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Invasive species pose global threats to the environment, human health, and endemic species. Being
able to predict which species will become invasive, and which countries are vulnerable, helps prevent
species invasions before they occur. Current methods consider which environments a species
occupies in the native range and extrapolates this onto new regions. However, when species undergo
niche shifts they occupy different environments in the introduced range than those they occupied in
the native range. In this thesis | will combine statistical and empirical approaches to uncover what
processes lead to niche shifts, and provide a better understanding of how to predict species’
distributions in the presence of niche shifts. To accomplish this | consider three globally invasive

ruderal weed species: Rumex obtusifolius Linnaeus, R. crispus L., and R. conglomeratus Murray.

| begin by assessing where Rumex species undergo niche shifts globally. | found that Rumex species
undergo different niche dynamics in each of the three non-native regions considered. In New
Zealand, the climatic niche expanded towards warmer, wetter climates; in Australia, the niche was
largely conserved; and in North America the niche predominantly expanded into drier, less stable
climates. From here, | wanted to understand which variables were best at predicting species’
distributions both in the native and introduced range where the species were shown to have
undergone a niche shift. Here | considered land use, human-related, and hydrological non-climatic
variables. Whilst climatic variables are the most commonly used variables in predicting species’
distributions, | found that climate models often underperformed when compared to non-climatic
models. In particular, when projecting models from the native range onto the introduced ranges the
inclusion of climatic variables was detrimental to model performance. Utilising non-climatic
variables, such as human impact, resulted in more accurate model projections. Finally, | conducted a
large-scale common garden experiment in the introduced range to ascertain whether individuals

from the introduced range had evolved to occupy new niche space beyond what individuals from the



native range tolerate. Contrary to my expectations, | found that climatic niche shifts in Rumex species

are the result of preadaptation rather than rapid evolution.

This study is the first of its kind to consider niche shifts across multiple introduced regions and
provide experimental evidence of how species are capable of shifting their niches into non-analogue
climates. In this thesis | will provide new insights into how we assess niche shifts, and open new
avenues for future research. | suggest that we should first focus on better understanding the species’
fundamental niche, before assessing whether species have undergone rapid adaptation in new

regions.
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macroecology, niche expansion, invasive species, Rumex, weed, common garden, preadaptation,

rapid adaptation, fundamental niche, realised niche, evolution, climate change
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Figure 3.3

Figure 3.4

Figure 4.1

Figure 4.2

Figure 4.3

Figure B.1

climate variables. Error bars represent 95% confidence intervals. Note that some
error bars are jittered for better visualisation. .........ccccoeciiiiiiiii e, 60
Differences between MaxEnt predictions from a model using only climatic variables
and a model using only non-climatic variables. Values above 0 (blue) indicate the
climate model predicted higher probability of presence than the non-climatic model
and values below 0 (red) show areas which the climate model predicted lower
probability of presence. Values close to 0 (white) indicate areas of agreement
between the tWo MOdEl TYPES. ..coceviiiecee e e 62
Comparison of TSS scores between model projections from GB onto NZ for climate
only (square), non-climatic only (circle), and combined models (triangle). Combined
models trained and tested in NZ were shown as a comparison of performance. TSS
scores were calculated by comparing predictions to known presences in NZ and
randomly generated pseudo-absences. Points represent mean TSS score of a
particular species’ model with error bars displaying 95% confidence intervals.
Random generation of pseudo-absences was conducted 100 times to get both mean
values and 95% confidence intervals. TSS values range from -1-1 where values close
to O indicate a model is no better than chance.......cccccveviviiiiiicce e, 63
Examples of possible differences in performance between individuals from the native
and introduced ranges, when grown in the introduced range in climates both
analogous and non-analogous to those found in the native range. A) Individuals from
the introduced range have rapidly adapted to climates not found in the native range,
leading to greater performance in non-analogue climates. B) The species is pre-
adapted to both analogous and non-analogous climates resulting in no differences in
performance between individuals from the native and introduced ranges. C)
Individuals from the introduced range have adapted to increase performance across
all occupied climate space in the introduced range. D) Individuals from the
introduced range are maladapted to the introduced range, reducing performance
across all occupied Climate SPACE. ......oiiiciie e e 72
Comparison of fitness between the native (blue) and introduced (red) provenances at
each site, controlling for block and seedling maternal line. All comparisons display the
mean and 95% confidence intervals. Germination (A-C) was measured as the
proportion of seeds, out of 10, which germinated per individual. Survival (D-F) was
measured until harvest at the end of the second growing season. Fecundity (G-1),
measured using total seed mass collected from each plant, is displayed on a natural
log scale. Significant differences (as shown in Figure C.4) are displayed here as: S* -
significant site differences; P* - significant provenance differences; and SxP* -
significant site by provenance interaction. .........ccccovcveiiiiiiiee e 80
Integrated fitness of individuals from either the native (blue) or introduced (red)
provenance. Points represent the mean absolute fitness at either the analogue
(Southland) or non-analogue (Westland) field site, and error bars display 95%
confidence intervals. Integrated fitness is measured by the predicted number of
potential offspring per individual from either the native or introduced provenance at
each site. Potential offspring was calculated as germination rate*survival rate*total
number of seed produced, and was assessed for all sampled Rumex populations for
any given provenance. The top left panel displays the absolute fitness of all Rumex
species considered together, with the other panels showing results for individual

