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Abstract

Ecological communities often exhibit greater resistance to biological invasions when these communities
consist of species that are not closely related. The effective size of this resistance, however, varies geographi-
cally. Here we investigate the drivers of this heterogeneity in the context of known contributions of native
trees to the resistance of forests in the eastern United States of America to plant invasions. Using 42,626
spatially referenced forest community observations, we quantified spatial heterogeneity in relationships
between evolutionary relatedness amongst native trees and both invasive plant species richness and cover.
We then modelled the variability amongst the 91 ecological sections of our study area in the slopes of
these relationships in response to three factors known to affect invasion and evolutionary relationships —
environmental harshness (as estimated via tree height), relative tree density and environmental variability.
Invasive species richness and cover declined in plots having less evolutionarily related native trees. The
degree to which they did, however, varied considerably amongst ecological sections. This variability was
explained by an ecological section’s mean maximum tree height and, to a lesser degree, SD in maximum
tree height (R, .
ter resisted overall plant invasions in less harsh forests and in forests where the degree of harshness was

= 0.47 to 0.63). In general, less evolutionarily related native tree communities bet-

more homogenous. These findings can guide future investigations aimed at identifying the mechanisms
by which evolutionary relatedness of native species affects exotic species invasions and the environmental

conditions under which these effects are most pronounced.

Copyright BasilV. lannone Il et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.


mailto:sfei@purdue.edu
https://doi.org/10.3897/neobiota.40.28558
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3897/neobiota.40.28558
http://neobiota.pensoft.net

88 Basil V. Iannone III et al. / NeoBiota 40: 87-105 (2018)

Keywords
Environmental harshness, environmental variability, evolutionary divergence, forests, invasive plants,
phylogeny, relative tree density

Introduction

Observations across large geographic areas reveal considerable spatial heterogene-
ity in the degree to which ecological communities are invaded by non-native species
(Stohlgren et al. 2006, Liebhold et al. 2013, Tannone et al. 2015). Spatial variability
in the degree to which various ecological factors affect invasions partially explains this
heterogeneity (e.g. Riitters et al. 2018). Identifying what drives this heterogeneity is
of importance to both basic ecological understanding and land management aimed at
controlling invasive species. Analyses of increasingly available large-scale forest data
have revealed that forests exhibit large-scale spatial heterogeneity in both the number
and dominance of invasive plant species that are present within them (Iannone et al.
2015, Oswalt et al. 2016). Understanding what causes this heterogeneity will improve
basic understanding of forest plant invasions and help to protect the many ecosys-
tem services that forests provide from threats posed by invasive plants (Gonzalez et al.
2005, Martin et al. 2009, Pejchar and Mooney 2009).

Analyses of the same large-scale forest data have also revealed evidence that native
tree communities contribute to the ability of forests to resist plant invasions in gen-
eral, i.e. regardless of invader growth form, and that these contributions vary spatially
(Guo et al. 2015, Iannone et al. 2016). The characteristics of native tree communi-
ties most negatively related to plant invasions (i.e. invasive plant species richness and
dominance) include aboveground native tree biomass and the degree to which native
tree species are evolutionarily related (Iannone et al. 2016). The detected contribution
of native tree biomass to invasion resistance likely reflects the fact that trees are a lead-
ing component of forest biomass, primary productivity and resource uptake (Muller
2003). The contribution of evolutionary relatedness of native trees to invasion resist-
ance likely reflects the assumption that communities containing less evolutionarily
related species exhibit greater diversity in both measurable functional traits and uni-
dentified phenotypic traits and, thus, a greater breadth in niche usage (Faith 1992,
Webb et al. 2002, Lososov4 et al. 2015, Tan et al. 2015, but see Gerhold et al. 2015).

