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ABSTRACT
Aim Darwin posed a conundrum about species invasions, postulating the

importance of functional distinctiveness from the receiving native community
to avoid competition, and, at the same time, the importance of shared similarity to pass environmental filters and successfully establish. Using phylogenetic
distances and functional traits, we assessed this conundrum in the flora of 80
mostly uninhabited islands, where over 30% of the species are invasive. We
highlight the importance of publicly available datasets to disentangle ecological
processes that may drive invasion.
Location San Juan Islands archipelago, Pacific Northwest of North America.

Diversity and Distributions

Methods Using a supermatrix approach, we inferred a maximum-likelihood

estimate of the mega-phylogeny for the vascular plants on the San Juan Islands.
We gathered measurements for five ecologically relevant functional traits – seed
mass, maximum height, specific leaf area, leaf size and leaf nitrogen content.
We assessed phylogenetic and functional trait similarity between invasive species and the receiving native community, and tested the significance of the
observed patterns against a randomly generated invading community.
Results Invasive species were more closely related (phylogenetically clustered) to

their nearest native than natives were on 40 of the islands and were more clustered than any random invasive in the species pool on 22 islands. Despite phylogenetic similarity, functional traits differed between the two status groups, at least
for maximum height and specific leaf area. When comparing functional differences between phylogenetically close relatives, more complex patterns emerge.
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Main conclusion Only with the combination of both evolutionary history and
phenotypic traits were we able to discover support for both sides of Darwin’s
conundrum – although invasive species have phylogenetically close native relatives, functional traits differ between the two status groups. This implies that
both environmental filtering and competitive interactions may be important for
invasion success in this archipelago.
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Species distributions have constantly been reshuffled on the
earth’s surface, implicating many species as invasive to a
given community at some point. Ranges of invasive species

are currently increasing with human-mediated dispersal –
especially on islands (Pysek & Richardson, 2006) – and in
the face of accelerating global change, it is of economic
importance to predict which species are most likely to
become invasive and their potential for future spread and
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impact (Bellard et al., 2013). Modern species introductions
are an important process to study not only for economic
and conservation concerns, but also, when considered as
recent colonizers in an ecological community, invaders can
be used to understand the basic processes of community
assembly in natural systems (Tilman, 2004).
Darwin was among the first to realize the value of invasive
species in eco-evolutionary studies for understanding community assembly processes. He postulated that the more distantly related species were to each other, the greater their
difference in functional traits should be, and thus, the less
competition for resources they would experience due to ‘diversification of structure’ (Darwin, 1859). Therefore, invasive
species that are distantly related to the native community
would be more likely to possess ‘novel’ traits allowing them
to successfully establish via niche differentiation and escape
from competition, a prediction that is often defined as
‘Darwin’s Naturalization Hypothesis’ (DNH, Rejmanek,
1996). However, Darwin also discussed the importance of
ancestral similarity and hypothesized that pre-adapted traits
would be important to pass environmental filters and survive
within a particular environment. Thus, Darwin presented a
conundrum, predicting both similarity and distinctiveness to
be important for invasion success.
To assess ‘Darwin’s Naturalization Conundrum’ (DNC,
Diez et al., 2008), the use of phylogenies is becoming standard
(e.g. Strauss et al., 2006b; Cadotte et al., 2009b, 2010; Davies
et al., 2010; Schaefer et al., 2011; Carboni et al., 2012; Bezeng
et al., 2013; Park & Potter, 2013; Castro et al., 2014; Lim et al.,
2014; Ordonez, 2014; Li et al., 2015; Lososova et al., 2015).
The inclusion of evolutionary information using a phylogenetic approach provides an accurate quantification of relatedness by comparing phylogenetic distances (i.e. difference in
branch lengths) between native and invasive species (Prochesß
et al., 2008; Cadotte et al., 2009b; Thuiller et al., 2010), and
relatedness has been shown experimentally to be a useful predictor of invasion success (Jiang et al., 2010; (Cadotte &
Strauss, 2011), but see Castro et al., 2014). In addition,
because related species are more likely to share ecologically relevant functional traits (Webb et al., 2002), phylogenetic distance as measured on a molecular phylogeny of the species
within a community is often viewed as a proxy for ecological
similarity (Cadotte et al., 2009a). However, because complex
mechanisms like competition can produce contrasting community phylogenetic patterns (Mayfield & Levine, 2010; Jones
et al., 2013; Godoy et al., 2014), linking an ecological process
is controversial, especially at varying spatial scales (reviewed in
Pavoine & Bonsall, 2010). Functional trait-based metrics combined with evolutionary distances help to distinguish between
different assembly scenarios (Cadotte et al., 2009a; Mouquet
et al., 2012), because both could provide complementary
information about the ecological interactions or processes that
shape communities (Cadotte et al., 2013).