LYo 1= 1= PRt 81
Maps of GB (top row) and NZ (bottom row) displaying Rumex spp. occurrence data
(centre column) and sample bias layers (left and right columns). Panels on the left
side display the sample bias layer we used in our models which were made from
combined occurrence data for Rumex obtusifolius, R. crispus, and R. conglomeratus.
The central column displays the distribution of the occurrence data used to generate
the sample bias layer in the left column. The right column displays sample bias layers
calculated using data for all plants available on GBIF for GB and NZ. The sample bias
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Figure B.2

Figure B.3

Figure B.4

Figure B.5

Figure C.1

Figure C.2

layers shown on the left more accurately account for the sample bias shown in NZ.
Note that areas of intense sample bias on the bottom right map occur around cities,
namely Auckland, Christchurch, and Wellington, which are partially hidden behind
the outline of the country. The scale varies from 0.01-1 where 1 (red) displays the
most intensely sampled areas and 0.01 (white) indicates little to no sampling has

Lo Yol ol ¥ o Yo F PSPPSRI 146
Area under the receiver operating curve (AUC) scores for species’ distribution models
of Rumex spp. in both GB and NZ. AUC varies from 0-1, where 1 represents
completely accurate predictions, 0 represents completely inaccurate predictions, and
0.5 indicates model predictions are no better than chance alone. Models were run
using a combination of either only climate or non-climate variables, or a combination
of both climate and non-climate variables. Error bars represent 95% confidence
intervals. Note that some error bars are jittered for better visualisation. ................ 147
Average predictions of environmental suitability from 100 MaxEnt replicate runs for
each species (columns) and country (rows). Models were run for both GB (top row)
and NZ (bottom row). A) Predictions for models computed with only climatic
variables. B) Predictions for models computed with only non-climatic variables. C)
Predictions for models computed with both climatic and non-climatic variables.....150
Average response curves of MaxEnt models created using only the corresponding
variables. These plots reflect the dependence of predicted suitability both on the
selected variable and on dependencies induced by correlations between the selected
variable and other variables. Response curves are shown for: Rumex obtusifolius GB
(A) and NZ (D) models; R. crispus GB (B) and NZ (E) models; and R. conglomeratus GB
(C) and NZ (F) models. The red line shows the response curve of the average model,
and the blue error bars show the variation in response curves between the 100
replicate MaxEnt models. For all plots variable names are abbreviated where:
“herb_shrub” = Proportion of Herb or Shrubland, “human” = Human Footprint,
“hydro” = Hydrological, “maxtemp” = Mean temperature of the warmest month,
“mintemp” = Mean temperature of the coldest month, “precip” = Mean precipitation
of the wettest month, “sunhrs” = Median sunshine hours. lllogical values such as the
lower bound of GB cattle density being “-1” represent an arbitrary value denoting no
information was available for that cell.......c.coiiiiriiii e 162
Plots show projected predictions of habitat suitability for models trained in GB and
projected onto NZ. These predictions are the average prediction of 100 replicated
MaxEnt runs utilising bootstrapping. A) Models trained using only climatic variables.
B) Models trained using only non-climatic variables. C) Models trained using both
climatic and non-climatic variables. .........cccoiiiiriiiinii 165
Principal component analysis (PCA) showing available climates for all locations in the
native range (blue), NZ (red), and the UK (black). The top two principal components
explain >99% of the variation across 17 WorldClim variables for the native range and
NZ. The white triangle denotes the location of our Southland field site in analogue
space, i.e. where climates for the native range and NZ overlap. The white circle
denotes the location of our Westland field site in non-analogue space. PC1 broadly
corresponds to a temperature gradient, and PC2 to a precipitation gradient. The
climates of the UK broadly overlap the available analogue climate space between the
NALIVE raNEE AN NZ.....ooeiii et e e e e e rre e e e e e s e s nabaeeeeeeeeeannnes 167
Block design at each site. Each block was roughly 12m long and 9m wide, created
using 18m rolls of weed cloth secured together by a combination of plastic and metal
pegs. Each block had space for 360 individual plants, spaced 0.5m apart. 32
germination trays were arranged around the outside of the block, with 12 trays along
each length and 4 trays along each width. Germination trays each contained seeds
from 2 populations separated by weed cloth. Each population in a germination trays
had seeds from 5 individuals, with 10 seeds from each individual, arranged along
colour code sections of the tray for easy identification. The same colour codes were
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Figure C.3