The objective of this investigation was to determine the degree to which environ-
mental characteristics of forests drive spatial heterogeneity in the effects that native tree
evolutionary relatedness has on overall forest plant invasions. This investigation was
conducted in the forests of the eastern United States of America (USA). We pursue
this objective in the context of three separate characteristics of evolutionary related-
ness: how divergent (sensu Tucker et al. 2017) species are relative to one another across
a phylogenetic tree (i.e. phylogenetic species clustering [PSC] and phylogenetic species
variability [PSV]; [Helmus et al. 2007]), the amount of evolutionary history contained
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within these phylogenetic relationships (i.e. phylogenetic diversity [PD]; [Faith 1992])
and the evenness in abundance at which species occur across a phylogenetic tree (i.e.
phylogenetic species evenness [PSE]; [Helmus et al. 2007]). Regarding environmen-
tal characteristics, we investigate environmental harshness, as defined by Marks et al.
(2016) and relative tree density, both of which can affect the establishment and growth
of invasive plants (Theoharides and Dukes 2007, Guo et al. 2015). We also investi-
gate the role of environmental variability, as it can accelerate evolutionary radiation
amongst native species via allopatric speciation (Qian and Ricklefs 2000) and can
reflect niche availability for invasions (Davies et al. 2005).

Methods

Evolutionary relatedness and biotic resistance

Evolutionary relatedness is typically defined within the context of phylogenetic related-
ness or the locations of species relative to one another across a phylogenetic tree that
describes the hypothesised evolutionary relationships amongst species. Many studies
investigating the effects of phylogenetic relatedness on invasion have done so in the
context of the evolutionary relatedness between invasive and native species, i.e. within
the context of “Darwin’s naturalisation hypothesis” that species from novel genera may
have an advantage when invading new locations because they are less likely to compete
with closely related species or share natural enemies with them (e.g. Diez et al. 2008,
Lososova et al. 2015). Nevertheless, we are unlikely to know ahead of time the par-
ticular species that will invade a given community. For this reason, knowing how the
phylogenetic relatedness amongst native species in a given community affects invasion
in general is likely of greater utility in understanding spatial heterogeneity in the degree
to which native ecosystems resists plant invasions. Ecological communities consisting
of species that are more divergent relative to one another across the phylogenetic tree
of life can exhibit greater resistance to invasion (Gerhold et al. 2011, Lososov4 et al.
2015), although the degree of resistance varies considerably across large spatial scales
(Iannone et al. 2016). This geographic variability suggests that the effect of evolutionary
relatedness of native communities on exotic invasions is itself affected by other factors.

Data compilation

To meet our objective, we first obtained native tree and invasive plant data from 42,626
forested plots from the United States Department of Agriculture’s Forest Inventory and
Analysis programme (FIA) located within the two ecological domains (sezsu Cleland et
al. 1997) of the eastern USA (Suppl. material 1, fig. S1.1). The location of these data,
as well as all other data used for subsequent analyses in this paper can be found below
in the paper’s Data accessibility section. FIA monitors spatiotemporal patterns of for-
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est conditions at the national-level using a fixed grid of permanent plots occurring at
an approximate intensity of one plot for every 2,428 ha of forests; all plots are 0.40 ha
in size and are defined using a consistent plot design (Bechtold and Patterson 2005).
Forests are defined as areas at least 36.6 m wide and 0.40 ha in size that historically or
currently have at least 10% tree cover (for trees of any size).

We used four metrics (Table 1) to estimate three characteristics of evolutionary
relatedness amongst the native trees in each plot. First, we constructed a phylogenetic
supertree of 397 native angiosperm and gymnosperm tree species occurring in the FIA
plots of the contiguous 48 states (Potter 2018). This reference phylogeny, with branch
lengths measured in millions of years, was constructed based on a review of 189 mo-
lecular systematics and paleobotanical studies. Using this phylogenetic tree and the R
package Picante (Kembel et al. 2010), we quantified two different aspects of phylo-
genetic divergence, following Helmus et al. (2007) —phylogenetic species variability
(PSV) and phylogenetic species clustering (PSC). PSV quantifies variability amongst
species in a hypothetical random (non-selected) trait, thus quantifying how divergent
species are relative to one another across an entire phylogenetic tree and the extent to
which the phylogenetic arrangement of these species represents a star phylogeny, as il-
lustrated in Table 1. PSC quantifies the degree to which the phylogenetic branch tips
for species in a given community are divergent, or clustered, relative to one another.
From the same phylogenetic tree, we also estimated the amount of evolutionary his-
tory within each plot using the metric phylogenetic diversity (PD) proposed by Faith
(1992). PD is estimated by summing the lengths of the phylogenetic branches for the
tree species found within a given plot. By definition, PD increases with species rich-
ness. The utility of PD in describing the amount of evolutionary history within a given
community was also confirmed by Tucker et al. (2017). Lastly, we calculated the phy-
logenetic species evenness (PSE) metric proposed by Helmus et al. (2007). This metric
is an indicator of phylogenetic divergence that accounts for the relative abundances
of species within the investigated community. PSE equals PSV when all species are
equally abundant in a community and declines as they are decreasingly so.