Due to increasing availability of molecular sequence data
along with advances in phylogenetic methods (e.g. Smith
et al., 2009), detailed regional species inventories (e.g.
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Cadotte et al., 2006) and the availability of large trait databases (e.g. Kattge et al., 2011), more studies are integrating
phylogenies and functional traits to investigate DNC. These
studies have been conducted across natural systems ranging
from coastal Mediterranean dunes (Carboni et al., 2012) to
global communities defined by habitat types (Ordonez,
2014), within particular clades (Strauss et al., 2006a; Park &
Potter, 2013), or for all plants in a community (Schaefer
et al., 2011; Carboni et al., 2012; Lim et al., 2014; Ordonez,
2014; Li et al., 2015; Lososova et al., 2015). Some have used
a mega-phylogenetic approach to estimate a community phylogeny (e.g. Schaefer et al., 2011; Park & Potter, 2013; Lim
et al., 2014; Li et al., 2015), while other studies have combined existing phylogenies in a supertree approach (e.g.
Strauss et al., 2006b; Carboni et al., 2012; Ordonez, 2014;
Lososova et al., 2015). Each study has used different functional traits, different definitions for ‘invasive’ species,
included trait information in different ways, and importantly,
used different approaches to test the significance of their patterns and assess hypotheses of species invasiveness or the
invasibility of a community. Not surprisingly, their results
come to various conclusions when testing DNC (reviewed in
Thuiller et al., 2010, Table S1).
For example, in the angiosperm flora of the Azores, Schaefer et al. (2011) found invasive species were more phylogenetically distant from the native community than noninvasive introduced species on islands >1 km2, and although
invasive species were not closely related to the native flora,
their functional similarity for most traits suggested support
for ‘enemy release’ in determining the probability of invasion. However, they did not test these observed patterns
against any random expectation. Carboni et al. (2012) found
invasive species were phylogenetically distant from the native
assemblages in 4 m2 plots on invaded coastal dunes, but at
coarser spatial scales they were more closely related, and this
pattern was robust when randomizing the invaded community. Phylogenetic signals for a few traits indicated the
phylogeny was a good proxy for shared ecological similarity,
so they hypothesized that their observed pattern was due to
biotic resistance through competition at fine spatial resolutions, and habitat filtering at coarser spatial scales. In contrast, Park & Potter (2013) found phylogenetically close
relatives in the Cardueae to be more successful invaders in
California (but see Sol et al., 2014; Cadotte, 2014; for a critical look at the assumptions and methods of this study), and
Lososova et al. (2015) found invasives closely related to the
native flora of the Czech Republic. A global comparison of
vascular plants showed that alien taxa tended to have close
native relatives in the community, yet were functionally distinct, highlighting the importance of both environmental filtering and competitive interactions in the naturalization
process (Ordonez, 2014). Different methodologies make
these studies difficult to compare, and hypotheses often focus
on one side of Darwin’s conundrum, so explanations for the
ecological processes potentially driving these patterns of
invasion are often weakly supported or conflicting.
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Darwin’s Naturalization Conundrum in the San Juan Islands
Ordonez (2014) recently shed light on DNC by defining
the position of invasive species relative to the realized niche
space of the native community in terms of both functional
and phylogenetic diversity. When framed in terms of functional niche space, Darwin’s conundrum is instead a series of
alternate hypotheses. Irrespective of the ecological mechanism, such patterns could be used to predict naturalization
success. Thus, invasive species could successfully naturalize
under three scenarios: (1) if they are completely distinct
from the recipient native community, distantly related and
functionally unique (traditionally ‘Darwin’s Naturalization
Hypothesis’ (DNH), Rejmanek, 1996; Daehler, 2001), (2) if
they match the niche of the recipient native community,
sharing functional traits irrespective of the phylogenetic relationships (‘matching hypothesis’, Prochesß et al., 2008; Ordonez, 2014) or (3) if they differ in functional traits to fill
unoccupied niche spaces even if phylogenetically similar
(‘filling hypothesis’, Prochesß et al., 2008; Ordonez, 2014).
A comprehensive botanical survey of 80 islands in the San
Juan archipelago off the north-west corner of the United
States revealed that most of these native communities have
been invaded by introduced plant species. While this is perhaps not surprising given increased introductions of plants
on islands world-wide (Sax & Gaines, 2008) and predicted
drastic range shifts globally (Sala et al., 2000; Bellard et al.,
2013), only a few of these islands have year-round human
inhabitants, and those that are inhabited are limited to caretakers and seasonal recreation. European history is relatively
recent in north-western North America; therefore, these invasions have occurred within the last 200 years. Furthermore,
the extensive replication of invasions across islands ranging
in size from 1 m2 to 0.57 km2 provides an ideal system to
investigate patterns of invasion in the light of both phylogenetic and functional similarity.