Figure C.4

Figure C.5

Figure D.1

Figure D.2

Figure D.3

used for individual plants within the block by placing painted bamboo stakes at each
potential plant location. To place trays and plants within the block, holes were cut
into the weed cloth at the specific location. Holes for individual plants were only cut
when transplanting the seedling to avoid reducing the integrity of the weed cloth and
inviting unwanted weeds to germinate. Regular maintenance was required at blocks
to repair stretches of weed cloth that were damaged.........cccceeeecivieecciieeecciiee e, 168
Top - Principal component analysis (PCA) showing available climates for all locations
in the native range (blue), NZ (red). The top two principal components explain >99%
of the variation across 17 WorldClim variables for the native range and NZ. The black
triangle (Southland) and circle (Westland) indicate the climates experienced by our
field sites during the years the experiment was conducted. The field sites

experienced the expected climates with Southland being in analogue climate space
and Westland being in non-analogue climate space. Bottom — PCA loadings indicate
that this environmental space is driven primarily by two variables. PC1 is explained
almost entirely by Temperature Seasonality, whereas PC2 is explained predominantly
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Coefficient plots showing the effect size of differences between individuals from each
site, provenance, and interaction between site and provenance (where applicable).
When non-significant, the site by provenance interaction term was removed from
models. Plots for germination (A-C), survival (D-F), and total seed produced (G-I) are
shown for the three species R. conglomeratus, R. crispus, and R. obtusifolius. Empty
dots show non-significant effects, i.e. where the 95% confidence interval overlaps O,
and filled dots show significant effects. .......ccccoveereciiii e 171
Cook’s D plot (top) showing the influential observations in Rumex crispus survival
data. Coefficient plot (bottom) shows that both provenance and site are significant
factors, i.e. the 95% confidence intervals do not overlap 0. When influential
observations are removed (Figure 4.3E), differences attributed to provenance
become non-significant. The influential observations are 3 data points attributed to a
single maternal line, collected in Canterbury NZ. All seeds harvested from this
individual that germinated died during the experiment. ........cccccecvevieicieeeciciiee e, 172
Principal component analysis (PCA) showing available climates for all locations in the
native range (blue), NZ (red), and the UK (black). The top two principal components
explain >99% of the variation across 17 WorldClim variables for the native range and
NZ. The white square and triangle denote the locations of our Lincoln and Southland
field sites respectively, both in analogue space; i.e. where climates for the native
range and NZ overlap. The white circle denotes the location of our Westland field site
in non-analogue space. PC1 broadly corresponds to a temperature gradient, and PC2
to a precipitation gradient. The climates of the UK broadly overlap the available
analogue climate space between the native range and NZ. .......cccocovveivciieeiicineeenns 175
A Rumex crispus individual with evidence of sheep browsing. The white line roughly
shows the height at which browsing occurred. All foliage and flowers were removed
from stems within browsing height of the sheep. The browsing height is estimated to
be roughly 1.5m. This unexpected herbivory could affect plant survival and seed
production thereby affecting the results of the experiment. ..........ccccccveieeeieeennnee. 176
Coefficient plots showing the effect size of differences between individuals from each
site, provenance, and interaction between site and provenance (where applicable).
When non-significant, the site by provenance interaction term was removed from
models. Plots for germination (A-C), survival (D-F), and total seed produced (G-I) are
shown for the three species R. conglomeratus, R. crispus, and R. obtusifolius. Thick,
inner, error bars show 1 standard deviation, and thinner, outer, error bars show 2
standard deviations from the mean. Significance is determined by Wald’s Chi Squared
tests, explained in the main text, but can be roughly assumed where error bars do
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Figure D.4 Principal component analysis (PCA) showing available climates for all locations in the
native range (blue) and NZ (red). The top two principal components explain >99% of
the variation across 17 WorldClim variables for the native range and NZ. The black
square and triangle denote the actual climates experienced over the course of the
experiment at our Lincoln and Southland field sites respectively, both in analogue
space; i.e. where climates for the native range and NZ overlap. The black circle
denotes the climates experienced at our Westland field site in non-analogue space.