A benefit of using PSV, PSC and PSE is that these metrics of phylogenetic diver-
gence do not require prior knowledge of the regional species pool from which species
could populate a plot (Helmus et al. 2007). An initial correlation analysis revealed PD
to be strongly related to and, thus, dependent on, the number of native tree species in
each plot (7, = 0.82). The three other phylogenetic metrics, however, exhibited weaker
relationships with native tree species richness (755, =-0.31, 7,,.= 0.49 and 7, = 0.09)
and, thus, reflected more independent characteristics.

We assessed overall plant invasion in each plot by compiling data on invasive plant
richness and cover data, following Iannone et al. (2016). Invasive richness is the num-
ber of invasive plant species found and invasive cover is the summed total cover of
these species (which can exceed 100% of the area of a plot because of overlap by
individual plants). Invasive richness and cover serve as indicators of invasive species
establishment and dominance, respectively. FIA defines invasive plants in accordance
with USA Executive Order 13112 as non-native plant species likely to cause economic
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Table I. Explanation of the four investigated metrics of evolutionary relatedness. PD is defined by Faith
(1992) and PSE, PSV and PSC are defined by Helmus et al. (2007).

Metric Definition of metrics & notes Lower Higher

Quantifies the degree to which

Phylogenetic specics phylogenetic branch tips are divergent or
| ing (PSC) clustered relative to one another. Ranges

clustering from 0 (low divergence) to 1 (high

divergence)

Quantifies variability amongst species
Phylogenetic in a hypothetical neutral trait and thus
species variability divergence across the branch lengths of
(PSV) a phylogeny. Ranges from 0 (low) to 1
(high, star phylogeny)

Summed lengths of phylogenetic
Phylogenetic branches. Values increase with species
diversity (PD) richness. Positive value has no upper
limit. Increases with greater values

s

Hypothesised to reflect evenness in
traits and phenotypic variation. PSE
Phylogenetic = PSV when all species are equally
species evenness abundant and declines with greater
(PSE) differences in abundance. NOTE:
Numbers at branch tips on the right 1 2 2 7

signify number of individuals

w
w
w

3

PSE = PSV

or environmental harm (Ries et al. 2004). The list of monitored invasive plants in the
eastern USA includes approximately 76 different species; some species were merged
into single groups to accommodate field identification. These species include 18 forbs,
9 grasses, 21 shrubs, 14 trees and 14 vines (Suppl. material 2, table §2.1). Although in-
vasive plant sampling protocols, including the specific species monitored, vary between
the Northern and Southern FIA Administrative Regions (described in Suppl. material
2, text S2.1), this variability has little effect on macroscale invasion patterns (Iannone
et al. 2015). Furthermore, most of the invasive plants monitored are of concern to
large portions of each and, in some cases both, of the administrative regions, alleviating
concerns about spatial variability in invasive plant species pools.