The definition of what constitutes an ‘invasive’ species is
often difficult to determine (Vermeij, 1996; Richardson &
Pysek, 2006). Daehler (1998) distinguished ‘invasive’ introduced plants as introduced species that have self-sustaining
populations in natural, undisturbed areas (in contrast to
agricultural lands, urban areas, roadsides, etc.), and in an
explicit effort to be consistent with other comparable studies
(e.g. Schaefer et al., 2011), this is the definition that we follow here. Given the hypotheses that we are investigating, this
geographic criterion for calling introduced species ‘invasive’
is more meaningful than impact-based definitions of invasive
species that may depend less on species composition of local
ecosystems, and more upon climatic and edaphic conditions
and levels of disturbance (Diez et al., 2009; Schaefer et al.,
2011). Because the islands included in this study were mostly
uninhabited and relatively undisturbed (besides a few islands
with campsites), we categorized all non-native plants in the
sampled islands as ‘invasive’ (as in Schaefer et al., 2011), but
note that to definitively classify all naturalized plants as invasive would require information on their relative abundance,
exact timing of introduction and surveys monitoring the
spread of each species (Richardson et al., 2000).
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In this study, we assessed Darwin’s Naturalization
Conundrum in the San Juan Islands in light of three scenarios that could explain invasion success – DNH, ‘matching’ or
‘filling’ hypotheses – using metrics and approaches that are
comparable to previous studies. We used branch lengths
from a time-calibrated species-level mega-phylogeny to calculate the evolutionary distances between invasive and native
plants across all 80 islands in the archipelago and compared
measurements for five ecologically relevant traits between
native and invasive species. Specifically, we addressed (1)
how invasive plants are related to their nearest native relative
and to the greater native community and (2) if invasive and
native species differ in measurements for phenotypic traits
overall, compared to their nearest native, or to the average
of the native community. We highlight the importance of
biological surveys and publically available datasets to describe
multiple aspects of biodiversity patterns, and the use of biologically meaningful null expectations to understand macroecological processes of invasion.
METHODS
Floristic survey and island community matrix
Floristic surveys were conducted across islands in the San Juan
archipelago from 2005 to 2010 to compile a complete inventory of the vascular flora on each island visited. Therefore, surveys focused only on smaller islands – generally <25 ha –
where we were confident that all habitats could be carefully
searched. Permission to conduct surveys and make collections
was secured in advance from appropriate public agencies and
several private owners. Islands were accessed using small
launches by survey teams that included multiple experts in the
local flora to ensure consistent and thorough recognition of all
species. To document the flora of each island as completely as
possible, multiple visits were made that were timed to facilitate
detection of species throughout the growing season, in late
April, late May and early September. The invasive or native
status of each species was determined by multiple floras (see
complete reference list in Appendix S1).
Phylogeny estimation
Recent studies testing DNC have incorporated phylogenetic
distances using either a Phylomatic supertree (e.g. Ordonez,
2014) or a mega-phylogeny approach (e.g. Schaefer et al.,
2011), which builds a community phylogeny from a
supermatrix of DNA sequence data (Smith et al., 2009) and
incorporates uncertainty in topology and branch lengths using
statistical phylogenetic methods. With the constant expansion
of readily available sequence data, the advantages of the megaphylogeny approach to macro-ecological studies are becoming
clear (Roquet et al., 2012). To assess the relationships among
vascular plants in the San Juan Islands community, we took a
supermatrix approach to infer a mega-phylogeny by retrieving
publically available sequence data from GenBank for five gene
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regions (atpB, rbcL, matK, trnTLF and ITS) using the
PHLAWD pipeline (Smith et al., 2009). A final by-gene partitioned maximum-likelihood (ML) estimate of species relationships for all vascular plants in the San Juan Islands species
pool was inferred using the concatenated alignment, implemented in RAxML version 7.4.2 (Stamatakis, 2006).