PC1 broadly corresponds to a temperature gradient, and PC2 to a precipitation
gradient
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Chapter 1

General Introduction

Plants transported beyond their native range by humans can have profound impacts on their new
environments (Hulme, 2020; Weidlich et al., 2020). Introduced plants can outcompete native species
for resources (Buerdsell et al., 2021; Funk, 2013; Matzek, 2011), introduce novel diseases (Goss et
al., 2020; Pimentel et al., 2001), and disturb the community making it easier for more introduced
plants to establish (Green et al., 2011; Prior et al., 2014). Introduced plants can cause direct negative
consequences for human health (Mazza et al., 2014) and communities (Booy et al., 2017; McLean,
2010; Seawright et al., 2009). Agriculturally, introduced plants compete with crops for water, light,
and nutrients (Spitters & Van Den Bergh, 1982), reduce pasture yield by replacing productive pasture
species (Tozer et al., 2011), and are difficult to remove (Broadfield & McHenry, 2019). As a result,
estimates have suggested that the cost to the New Zealand (NZ) agricultural industry from
introduced weeds and weed control is at least NZD 1.7 billion annually (Saunders et al., 2017). Whilst
humans have been both directly and indirectly transporting plant species beyond their native ranges
for millennia, the modernisation of trade and transport routes has dramatically accelerated this
process (Hulme, 2009). The increased pace of plant invasions, and negative effects that occur post-

invasion, motivate us to predict where successful introductions will occur.

Current methods of predicting the distributions of introduced species generally rely on
characterising the species’ niche (Bradley et al., 2008, 2012; Bradley, Blumenthal, et al., 2010;
Bradley, Wilcove, et al., 2010; Broennimann et al., 2007; Chapman et al., 2019; Early & Sax, 2014;
Petitpierre et al., 2012, 2017; Srivastava et al., 2019). The niche is the set of environments in which it
can, on average, experience a population growth rate greater than or equal to 0 (Godsoe, 2010;
Holt, 2009; Hutchinson, 1957). In other words, the species’ niche is the set of environments under
which species can establish and thrive. One way to characterise a species’ niche involves looking at
where it occurs and describing the environmental attributes of those locations. Many methods focus
on the range of climates species occupy, otherwise known as the climatic niche (Atwater et al., 2018;
Bradie & Leung, 2017; Bradley et al., 2008; Broennimann et al., 2007; Chapman et al., 2019; Early &
Sax, 2014; Gallagher et al., 2010; Petitpierre et al., 2012, 2017; Srivastava et al., 2019). The climatic
niche is particularly useful when predicting distributions at continental scales, where the climates a
species can tolerate dictate their large-scale distributions (Ashcroft et al., 2011; Petitpierre et al.,

2017). Often forecasts of the distribution of introduced species rely on the assumption that the
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climatic niche a species occupies in the introduced range will be the same as the climates it occupies
in the native range, known as climatic niche conservatism (Atwater et al., 2018; Bradley et al., 2012;
Bradley, Blumenthal, et al., 2010; Bradley, Wilcove, et al., 2010; Chunlong Liu et al., 2020b;

Petitpierre et al., 2012).

Unfortunately introduced species frequently occupy climates dissimilar to those found in the native
range, a phenomena known as a climatic niche shift (Atwater et al., 2018; Atwater & Barney, 2021;
Christina et al., 2019; Comte et al., 2017; Gallagher et al., 2010; X. Liu et al., 2017; Silva et al., 2016;
Tingley et al., 2014). Niche shifts are unfortunately difficult to define, with many studies using vague
descriptions (Atwater et al., 2018; Atwater & Barney, 2021), whilst others attempt to impose stricter
yet ultimately controversial definitions (Chunlong Liu et al., 2020b; Petitpierre et al., 2012). In this
thesis niche shifts are generally defined as the niche in the introduced range being significantly
dissimilar to that in the native range, described using metrics of overlap or expansion. Liu et al.
(2020b) suggest that niche shifts are rare across taxa, however other studies have suggested they
may but common in introduced plants (Atwater & Barney, 2021; Atwater et al., 2018; but see -
Petitpierre et al., 2012). Nevertheless, little is currently known about which species are likely to shift
their niche or why niche shifts occur (Lantschner et al., 2019). For example gorse, Ulex europaeus,
occupies warmer areas in Australia and South America than in its native range (Christina et al.,
2019), but the cause of this climatic niche shift is unknown. Furthermore, studies investigating niche
shifts tend to compare only two regions, the native range and an introduced range (Atwater et al.,
2018; Early & Sax, 2014; Petitpierre et al., 2012). This approach unfortunately provides little
information on the consistency of niche shifts, particularly whether species that have undergone
niche shifts tend to do so in all the ranges in which they are introduced. If a species consistently
undergoes niche shifts when introduced in different climates across the world we can use this
information to predict how its range limits will shift in a new region. Furthermore, this analysis could
provide insight into whether regions with certain climates are more vulnerable to species invasions

than others.