Confirming/quantifying spatial variability in invasion resistance

Using a mixed-effects modelling framework developed by Dixon Hamil et al. (2016),
we modelled invasive richness and cover in response to the four phylogenetic met-
rics (PSC, PSV, PSE and PD), allowing for independent (i.e. random) intercept and
slope estimates for each of the 91 ecological sections (sensu Cleland et al. 1997) nested
within our study region (Suppl. material 1, fig. S1.2). Phylogenetic metrics were stand-
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ardised [x — mean(x)/SD(x)], allowing for cross-variable comparison (Schielzeth 2010).
Inspection of variance inflation factors (Legendre and Legendre 2012) revealed no evi-
dence of complications due to collinearity. We assessed model fit using the coefficient
of determination for generalised mixed-effect models, i.e. &, ~(Johnson 2014). To
assess statistical significance, we resampled section-level slope estimates (i.e. condition-
al plus fixed estimates) 10,000 times allowing for replacement and calculated the bias
corrected, accelerated 95% confidence interval (CI) of each bootstrapped distribution
(Efron and Tibshirani 1986). We assumed the phylogenetic metric to be a statisti-
cally significant indicator of biotic resistance across our study region when its 95%
CI encompassed values less than zero. Likewise, we assumed a phylogenetic metric to
be an indicator of invasion success when its 95% CI encompassed values greater than
zero. We relied on bootstrapped rather than actual distributions to estimate 95% Cls
because actual distributions were non-normal (Suppl. material 3, fig. $3.1).

Identifying drivers of spatial heterogeneity in invasion resistance

We compiled data from the FIA database on plot-level maximum tree height (m) and
relative tree density. Maximum tree height was used as an inverse indicator of envi-
ronmental harshness. Marks et al. (2016) found maximum tree height to be negatively
correlated to multiple environmental indicators of environmental harshness across
forests of both the eastern and western USA. Relative tree density was calculated as de-
scribed by Potter and Woodall (2014). This standardised metric quantifies the number
of trees per unit area currently in a given FIA plot and divides that value by the maxi-
mum number of trees that could grow in that plot. We then calculated means and SD
for each of these metrics at the ecological section level (Suppl. material 1, fig. $1.2;
Suppl. material 1, table S1.1). Means estimated overall section-level environmental
harshness and relative tree density, while SD of these metrics served as section-level
indicators of the environmental (abiotic and biotic) variability experienced by invad-
ing plants. As an additional, indirect metric of environmental variability, we calcu-
lated the mean Jaccard’s distance (based on absence/presences of native tree species)
amongst plots within each of the 91 ecological sections. Ecological sections having
greater mean Jaccard’s distances in native tree species composition were assumed to be
more environmentally variable.

We conducted preliminary regression analyses to assess the degree to which maxi-
mum tree height, relative tree density and SD in these variables predicted forest age.
We did so to rule out the possibility of our findings reflecting nothing more than forest
successional stages, i.e. variation between young and old forests in the degree of inva-
sion. Both maximum tree height and relative tree density explained relatively small
proportions of variability in FIA estimates of forest stand age at both the individual
plot and ecological section levels (range in £? = 0.04 to 0.24). SD of maximum tree
height and relative density also explained relatively small proportions of forest stand
age (R’= 0.25 and 0.04, respectively). These low R values revealed that mean and SD
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of maximum tree height and relative density were largely indicative of environmental
conditions other than forest successional stages.

We modelled slope estimates for relationships between phylogenetic metrics in-
dicative of biotic resistance and invasive richness and cover in each of the 91 ecological
sections (determined as described above) in response to the section-level mean and SD
of maximum tree height and relative tree density, as well as section-level estimates of
mean Jaccard’s distance (model shown in Table 2). We used these statistical models to
assess whether environmental harshness, relative tree density and/or environmental
variability drive spatial heterogeneity in the degree to which evolutionary relatedness
contributes to invasion resistance. We assessed model fit using the conditional es-
timate for the coeflicient of determination for generalised mixed-effect models, i.e.
R, ., (Johnson 2014).