Generating a tree with branch lengths proportional to time
at this scale is a non-trivial task, so other large-scale community phylogenetic analyses have used trees with relativized
branch lengths that do not incorporate real-time estimates
(e.g. Webb, 2000). This is less than ideal and makes it difficult
to compare metrics across studies. In contrast, time-scaled
branch lengths place communities on the same axis making
such comparisons possible. Because the focus (i.e. community
level) and scale (i.e. vascular plants) of this phylogeny is inappropriate for direct divergence time estimation using fossil calibrations, the mega-phylogeny estimate was scaled to time
using the ‘congruification’ approach (Eastman et al., 2013), so
that this community phylogeny will be comparable to others
in the future (see Appendix S1 for a detailed explanation of
methods for phylogeny estimation and time-scaling).
Functional traits
Measurements for seed mass (mg), maximum height (m),
specific leaf area (SLA, cm2 g 1), leaf size (cm) and leaf nitrogen content (%) are a subset of a larger dataset assembled by
Cornwell et al. (2014), with original data compiled from a
number of sources for each trait. All measurements and citations for these functional traits are available in Appendix S1.
Because the values were not normally distributed, trait measurements were log transformed (Westoby, 1998). In cases
where there were multiple trait measurements for a species
(e.g. for intraspecific taxa), the harmonic mean of all values
was used.
In addition to being well sampled across land plants, these
five traits have gained acceptance as measurable proxies to
link variation in plant phenotypes to ecological strategies
(Westoby et al., 2002; Reich et al., 2003; Cornwell et al.,
2014). For example, SLA, maximum height and seed mass
comprise the leaf-height-seed (LHS) scheme, widely used to
relate interspecific trait variation to trade-offs in ecological
strategies (Grime, 1974; Westoby, 1998), in which shorter
plants with thicker, narrower leaves (low SLA) fall towards
the ‘stress-tolerant’ pole of the functional spectrum.
To test the assumption of niche conservatism, or shared
similarity of traits between close relatives (Webb et al., 2002;
Cavender-Bares et al., 2004), we used Abouheif’s test (Abouheif, 1999) to calculate the phylogenetic autocorrelation
between traits (see Appendix S1 for details).
Statistical analyses and assessment of Darwin’s
Naturalization Conundrum
Although previous tests of DNC have used a variety of
different metrics to summarize phylogenetic and functional
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diversity (Table S1), most have calculated some measure of
‘nearest taxon distance’, capturing interactions between close
relatives (i.e. ‘tip effects’), and ‘mean pairwise distance’,
describing community-wide interactions (reviewed in Thuiller et al., 2010). We assessed the phylogenetic distinctiveness
of invasive plants by calculating the distance to the nearest
native species (DNNS) and the mean phylogenetic distance
to each co-occurring native species (MDNS).
To test whether invasive plants are functionally unique, we
calculated the difference in trait measurements (1) between
invasive and native status groups, (2) between each species
and its phylogenetically nearest native relative (the nearest
native functional difference, NNFD) and (3) between each
species and the average of all co-occurring natives (the mean
functional difference, MFD). When there were multiple
equally distant nearest native relatives, the median trait
measurement was used to calculate the NNFD. Functional
distinctiveness was calculated as a difference rather than a
distance (e.g. Euclidean). In this way, we were able to
address the magnitude of change in trait measurements
between species overall, compared to their nearest native
relative, or to the average of the native community in which
they have naturalized.
To summarize patterns across all islands, the dated ML
phylogeny of the vascular flora of the San Juan Islands was
pruned to include just species co-occurring on a focal island
(i.e. community). For each native (n) and invasive (i) species, phylogenetic (DNNSi/DNNSn; MDNSi/MDNSn) and
functional distinctiveness (NNFDi/NNFDn; MFDi/MFDn)
metrics were calculated. A t-test was used to evaluate significant differences in observed means of each metric between
status groups. To assess DNC, we compared the direction of
the difference in means for each significant relationship. For
example, if the mean metric for invasive species (e.g. mean
DNNSi) was greater than the mean metric for native species
(e.g. mean DNNSn), we would conclude (phylogenetic and/
or functional) distinctiveness of the invasives from the
natives to be important for the successful naturalization in
that community.
Finally, we verified if the observed patterns were significantly different from those given any other random invasive
species that could potentially colonize each community. We
randomly assembled invasive communities, drawing from the
pool of all invasive species occurring in the San Juan archipelago without replacement, while preserving the observed
number of invasives on each island. This null model of invasion maintains the evolutionary structure of the native
community and the richness of the invasive species within
each community, but randomizes the identity and the evolutionary distances of the invasive species. For each simulated
community, the mean of each metric was recalculated, and
the randomization was repeated 1000 times to obtain a null
distribution of means. The observed means were compared
to each null distribution by measuring the standardized effect
size (SES) which is the difference in the observed and
expected mean under the null model, divided by the
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standard deviation of the distribution of the null model. This
is similar to the SES described in the R package picante
(Kembel et al., 2010), and equivalent to -1 times NRI or
NTI described in Webb et al. (2002). Positive values of the
SESmetric (z-scores) indicate that observed invasive species are
more distinct (phylogenetically or functionally) from the
nearest native or native community than any other random
invasive species in the species pool (i.e. phylogenetic overdispersion of invasive species compared to the natives), and
negative values indicate that invasives are more similar to
the nearest native and/or native community (i.e. phylogenetic
clustering). Statistical significance was determined for each
SESmetric by calculating P-values (alpha = 0.05), the proportion of simulated means that were as or more extreme than
the observed mean (Kembel et al., 2010). All statistical analyses were conducted in R (R Development Core Team, 2014).