The presence of climatic niche shifts may indicate that climate is not the limiting factor of species’
distributions at their niche limits (Benning & Moeller, 2019). Human mediated dispersal along trade
routes is a prominent driver of plant species introductions (Essl et al., 2020; Hulme, 2020; Seebens et
al., 2018), and thus where human influence is high the likelihood of species introductions will also
increase (Kotodziejek & Patykowski, 2015; Pysek et al., 2010; Redpath & Rapson, 2015; Venter et al.,
2018). Furthermore, environments disturbed by human activity are more vulnerable to the

establishment of introduced plants compared to undisturbed environments (Kotodziejek &
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Patykowski, 2015; Pysek et al., 2010; Redpath & Rapson, 2015). Both biotic (Jones & Gilbert, 2016)
and non-climatic environmental factors can influence species’ distributions, such as soil type
(Mahgoub, 2019), topography (Bello et al., 2013), and hydrology (Bradie & Leung, 2017). Therefore
non-climatic variables rather than climate may be more reflective of introduced plant distributions in
the introduced range and may better predict their potential future distributions (Bradie & Leung,
2017; Gardner et al., 2019). Non-climatic variables have been shown to be useful in a number of
studies utilising species distribution models (SDMs; Bello et al., 2013; Bradie & Leung, 2017; Gallien
et al., 2015; Gardner et al., 2019; lturrate-Garcia et al., 2016). Unfortunately they are rarely
considered when assessing niche shifts (Atwater et al., 2018; Early & Sax, 2014; Lantschner et al.,
2019; Petitpierre et al., 2012). It is possible that utilising non-climatic variables in SDMs may help us
make stronger predictions of species’ distributions and interpret observed climatic niche shifts more

diligently (Roura-Pascual et al., 2011).

When species move to a new region they can shift their niches into both climates that are equivalent
to those in the native range (analogue climates) or climates not found in the native range (non-
analogue climates) (Guisan et al., 2014). When species establish in non-analogue climates, known as
niche pioneering (Atwater et al., 2018), the traditional methods of predicting their distribution based
on the climatic niche in the native range provide incomplete information on how species will react to
the new climates (Guisan et al., 2014; Petitpierre et al., 2012). At present it is unclear if niche shifts
in non-analogue climates are the result of evolution in the introduced range or simply preadaptation
to climates previously unreachable (Anderson & Song, 2020; Atwater et al., 2018; Petitpierre et al.,
2012; Webber et al., 2012). As such, the implications of niche shifts into non-analogue climates are
often ignored (Chunlong Liu et al., 2020b; Petitpierre et al., 2012; Webber et al., 2012).
Understanding whether niche shifts into non-analogue climates represent rapid evolution in the
introduced range or simply preadaptation will help clarify this issue and dictate the course of niche

shift research in the future.

If species are evolving to meet the requirements of the introduced range this may constitute a shift
in the fundamental niche, i.e. the set of all abiotic environments a species could tolerate once
dispersal limitations and biotic interactions are removed (Soberdn, 2007). However if species are
shifting their niche into climates they’re preadapted to it would only constitute a shift in the realised
niche. The realised niche is the subset of the fundamental niche in which the species is actually
present. Most current methodologies are correlative, only considering the realised niche, which
makes it difficult to quantify the fundamental niche (Banerjee et al., 2017; Dreyer et al., 2019;

Guisan et al., 2014; Webber et al., 2012). However if we can better quantify the fundamental niche
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of a species we can determine whether a climatic niche shift is the result of preadaptation or rapid
evolution to non-analogue climates. Unfortunately characterising the fundamental niche is difficult,
requiring experiments of environmental tolerances. Such experiments are logistically challenging

and difficult to complete for all species that may potentially be introduced.

Some have argued that rapid evolution is the most likely explanation for expansion into new
climates in the introduced range (Boheemen et al., 2019; Dlugosch & Parker, 2008a, 2008b; Grant &
Kalisz, 2020; Hulme & Barrett, 2013; Luo et al., 2019; Maron et al., 2004; Wan et al., 2020).
Introduced plants, such as Spartina alterniflora Loisel, have been shown to have evolved greater
fitness in the introduced range compared to the native range (Liu et al., 2020). This greater fitness in
the introduced range may allow the introduced populations to tolerate different climates than those
of the native range, leading to a climatic niche shift (Matesanz et al., 2014; Sultan & Matesanz,
2015). Similarly, rapid evolution has been observed in species such as Polygonum cespitosum Blume
which evolved greater physiological plasticity and increased reproductive output in response to the
higher sunshine hours of its North American introduced range (Sultan et al., 2013). If climatic niche
shifts are primarily caused by rapid evolution in the introduced range it would suggest that species
capable of rapid adaptation, such as those with short generation times, are more likely to experience
climatic niche shifts (Barraclough, 2015; Bradley, Blumenthal, et al., 2010; Friedman, 2020; Grant &
Kalisz, 2020; van Kleunen, Bossdorf, et al., 2018). Furthermore, if climatic niche shifts are primarily
caused by rapid evolution in the introduced range, our current methods of projecting the species

range may have limited applications in predicting the distribution of introduced species.