Prior to analysis, we standardised explanatory variables [x — mean(x)/SD(x)], al-
lowing us to assess the relative contribution of each to this spatial heterogeneity (Schi-
elzeth 2010). To account for possible spatial autocorrelation amongst more closely
located ecological sections, we incorporated the ecological province (Suppl. mate-
rial 1, fig. §1.3), i.e. the larger ecoregion scale in which each ecological section was
nested, into statistical models as a random effect. The distribution of slope estimates
for relationships between invasion and phylogenetic metrics were left-skewed (Sup-
pl. material 3, fig. S3.1). To address this, we transposed slope estimates to positive
values greater than 1 and transformed the data using a power transformation [(x +
abs(min(x)) + 1)’] to help meet the assumption of normality. Inspection of variance
inflation factors (Legendre and Legendre 2012) revealed no evidence of complica-
tions due to collinearity.

Statistical analyses were conducted in R v 3.0.1 (R Core Team 2014) using the
nlme package (Pinheiro et al. 2017) to construct linear mixed-effects models, the
MuMIn package (Bartori 2014) to estimate coefficients of determination and the boot-
strap package (Tibshirani and Leisch 2013) to conduct bootstrap analyses.

Results

Spatial heterogeneity in invasion resistance

Mapping the section level slope estimates determined via mixed-effects modelling
confirmed spatial variability in relationships between phylogenetic (PSC, PSV, PD
and PSE) and invasion (richness and cover) metrics (Fig. 1). Slope values for PSC
and PSV were largely negative across ecological sections, while those for PD and
PSE were largely positive. The 95% confidence intervals (CI) of the bootstrapped
distributions of section-level slope estimates revealed these trends to be statistically
significant, i.e. 95% Cls did not encompass zero (Suppl. material 3, fig. $3.2). Slope
values for PSC and PSV also exhibited greater spatial variability and magnitudes in
their relationships with invasive richness and cover than did PD and PSE (Fig. 1;
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(a) Invasion richness (b) Invasive cover
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Figure |. Standardised relationships between four metrics of evolutionary relatedness and invasive (a)
richness and (b) cover.

Suppl. material 3, fig. S$3.2). (See Suppl. material 3, table S3.1 for values of section
level slope estimates.) Given that PD and PSE were not indicative of biotic resistance
to invasion, we did not investigate the drivers of spatial heterogeneity in relationships
between these metrics and invasion metrics.

Drivers of spatial heterogeneity in biotic resistance to invader establishment
(i.e. invasive richness)

Spatial variability in the degree to which both PSC and PSV were related to invasive
richness was largely explained by mean and SD maximum tree height (Table 2;
of statistical models = 0.55 and 0.47, respectively). Slopes of all other model terms
were not statistically significant from zero (p-values = 0.15 to 0.57). Slopes for mean
maximum tree height were negative (Table 2), revealing both PSC and PSV to be more
negatively related to invasive richness in ecological sections having greater maximum
tree heights (Figs 2a, ¢). In contrast, slopes for SD maximum tree height were positive
(Table 2). This reveals both PSC and PSV to be less negatively related to invasive rich-
ness in ecological sections having more variable maximum tree heights (Figs 2b, d).
Standardised slope estimates revealed mean maximum tree height to have more than
twice the effect as SD on this spatial variability for PSC and a 27% greater effect than
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Table 2. Results of linear mixed-effects models. These models were used to determine the relative con-
tribution of mean and SD of maximum tree height and relative tree density, as well as mean Jaccard’s dis-
tance, to spatial heterogeneity in relationships between metrics of phylogenetic divergence (PSC and PSV)
and invasion (invasive richness and cover). Models contained ecological provinces as a random effect.