RESULTS
Island communities
Voucher specimens were deposited in the Burke Museum of
Natural History and Culture Herbarium at the University of
Washington (WTU), and comprehensive lists were compiled
of all species occurring on 80 islands. A total of 442 species
of vascular plants were identified and are included in the
Floristic Atlas of the San Juan Islands, Washington, which is
publically available online (Floristic Atlas of the San Juan
Islands, Washington, 2013).

Intraspecific taxa were collapsed to species to avoid
pseudoreplication, resulting in a total of 415 species used in
this study, 150 (36%) of which were identified as invasive.
Islands with species lacking available sequence data (Little Oak
2, Swirl Rock East), in which there was only one native (Smallest unnamed island by Long Island), only one invasive
(Unnamed west of Castle Island), or no invasive species (East
Sucia 5 Island, Shag Reef, Smaller Island near Charles and
Swirl Rock West) were removed, resulting in a total of 72
islands used in the following analyses (Fig. 1). Islands were
binned by size categories for discussion, defined by the 25%
and 75% sample quartiles of island area (Appendix S2 and S3).
Phylogeny estimation
After removal of GenBank sequences identified as submission
errors, genetic data for 366 of 415 (88%) species were
retained, with a total combined aligned length of 5745 base
pairs (see Table S2). Because there were no major conflicts
among the individual gene trees (see Fig. S1), the concatenated mega-phylogeny was used for all downstream analyses
(Figs 2 and S2 for labelled tips). Highly supported nodes
were distributed evenly across the tree, resolving all deep
relationships with high support and very few inconsistencies
at the genus level. For example, within Asteridae (bootstrap
support = 96%), the Ericales are sister to the subclade Lamiidae + Campanulidae (bootstrap support = 98%), consistent
with established angiosperm relationships (e.g. Soltis et al.,
2011, see Fig. S3 for all bootstrap support values).

Figure 1 Map of the San Juan Islands
archipelago, Washington State, USA.
Islands that were sampled in this study
are coloured in red. Three of the larger
surrounding islands (unsampled) and
three of the largest sampled islands are
labelled for reference.
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Figure 2 Time-calibrated maximum-likelihood mega-phylogeny of the vascular flora of the San Juan Islands, with native species
(green) and invasive species (pink) indicated by the first character state across the tips. Nodes with a light grey dot have bootstrap
support (BS) between 75 and 95, and nodes with a solid black dot have bootstrap support >95. Nodes that were congruent
(‘congruified’) between the reference timetree and the target tree (community phylogeny) are circled in a solid black line. Coloured bars
next to each taxon represent the presence of data for the five functional traits: seed mass, maximum height, specific leaf area (SLA), leaf
size and leaf nitrogen content (leaf N).

Functional traits
More than 55% of species overall and more than 60% of the
species within most islands had trait measurements for maximum height, seed mass and SLA, while leaf size and leaf
nitrogen content had less complete coverage (Figs 2 and S4,
Table S3 for a detailed summary). We found significant
phylogenetic signal for all traits except leaf size (Table S4),
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indicating that the community phylogeny should be a good
proxy for ecological similarity.
Phylogenetic relatedness patterns
Our phylogenetic analyses showed that invasive species
have closer native relatives compared to the native species
in each island community (Fig. 3a; DNNSi < DNNSn), and
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Figure 3 Observed phylogenetic and functional trait measures for each native (green) and invasive (pink) species on a representative
small (East Sucia 3 Island, n = 34, 60 m2), medium (Deadman Island, n = 68, 13,441 m2) and large island (Matia Island, n = 143,
570,866 m2), and the entire San Juan Island archipelago (n = 366, 2,725,785 m2). (a) Comparison of the distance to the nearest native
species (DNNS, log million years). (b) Comparison of the mean phylogenetic distance to the native species (MDNS) between each status
group for the three islands and the San Juan Island archipelago. (c) Comparison of trait measurements for each native (green) and
invasive (pink) species for three traits with the most data: seed mass, specific leaf area (SLA) and maximum height. (d) Comparison of
the nearest native functional difference (NNFD) for the three traits. (e) Comparison of mean functional difference to the all natives in
the community (MFD). Boxes show first and third quartiles, solid horizontal lines indicate the median, vertical black lines are the range,
and dots are points that lie 1.59 the interquartile range above the third quartile or below the first quartile. Asterisks indicate significant
differences in observed means for each metric between status groups (see Appendix S4 and S5 for P-values of difference in means).