However, others have argued that species are more likely preadapted to the climates they are
shifting into and that climatic niche shifts are restricted to changes in the realised niche, meaning
other factors limit their distribution in the native range (Cadotte et al., 2018; Dlugosch & Parker,
2007; Early & Sax, 2014; Gonzalez-Moreno et al., 2015; Parker et al., 2003). Species native to areas
with strict dispersal limitations through geographic barriers, such as mountains or islands (Alexander
& Edwards, 2010), or non-climatic environmental requirements, such as land use or hydrology
restrictions (Bradie & Leung, 2017), would likely show preadaptation to climates beyond their native
range limits. Similarly, species may be preadapted to climates beyond their native range if their
range is restricted by biotic factors such as the distributions of pollinators (Chen et al., 2018; Gigante
et al., 2020; Warren et al., 2010), herbivores (Lau et al., 2008), or mutualists (Lopez et al., 2020). The
absence of non-climatic variable interactions from the native range or presence of new non-climatic
variable interactions in the introduced range may allow species to expand their realised niche in the

introduced range, leading to a climatic niche shift. If preadaptation to new climates is the primary
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driver of climatic niche shifts it would mean we need to focus on better quantifying the species’
fundamental niche. Nonetheless, projections of the species’ niche in the introduced range may still
help us predict climatic niche shifts. Whether this can be accomplished by utilising non-climatic

variables in models is yet to be determined.
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1.1 Study species

This thesis utilises three perennial herbaceous weed species: Rumex obtusifolius L., Rumex crispus L.,
and Rumex conglomeratus Murray. These Rumex spp. are ruderals typically colonising open,
disturbed environments associated with human activity, including pastures (Cavers & Harper, 1964,
1966; Grime et al., 2007; Holm et al., 1997; Lousley & Kent, 1981). They are native to Eurasia but
have been spread across the world at least as early as the 16th century (Vibrans, 1998) and have
colonised every continent except Antarctica (Cavers & Harper, 1964; Holm et al., 1977; Lousley &
Kent, 1981). All three species were introduced to New Zealand (NZ) as agricultural seed
contaminants and have subsequently established and spread (Grossrieder & Keary, 2004; Halsted,

18809; Zaller, 2004).

Where these species have been introduced they infest pasture and reduce pasture yield (Cavers &
Harper, 1964; Grime et al., 2007; Harrington et al., 2014). They are unpalatable (Cavers & Harper,
1964; Grime et al., 2007), hence many grazing animals avoid consuming them, allowing populations
to spread through pastureland unless management practises are implemented. Broad-scale
management of Rumex spp. is difficult, with seed able to survive in the seedbank for years (Cavers &
Harper, 1966; Foster, 1989; Totterdell & Roberts, 1979). Individual plants can survive grazing or
mowing, and plants readily regenerate through taproot fragments (Alshallash, 2020; Weaver &
Cavers, 1980). Rumex spp. are a particular nuisance in NZ as it’s agricultural sector is proportionally
larger than that of other countries, with >6% of NZ GDP coming from agriculture in 2015 (New
Zealand Economic and Financial Overview 2016, 2016) compared to only ~0.5% UK GDP for the same
year (Contributions of UK Agriculture FINAL REPORT, 2017). A large proportion of NZ is pasture
(Walker & Lee, 2000; Chapter 3) which provides an ideal environment for Rumex spp. to establish
and spread through seed stock contamination or by agricultural machinery (Stefano Benvenuti,
2007; Grossrieder & Keary, 2004; Halsted, 1889; Zaller, 2004). Furthermore, Rumex spp. in NZ have
been shown to develop greater seed production than in the native range without compromising

seed size due to an increase in available resources (Bufford & Hulme, 2021).

Rumex spp. are ideal candidates to test whether they have evolved adaptations to climates in the
introduced range. They are short lived, capable of demonstrating annual, biennial, or perennial life
strategies, however tend to reproduce annually if conditions are favourable (Cavers & Harper, 1964;
Grime et al., 2007). They have not been the subject of horticultural selection which could affect their
invasiveness or climatic tolerances (Kitajima et al., 2006). These species have a long history of

introductions, and as such have likely reached climatic equilibrium in their introduced ranges.
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Despite the broad range of climates available in their native range, the ranges they have been
introduced to possess novel climates which may require adaptations to establish in. Their short
lifespan combined with their long invasion history and lack of artificial selection make them likely

candidates for detecting possible evolutionary adaptations to new climates.