Dependent variable Explanatory variables

Section-level Mean Max SD Max Mean SD Mean

slope estimates for: tree ht. tree ht. Rel. density  Rel. density  Jaccard’s dist. R
Invasive richness ~ PSC  -2.66 + 0.54**** 1.29 £ 0.55* 0.83 £0.60 -0.24 £0.42 -0.73 +0.50 0.55
Invasive richness ~ PSV  -2.18 £ 0.59** 1.71 £ 0.60** 0.86 + 0.66 -0.55+ 0.46  -0.75 + 0.55 0.47
Invasive cover ~ PSC -6.64 £ 1.17%*  0.07 £1.19 194+ 1.31 0.62+0.91 -0.21 £ 1.09 0.63
Invasive cover ~ PSV -1.18 £ 0.29™*  0.16£0.29 0.37+£0.32 0.04 £0.22 -0.08 £ 0.27 0.49

*p <0.05; **p < 0.01; ***p < 0.001; ****» < 0.0001

Slope Inv. Richness ~ PSC
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Figure 2. Effects of mean and SD maximum tree height in 91 ecological sections on the degree to which
PSC (A, B) and PSV (C, D) affect invasive species richness (i.e. slope values for these relationships). Note
that values on x and y axes were transformed (z-transformed and [(x + abs(min(x)) + 1)7], respectively) pri-
or to analysis. Untransformed values for slopes were largely negative (Fig. 1; Suppl. material 3, fig. S3.1).
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Figure 3. Effects of mean maximum tree height in 91 ecological sections on the degree to which PSC
(A) and PSV (B) affect invasive species cover (i.e. slope values for these relationships). Note that values on
x and y axes were transformed (z-transformed and [(x + abs(min(x)) + 1)7], respectively) prior to analysis.

Untransformed values for slopes were largely negative (Fig. 1; Suppl. material 3, fig. $3.1)

SD for PSV (Table 2). Slopes for mean maximum tree height had smaller p-values
(Table 2) and smaller 95% ClIs relative to their slopes (Fig. 2), than those for SD
maximum tree height, suggesting a more consistent impact on spatial heterogeneity in
relationships between invasion richness and both PSC and PSV.

Drivers of spatial heterogeneity in biotic resistance to invader dominance
(i.e. invasive cover)

Spatial variability in the degree to which both PSC and PSV were related to invasive cover
was explained solely by mean maximum tree height (Table 2; = of statistical models
= 0.63 and 0.49, respectively). Slopes of all other model terms were not statistically sig-
nificant from zero (p-values = 0.26 to 0.95). Slopes for mean maximu m tree height were
negative (Table 2), revealing both PSC and PSV to be more negatively related to invasive

cover in ecological sections having greater overall maximum tree heights (Figs 3a, b).
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(a) Mean Max. Tree Height \ (b) SD Max. Tree Height

’ sD h
. ]15.00-17.00 [ 21.81-2340 - 179-270 [ 5.74-6.49
" J1701-2030 M 2341-2580 [ |271-4.87 [ 6.50-7.36
" J2031-2180 M 2581-2894 [ |488-573 [l 737-883

Height (m)

Figure 4. Section level means (a) and SD (b) for maximum tree height (i.e. an inverse metric of envi-

ronmental harshness).

Spatial context

Follow-up mapping of section-level estimates of statistically signification explanatory
variables shown in Table 2, i.e. mean and SD of maximum tree height, revealed spatial
patterns contributing to our current findings. The greatest values for mean maximum
tree height occurred in and around the Appalachian Mountains (Fig. 4a) where both
PSC and PSV exhibited stronger negative associations with invasive richness and cover
(Fig. 1). This pattern contributed to the strong negative slope values exhibited by maxi-
mum tree height in all statistical models (Table 2). The greatest values for SD of maxi-
mum tree height occurred in the southern portion of our study region (Fig. 4b) where
PSC and PSV both tended to exhibit weaker and sometimes positive relationships with
invasive richness (Fig. 1). This pattern contributed to the positive slope values for SD
maximum tree height in statistical models for relationships between invasive richness

and both PSC and PSV (Table 2).