this difference was significant for 40 (54.05%) of the
islands (Figs 4 and S5 for confidence intervals,
Appendix S4 for P-values). At the scale of the whole San
Juan Island archipelago the pattern switches, and invasive
species are phylogenetically distinct, however, this difference was not significant (P = 0.7569). The observed mean
DNNSi was less than expected under our null model
(SESDNNS < 0) on 22 (30.56%) of the islands (Figs 5 and
S5), indicating that invasive species occurring on these
islands are significantly more phylogenetically similar to
their nearest native relative than a random assemblage of
invasives from the species pool.
Invasive species were also closely related to the native
community as a whole (observed mean MDNSi < MDNSn
on 21 islands; Fig. 3b), and this was more significant on larger islands (Fig. 4). However, compared to the null model,
invasives on 22 islands were significantly distinct from the
overall native community (Fig. 5; observed mean
MDNSi > null mean MDNSi). On a few of the smaller
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islands (n = 5), invasives were significantly phylogenetically
similar to the native community (observed mean
MDNSi < null mean MDNSi), but never on larger islands
(Fig. 5).
Functional trait patterns
Trait measurements showed that invasive species have a
shorter maximum height (45 of the islands), a higher SLA
(43 of the islands) and lower leaf nitrogen content (31 of the
islands) than native species (Figs 3c and S6 for confidence
intervals, Appendix S5 for P-values). Invasives had smaller
seeds and leaves than the natives across all islands, but this
difference was rarely significant (Fig. 4).
When accounting for phylogenetic distance, we found less
significant functional differences between invasives (NNFDi)
and natives (NNFDn; Figs 3d and 5). The means of NNFDi
and NNFDn were most noticeably different for maximum
height (20 of the islands) and SLA (10 of the islands).
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Figure 4 Significance of difference in means between status groups for phylogenetic and functional diversity indices (x-axis). Darker
blue tones indicate decreasing P-values from the t-test, and dots indicate significance (P-value < 0.05). Islands (y-axis) are ordered by
decreasing size from top to bottom, and size categories are noted on the right. Blank cells marked with an ‘x’ represent islands lacking
trait data for the occurring species.

However, compared to any random invasive in the greater
San Juan Islands species pool, invasives were functionally
similar to their nearest native relatives for seed mass, maximum height and leaf size (on 10, 7 and 6 of the islands,
respectively; Fig. 5).
Invasives were also similar to the average trait values of
the native community. For seed mass and maximum height,
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the mean MFDi was significantly less than the mean MFDn
on 8 and 41 of the islands, respectively (Figs 3e and 4).
However, for SLA, mean MFDi was significantly greater than
mean MFDn on 22 islands. Invasives were still more similar
compared to the random invasive species pool for seed mass
(10 islands) and maximum height (16 islands), but SLA was
only significantly different on 5 islands (Fig. 5).
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DISCUSSION
Our analysis of the flora of the San Juan Islands found
statistical support that invasive species are phylogenetically
similar to their nearest native relative (i.e. non-random phylogenetic clustering). Differences in observed mean DNNSi
and mean DNNSn were significant across a majority of the
islands, and compared to the null model of randomly
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invaded communities, only support for phylogenetic similarity to the nearest native was found. Less of the islands
showed a significant difference between observed mean
MDNSi and mean MDNSn, and we found the opposite
relationship when compared to the null model – observed
invasives are mostly distinct compared to the native community as a whole (i.e. non-random phylogenetic overdispersion). Thus, the invasive flora of the San Juan Islands
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exhibits a nested structure of relatedness, where successful
invaders have close native relatives, yet are distributed evenly
throughout the native flora, rather than clustered within one
lineage.
Given the phylogenetic similarity between invasive plants
and their close native relatives, and significant phylogenetic
signal for all but one trait in the community phylogeny, we
expected invasive species to be functionally similar to the
natives. Despite this simple prediction, complex patterns
emerged. Observed mean trait measurements were significantly different between the native and invasive species on
many islands, at least for a few ecologically relevant traits,
which is consistent with other studies (e.g. Pysek & Richardson, 2007; van Kleunen et al., 2010; Ordonez, 2014). In general, invasive species were shorter, with a higher SLA, and
higher leaf nitrogen content than co-occurring native species,
but with similar leaf sizes and seed masses. Functionally, this
translates to invasive plants tending to be shorter annuals
with broad, nitrogen-rich leaves and may be slightly more
easily dispersed than the native species in this system.