By studying three closely related species | can determine whether climatic niche shifts are common
among congeners, and see if climatic niche shifts cause divergences in species’ distributions among
closely related species. Some studies have considered niche shifts among multiple congeners only
descriptively (Finch et al., 2019; Klonner et al., 2017; Wan et al., 2019; You et al., 2018), with others
either combining data from similar species (Atwater et al., 2018) or assessing congeners only as part
of a much wider species pool (Dullinger et al., 2017; Early & Sax, 2014). Therefore, this thesis aims to
more thoroughly examine the extent of climatic niche shifts among congeners than previously done.
Although these Rumex species are closely related, they still possess different microhabitat
requirements, with varying preferences for soil pH, moisture, and nitrogen content (Grime et al.,
2007; Hill et al., 1999; Lousley & Kent, 1981). These differences may well encourage diverging
adaptations between species in the introduced region, or may suggest factors other than climate
largely constrict their niche. Rumex spp. are well studied in the native and introduced ranges, and as

such | have access to more high quality distribution data than is typically available.

Furthermore, Rumex spp. are amenable to experimentation because they are short-lived, already
widespread across their introduced ranges, and are not subject to controls or removal campaigns.
They can also be controlled with herbicide and routine maintenance. These traits allow them to be
responsibly planted beyond their native range. For these reasons Rumex spp. can provide us with
information which could be extrapolated to other introduced plant species. By employing Rumex
spp. | can utilise their abundant high quality presence data to combine correlative SDM approaches
with empirical experiments to deeply examine the climatic niche shifts of an introduced nuisance

plant.
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1.2 Thesis objectives

My thesis seeks to understand where and why niche shifts occur. To do this | will first examine
whether three related Rumex species show consistent niche shifts across multiple introduced ranges
(Chapter 2). In this analysis | aim to determine whether we can use information from a niche shift in
one region to help predict whether a species will shift its niche in other introduced ranges. We
currently have many examples of a niche shift between the native range and a single introduced
range (Atwater et al., 2018; Early & Sax, 2014; Petitpierre et al., 2012; Tingley et al., 2014). If niche
shifts in individual plant species move consistently towards certain climates then information from

one range could be utilised to improve predictions into other ranges.

In Chapter 3 | will examine whether the variables that most accurately predict Rumex species’
distributions are consistent between the native and introduced ranges, and evaluate whether data
from the native range can accurately predict the species’ distribution in the introduced range. To do
this | will contrast the accuracy of predictions generated using climatic variables with those using
non-climatic variables. The findings from this analysis will provide us with a better understanding of
which variables best predict the distributions of introduced plant species. If these are different
between the native and introduced ranges it may suggest species are limited by different factors in
the introduced range. Models of data from the native range will then be projected onto the
introduced range and compared with models from the introduced range. This analysis will assess the
accuracy of models projected from the native range of species that undergo niche shifts, and which

variables provide the most accurate predictions.

Finally, in Chapter 4 | will test for preadaptation of Rumex species to the introduced range using a
large scale common garden experiment. This can help determine the underlying cause of niche shifts
for introduced species, particularly into climates not available in the native range. The findings of
this field experiment will suggest whether niche shifts into non-analogue environments are
fundamental niche shifts, where species adapt to new environments, or realised niche shifts, where

species are preadapted to these environments prior to introduction.
In summary, | aim to determine whether:

1. Niche shifts within Rumex species are consistent across multiple introduced ranges in

magnitude and direction.

2. Non-climatic factors can better predict the distributions of Rumex species which have

undergone niche shifts and in non-analogue climates.
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3. Niche shifts into non-analogue climates are the result of preadaptation or rapid evolution in

the introduced range.

Together, the findings of this thesis will not only contribute to the environmental niche modelling
literature, but also better inform stakeholders of how to predict the establishment and spread of

introduced species.
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Chapter 2

