species. Review of herbarium specimens and
floras (59) identified 25 species naturalized in New Zealand, of which 9 were
intentional introductions. The remaining 16 naturalized species apparently
arrived unintentionally, deriving from the pool of 174 Trifolium species that
were never intentionally introduced. We therefore split the invasion process
into four stages and analyzed each separately (Fig. 1): intentional introduc-
tion, naturalization of intentionally introduced species, unintentional intro-
duction–naturalization, and spread.

We created a database of occurrence records (1850–2000) for the 25
naturalized Trifolium species, including locations from herbarium specimens
and the National Vegetation Survey (60). Our database totaled 1,817 records
with a mean of 73 per species (range 1–434). The New Zealand Map Series
(NZMS260) defines a national grid with cells 40 km � 30 km; each database
record was assigned to a grid cell. Because of temporal variation in survey
effort, we used a resampling procedure to estimate species’ relative spread
rates. Dividing our study period into six 25-year intervals, we found that the
minimum number of records for all species in any one interval was 12. Each
iteration of our resampling procedure therefore selected 12 records at ran-
dom from each of the six time intervals and then counted the cumulative
number of unique grid cells occupied by each species over the six intervals.
From 10,000 iterations, we took the mean of these counts for each species–
interval combination and assigned each species a zero for the time interval
before its first database record. To calculate spread rate from such data,
previous studies have used a variety of models (48, 61–63). Simple linear
models provided the best fit to our relative data, and we therefore used linear
slopes as our measure of relative spread rate.

We identified a set of biological, biogeographic, and human-related vari-
ables that could explain variation in invasion success (Table S1). Center-of-
origin and economic-use information was taken from the GRIN database,§

whereas mid-1800s presence in Britain was derived from British floras (64, 65).
A variety of sources including seed catalogs, government publications, and
newspaper advertisements were consulted to determine whether species had
been introduced for commercial-scale agriculture; other reasons for introduc-
tion included research and horticulture. Dates of first introduction and nat-
uralization were derived from these sources and historical accounts (66, 67).
To estimate species’ compatibility with introduced Rhizobium strains, we
assumed that compatible strains had been introduced for commercial agri-
cultural species and then used published effectiveness groups (68–70) to
identify other Trifolium species compatible with these strains. Species identi-
fied as having compatible strains were coded 1, those for which compatible

strains were not identified were coded 0, and species not evaluated by our
sources were coded 0.5. After searching the literature for records of Trifolium
species as pasture seed contaminants, we assigned each naturalized species an
ordinal value (0–4) describing its relative frequency as a contaminant. Species’
habitat descriptions (59) were used to determine whether or not species were
present in New Zealand’s cultivated areas.

For each of the world’s 228 Trifolium species, we digitized GRIN native-range
information into a geographic information system (GIS) to calculate native-range
area. The number of biomes in which a species occurred (diversity of conditions
tolerated) was determined by overlaying the native range onto a World Wildlife
Fund biome map (71). A climate match index was calculated as the number of 10�
� 10� latitude–longitude grid cells in New Zealand that had a 95% or better
match to the climate of any 10� � 10� grid cell in the species’ native range (15).
Climate match was calculated by using the Euclidean distance-based CLIMATE
algorithm (72) and a global meteorological dataset (73). Habitat attributes and
biological traits were recorded from floras and genus monographs (57, 59, 74).

Statistical analyses were performed in R (75). Sixteen of the 29 variables
contained at least one missing value (mean percentage missing � 5%). To
handle missing values, we chose imputation rather than casewise deletion to
avoid bias toward better-known species (76). We imputed missing values using
the mix package (77). We specified an estimation model with no interactions,
the most complex model we could reasonably estimate. We ran the imputa-
tion procedure 1,000 times and used the mean of these runs as our final values;
mean values stabilized well before the final iteration.

Many of the explanatory variables were correlated, and the correlation
matrix suggested that linear combination might usefully summarize them. To
generate meaningful combinations, we used sparse principal component
analysis (SPCA) (22), a variant of principal component analysis (PCA) that seeks
to simultaneously improve interpretability and maintain high explained vari-
ance. SPCA formulates PCA as a regression-type optimization problem in
which the lasso penalty (�1) is directly integrated into the regression criterion
(22). The user chooses the �1 penalty parameter for each PC, with higher values
yielding greater loading sparsity but lower explained variance. Sparse PCs
were estimated by using the elasticnet package (78). We performed a separate
SPCA for each invasion stage because of differences in the pattern of variation
and the addition of variables at later stages. We first chose the number of PCs
to retain based on a standard PCA (princomp) and traditional ad hoc criteria
(79). We then used elasticnet to plot the percentage of explained variance as
a function of �1 and chose �1 values to maintain reasonably high explained
variance. Our sparse PCs explained 87%, 83%, and 77% of the variation
explained by the original PCs for the introduction, naturalization, and spread
stages, respectively, or 61%, 60%, and 60% of the variation at these stages
overall (Tables S2, S5, and S7).

Having generated sparse PCs for each stage, we sought to determine their
relationship to species’ success. We used ABT modeling (21) because of its
focus on accurate prediction and interpretable explanation, its suitability for
exploratory studies, and its accommodation of nonlinear relationships. How-
ever, boosted-tree methods still assume that explanatory variables are inde-
pendent; we discuss PC correlations in Tables S3, S4, S6, and S8. We used the
gbmplus package (80) for the ABT analysis, following Ridgeway (81) for
metaparameter values and basing model comparisons on 10 runs of fivefold
cross-validation fits (21). We adopted De’ath’s (21) approach of selecting a
‘‘best’’ model for each stage by removing interaction orders and variables with
low relative importance, retaining parsimonious models whose prediction
error was not substantially worse than the original. We also constructed ABTs
for the raw variables for comparison.
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