Discussion

We found evidence that environmental harshness and, to a lesser degree, variability
in environmental harshness drive spatial heterogeneity in the contribution of phylo-
genetic divergence (PSC and PSV) of native trees to biotic resistance to overall plant
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invasions in eastern USA forests. While spatial heterogeneity in the contribution of na-
tive trees to biotic resistance to forest plant invasions was previously noted (Iannone et
al. 2016), this investigation is the first to our knowledge that identifies potential drivers
of this large-scale heterogeneity. This detected contribution of phylogenetic divergence
to invasion resistance illustrates how variation in localised processes by which evolu-
tionary relatedness is hypothesised to limit invasions, e.g. niche overlap/competitive
exclusion (Proches et al. 2008, Thuiller et al. 2010), can contribute to complex large-
scale invasion patterns. In addition, the spatial heterogeneity revealed also illustrates
the utility of applying a community-level framework when investigating large-scale
invasion patterns (Shea and Chesson 2002). Finally, our findings support the value of
considering biotic and environmental filters to invasion in unison in order to under-
stand overall invasion patterns (Pearson et al. 2018).

In contrast to phylogenetic divergence, we found no evidence that the amount of
evolutionary history (i.e. PD) or the evenness at which these native tree species occur
across a given community’s phylogenetic tree (i.e. PSE) contribute to biotic resistance
across macroscales. The consistently positive associations that PD and PSE shared
with both invasive richness and cover suggests these metrics to be more indicative of
niche availability than biotic resistance, at least at the spatial scale of our investiga-
tion. The weak magnitudes of these associations also revealed them to be of little value
in predicting macroscale invasion patterns. The positive association between PD and
invasion was not surprising, as this metric is strongly related to native species rich-
ness, which itself is positively related to invasive richness and cover at large spatial
scales (Stohlgren et al. 2006, Fridley et al. 2007, Iannone et al. 2016). Causes of the
positive association between phylogenetic species evenness (PSE) and invasion are less
clear. Even though species evenness can contribute to biotic resistance at small spatial
scales in grasslands (Wilsey and Polley 2002), this tells us little about how species
evenness affects large-scale invasions in forests. Thus, studies to determine how vari-
ability in spatial scale and ecosystem type affects the contribution of species evenness
to biotic resistance are needed.

By revealing factors that affect the strength of relationships between phylogenet-
ic divergence and invasion, our study revealed conditions under which phylogenetic
divergence of native tree communities likely contributes most to invasion resistance
in forest ecosystems. Standardised slope estimates revealed that mean maximum tree
height was the explanatory variable having the greatest effect. This factor was negative-
ly correlated with slope values for relationships between both PSC and PSV and both
invasion richness and cover. Given that maximum tree height is an inverse measure
of environmental harshness (Marks et al. 2016), these negative relationships reveal a
greater potential for more phylogenetically divergent tree communities to limit invader
establishment and dominance under less harsh environmental conditions. This effect
may reflect the long-recognised decline in the ecological importance of competition in
more harsh environments (Bertness and Callaway 1994). That is, an invader’s ability
to deal with stress may be more important than its ability to deal with competition
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when invading harsher environments, regardless of the niche space occupied by the
native community. Determining the component(s) of environmental harshness that
most affect relationships between phylogenetic relatedness and invasion will increase
our understanding of the causes of the patterns revealed here. Investigating factors
both related to tree height and that directly affect plant growth, e.g. soil productivity,
drought, cold etc. (Marks et al. 2016), may be fruitful.

Increased environmental variability across large geographic areas can increase spe-
cies richness (Qian and Ricklefs 2000), which, in some situations, is positively related
to certain metrics of evolutionary relatedness (Potter and Woodall 2014). Increased en-
vironmental variability is also positively associated with invasions (Davies et al. 2005).
For these reasons, we expected factors indicative of environmental variability to affect
the magnitude of relationships between metrics of phylogenetic divergence and inva-
sion. We found such evidence for the SD of maximum tree height, but not for SD of
relative tree density or mean Jaccard’s distances. The positive correlation of SD of maxi-
mum tree height to slope values for relationships between invasive richness and both
PSC and PSV reveals phylogenetically divergent tree communities to limit invader
establishment more in ecological sections that are less variable regarding environmen-
tal harshness. However, smaller slope and larger p-value estimates for SD vs. mean
maximum tree height reveal overall environmental harshness to be more influential.