Invasive species were shorter than the mean of the native
species that they co-occur with, but still generally quite tall
(mean height of invasives = 1.27 m, mean height of
natives = 3.71 m; see Table S3), which might explain their
invasion success (Moravcova et al., 2015). In addition, they
fall towards the ‘fast-return’ end (high SLA, high leaf nitrogen content) of the leaf economic spectrum (Wright et al.,
2004), which may indicate higher growth and photosynthetic
rates compared to native species. Because the trait measurements used were summaries gathered from a variety of other
studies and taxonomic treatments, they are fixed traits and
do not address the importance of trait plasticity for invasion
success. However, in the absence of more detailed measurements they are still useful to provide a broad perspective on
functional attributes important for community assembly
(Cornwell et al., 2014). Further, trait measurements differed
in one direction (i.e. invasive species were always shorter
than natives on average) across islands with heterogeneous
environments, which is more likely due to broad functional
differences between invasive and native species than to
plastic ecological responses.
However, when accounting for phylogenetic history along
with functional trait comparisons, we saw two different
trends. First, the absence of significant differences in
observed trait measurements between status groups does not
necessarily negate the importance of shared similarity to
close native relatives. Invasive and native species had similar
measurements for seed mass overall, and there were few
significant differences in observed mean NNFD (Fig. 4). But
when compared to the randomized invasive community, 10
islands showed significant similarity to their nearest native
relative and to the community mean (Fig. 5), illustrating the
importance of comparing observed relationships to biologically informed null expectations (see Thuiller et al., 2010 for
a discussion of null models relevant to DNC). This
functional ‘matching’ together with overall phylogenetic
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similarity to the native community could suggest an
environmental filter for seed mass.
Second, when invasive and native species differed in
functional trait measurements, invasive species were not
necessarily functionally distinct from their nearest native
relative. This is especially apparent for SLA, where we
found invasives had a significantly greater observed mean
SLA on 43 islands, but only 10 were significantly different
compared to the nearest native (Fig. 4), and none of these
were significant under the null model (Fig. 5). However,
they were significantly different from the average of the
native community. Therefore, our results suggest that for
SLA only the disparity in traits matters for successful invasion, and the identity of the invader relative to its nearest
native is irrelevant. This pattern suggests support for functional ‘filling’ – overall phylogenetic similarity of invasive
species to the natives indicates ancestral similarity of most
traits is important to pass an environmental filter and
establish, but certain traits (i.e. SLA) must still differ to fill
available niche spaces, escape competition and persist over
time.
Although a phylogeny is often considered an appropriate
proxy for ecological similarity, we have shown here that the
evolutionary history reflects functional patterns for certain
traits (e.g. maximum height), but contrasting patterns
emerge (e.g. SLA, functional similarity to the community
mean) that can only be distinguished with the addition of
functional trait measurements and comparisons to null
expectations. Similarly, trait comparisons without consideration of phylogenetic similarity would miss the importance of
matching close relatives (e.g. seed mass). Even if overall
functional distinctiveness between status groups suggests the
importance of diversification of structure, phylogenetic similarity to the nearest native along with functional similarity to
the natives for a few traits imply that pre-adapted traits are
also important for successful invasion in this system,
corroborating the findings of Ordonez (2014) across 83
communities world-wide.
Phylogenetic similarity and functional distinctiveness could
be explained by a few different mechanisms. First, we found
that on smaller islands invasives were more often phylogenetically and functionally similar to their nearest native relative
and the native community than on larger islands (Fig. 5).
Because different ecological and evolutionary processes will
likely vary in strength across different scales, the effect of
spatial scale on phylogenetic patterns of invasiveness has
been previously noted (Cadotte et al., 2009b; Carboni et al.,
2012). At small spatial scales (i.e. small islands), it is possible
that abiotic pressures, such as tidal flooding, sea spray or
nutrient limitation, are creating a stronger effect of environmental or habitat filtering and ancestral traits are important
to cope with these extreme conditions. As island size
increases, the landscape is more likely to become heterogeneous, increasing the complexity of both abiotic and biotic
interactions. Although we treat small and large islands as
comparable communities, in actuality larger islands are
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composed of many different habitats – for example mixed
conifer forests, meadows and beaches. If communities were
defined by environmental characteristics such as habitat type
(e.g. grassland, rock outcrop or shoreline) instead of geographic boundaries, we may see more homogenous patterns
emerge. The environmental heterogeneity and extreme environmental pressures we expect across the islands sampled
might also explain why our results differ from some other
tests of DNC (e.g. Strauss et al., 2006a; Schaefer et al., 2011;
Carboni et al., 2012). Future directions include exploring
biogeographic (e.g. island size, distance from the mainland
or largest nearest island) and environmental factors to disentangle the ecological processes influencing invasion dynamics
in the San Juan floristic community.