The decline in the effects of phylogenetic divergence on invasion in ecological
sections having more variable maximum tree height may reflect an increased number
of locations having more harsh environments. That is, it indicates an increase in the
number of locations where phylogenetic divergence affects invader establishment less.
An increase in the number of locations experiencing canopy disturbance (natural or
human) may also contribute to our finding regarding SD in maximum tree height
given that increased light facilitates forest plant invasions (Eschtruth and Battles 2009,
Iannone et al. 2013). However, given that SD in maximum tree height and mean
stand age are only weakly related, it is likely that increased SD in maximum tree height
reflects more than increased rates of canopy disturbance. Declines in the effects of phy-
logenetic divergence on invasion in ecological sections having more variable maximum
tree height may also reflect the previously noted positive associations between invasion
and environmental variability (Davies et al. 2005). Considering components of forest
plant communities other than, or in addition to, native trees, e.g. native understorey
plants, soils etc., is likely to improve understanding of how environmental variability
affects large-scale forest plant invasions.

We utilised two different measures of invasion — invasive species richness and
cover — as both provide different perspectives on invasion patterns. Invasive richness
is an indicator of invader establishment and invasive cover is an indicator of invader
dominance. Prior theoretical and empirical investigations reveal the deeper under-
standing that can be gained by considering multiple invasion metrics simultaneously
within the same investigation (Kennedy et al. 2002, Stohlgren et al. 2003, Guo and
Symstad 2008, Catford et al. 2012, Iannone et al. 2015). For instance, we found evi-
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dence that the effects of phylogenetic divergence on both invader establishment and
dominance (i.e. richness and cover, respectively) declines with increased environmental
harshness. In contrast, variability in environmental harshness only influenced the abil-
ity of phylogenetic divergence to affect invasive plant establishment and not invasive
plant dominance. Based on our findings, we would predict that, even if phylogenetic
divergence does not prevent invader establishment in a given area due to that area
exhibiting greater spatial variability in environmental harshness, it might still limit
invader dominance so long as the overall/mean environmental harshness of the area is
low. This insight is of practical importance given that invasive cover may reflect invader
impacts more than invasive species richness, potentially making it of greater relevance
to invasive plant management (Guo and Symstad 2008, Hillebrand et al. 2008).

Identifying the factors that affect the ability of PSC and PSV to contribute to inva-
sion resistance may also help to reveal how characteristics of evolutionary relationships
(e.g. divergence, branch lengths and species evenness) emerge under different environ-
mental conditions. For instance, both PSC and PSV limit invader establishment (as
estimated by invasive richness) to greater degrees in forests that are less harsh. There-
fore, the levels of environmental harshness found in a forest, by indirectly affecting
invader establishment, have the potential to affect future PSC and PSV values for that
forest. Therefore, our findings illustrate how knowing the phylogenetic relationships
within an ecological community can help to understand the conditions from which
these relationships emerge, i.e. the “phylogenetic-patterns-as-results utility” of known
phylogenetic relationships (Gerhold et al. 2015).

Conclusions

We found evidence that environmental harshness and, to a lesser degree, spatial varia-
bility in environmental harshness, affect the ability of more phylogenetically divergent
native tree communities to limit the establishment and dominance of invasive plants.
Therefore, through indirect pathways, these factors may affect short-term invasion pat-
terns and community-level change and, in so doing, affect the long-term characteristics
of evolutionary relationships. Nevertheless, these factors did not explain all variabil-
ity in phylogenetic-invasion relationships. Therefore, future investigations are needed.
Considering how other known drivers of invasion patterns, such as propagule pressure
and plant functional traits, as well as understorey native plant communities and forest
soils, contribute to variability in the degree to which phylogenetic divergence of na-
tive trees contributes to invasion resistance, will likely be beneficial. Also needed is the
determination of the component(s) of environmental harshness most contributing to
our findings and the mechanisms by which phylogenetic divergence amongst native
trees affects overall plant invasion. Controlled experiments replicated across our study
region would greatly help in this regard. Such considerations will increase our under-
standing of how the evolutionary relatedness amongst species in a given community
affects invasions and community change.
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