Additional information on other intrinsic characters of the
invasive species could help to explain the patterns of invasion we described. For example, the native range of the
introduced species might better describe niche preferences.
Species introduced from Europe might have evolved in a
similar Holarctic setting and thus share similar broad lineages (phylogenetic clustering) but fill separate micro-niches
and differ in trait space (functional dispersion). It is also
possible that other traits, especially characters that were not
investigated here (e.g. root structures, habit, phenology),
might have different functional patterns.
Because the timing of introductions is unknown, we
cannot exclude the possibility of founder effects and residence time as contributors to these patterns as well. A
recent analysis of a long-term plant survey by Li et al.
(2015) provides a mechanistic explanation to support both
sides of Darwin’s conundrum as naturalization progresses
over time. Not only were exotic species with close native
relatives more likely to naturalize and dominate the native
community, but natives most closely related to exotics
more likely to be replaced (Li et al., 2015). Functional
differences for a few traits could signify that displacement
is beginning in the San Juan Islands, and additional
surveys to investigate this would be an interesting
development.
The era of ‘big data’ is contributing immensely to publically available molecular information, and it is tempting to
use phylogenetic approaches to explain patterns of community assembly and predict future invasions in the absence of
additional phenotypic data for each species. However, we
show that trait databases and ecological surveys provide a
resource to easily unite function and phylogeny and test
eco-evolutionary hypotheses of species invasion, and their
complementarity can aid in deconstructing the processes of
invasion in natural systems. In particular, clearly defined null
models that evaluate the phylogenetic and functional structure of communities enable identification of patterns that
could not be generated randomly, and branch lengths that are
consistently time-scaled allows for comparison across
different systems. Incorporating the growing body of diversity
metrics with meaningful null hypotheses and unified methodologies into comparable frameworks has the potential to
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further deconstruct the patterns of assembly we observe and
predict future ecological change.
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DATA ACCESSIBILITY
Species list with status, and trait measurements for each of
the five traits, metadata for each island (total island area,
assigned size category), the community matrix with presence/absence of each species across the 80 islands, sequence
alignments for each gene region with GenBank accession
numbers for each species, the concatenated sequence alignment, treefiles of maximum-likelihood phylograms for each
gene region and the concatenated alignment, and a treefile of
the maximum-likelihood mega-phylogeny (scaled to time)
are available from the Dryad Digital Repository: http://dx.
doi.org/10.5061/dryad.m88g7. Custom R scripts for all analyses and associated datasets are available on Github (https://
github.com/hmarx/San-Juan-Islands-Invasion).
SUPPORTING INFORMATION
Additional Supporting Information may be found in the
online version of this article:
Figure S1 Maximum likelihood phylogram for each gene
tree.
Figure S2 Maximum likelihood mega-phylogeny of the vascular flora of the San Juan Islands, with species names
labelled. Nodes and tips as in Fig. 2.
Figure S3 Maximum likelihood phylogram for the concatenated dataset.
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Figure S4 Plots of species richness and per cent of species
with data for each functional trait per island.
Figure S5 Plots of phylogenetic diversity measures (DNNS,
MDNS, SESDNNS, SESMDNS) for native and invasive plant
species across all islands.
Figure S6 Plots of functional diversity measures (trait measurements, NNFD, MFD, SESNNFD, SESMFD) for native and
invasive plant species across all islands.
Table S1 Review of previous studies testing Darwin’s Naturalization Conundrum with phylogenetic diversity and functional traits.
Table S2 Table with the number of native and invasive species retrieved for each gene region, the final sequence length
of each gene region, and per cent of each gene partition in
the final concatenated nucleotide matrix post cleaning.
Table S3 Table summarizing the number of species with data
for each trait, and the mean, median, minimum, and maximum trait measurements for each trait.
Table S4 Results of phylogenetic signal analysis for the five
functional traits.
Appendix S1 Detailed methods for phylogeny estimation,
functional trait measurements for each species, and sources
used for each trait.
Appendix S2 Metadata for each island (total island area,
assigned size category), summary of species diversity
observed on each island, and the per cent of species with
sequence data retrieved from GenBank.
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