Global assessment of climatic niche shifts in three Rumex species

2.1 Introduction

Attempts to predict the establishment of introduced plants in new regions have commonly assumed
species inhabit similar environments across the globe, usually termed climatic niche conservatism
(Bradley et al., 2012; Bradley, Blumenthal, et al., 2010; Bradley, Wilcove, et al., 2010). A species’
realised climatic niche is the set of climates a species currently occupies and in which it experiences
stable or positive population growth (Atwater et al., 2018; Holt, 2009; Hutchinson, 1957), and niche
conservatism occurs when a species inhabits that same niche in both the native and introduced
range (Petitpierre et al., 2012). However, studies have revealed shifts in the climatic niche between
introduced and native ranges across many taxa and environments (Atwater et al., 2018; Christina et
al., 2019; Comte et al., 2017; Liu et al., 2017; Silva et al., 2016; Tingley et al., 2014). Niche shifts can
occur when species occupy new climates in the introduced range that are either available but
unoccupied in the native range (expansion) or unavailable in the native range (pioneering), or by
failing to occupy climates in the introduced range that are occupied in the native range (unfilling)
(Atwater et al., 2018; Guisan et al., 2014). Where climatic niche shifts occur between the native and
introduced range, the question remains whether, for any one species, such shifts are predictable and
consistent in both direction and magnitude across different regions of the world. A better
understanding of when niche shifts are consistent will make it easier to predict the establishment
and future range dynamics of introduced species. To date, most studies have focused on shifts
between only two regions (Atwater et al., 2018; Early & Sax, 2014; Gallagher et al., 2010; Petitpierre
et al., 2012), or consider the transferability of species distributions between ranges in the absence of
climatic niche shifts (Fernandez & Hamilton, 2015; Chunlong Liu et al., 2020a; Randin et al., 2006;
Soberén & Peterson, 2011). Currently the transferability of introduced plant species distributions
which undergo climatic niche shifts has been little explored (Datta et al., 2019; C.-J. Wang et al.,
2017), however has been assessed for some animal species (Hill et al., 2017; Pili et al., 2020; Silva et

al., 2016).

When comparing niche shifts across multiple ranges there are a number of potential outcomes
(Figure 2.1). Firstly, a species may consistently shift into certain climates across all observed ranges
(Figure 2.1A). Consistent niche shifts across ranges may be expected in species with strong

tolerances to particular climates or when its native range does not fully encapsulate its fundamental
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tolerances. This would suggest that the species is either pre-adapted to, or able to rapidly adapt to,
specific climates. Silva et al. (2016) showed that independent invasions of a dung beetle,
Onthophagus taurus, all expressed niche shifts towards more humid climates than those occupied in
the native range. Alternatively we may see idiosyncratic patterns in the direction of niche shifts, with
the species shifting in different directions across regions (Figure 2.1B), or experiencing niche shifts in
some regions but niche conservatism in others (Figure 2.1C). In this instance it may suggest species
are able to rapidly adapt to some climates, but struggle to adapt to others. This could also indicate
that non-climatic factors in the introduced range are facilitating a niche shift, or that a niche shift
represents an escape from non-climatic factors which restrict the species’ niche in some ranges
(Bulleri et al., 2016). For example gorse, Ulex europaeus, occupies warmer areas in Australia and
South America than in its native range, yet cooler areas in North America, but the mechanisms
behind these niche shifts are unknown (Christina et al., 2019). Alternatively, niche shifts may be
inconsistent in magnitude, where niche shifts in two independent regions could both be towards
similar climates, but may be more extreme in one introduced region than the other. Variations in
magnitude of a niche shift would amplify the difficulty in predicting the climatic thresholds a species
may be able to tolerate, and subsequently which areas are susceptible to establishment.
Inconsistent niche shifts across ranges may be expected in species which have a propensity for rapid

adaptation, or have broad climatic tolerances but are limited by available climates.

It is currently not well understood whether closely related species show consistency across niche
shifts. Previous niche shift studies have usually looked at a single species (Christina et al., 2019; Silva
et al., 2016; Tingley et al., 2014), or considered multiple species without accounting for taxonomy
(Atwater et al., 2018; Olivier Broennimann et al., 2012; Early & Sax, 2014), but comparisons of
closely related species would provide new insights into whether they experience consistency in
niche shifts across regions. Studies of multiple species within a similar functional group are required
to compare whether species show similar responses across regions, or whether species responses
are idiosyncratic. If closely related species share a similar climatic niche, and experience niche shifts
consistently, we may conclude that common factors, such as climate availability, in the introduced
region may be a larger driver of niche shifts than individual species’ attributes. If this is the case then
data from related species could be used to supplement our knowledge of the species niche, and
potentially aid in predicting shifts (Smith et al., 2019). We could then use the presence of a known

species to make strong inferences about where a related species could potentially spread.
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Figure 2.1 Possible niche shift scenarios between regions. Axes represent two different

environmental gradients across which a niche shift could be observed. Areas occupied
in a species’ native range (N) are shown by the green shaded circle; areas occupied in
two different introduced ranges (I, and I,) are shown by the purple and orange circles
respectively. A) Niche shifts are consistent across independent ranges. B) Niche shifts
are inconsistent across independent ranges. C) Niche shifts occur in some ranges,
whilst the niche is conserved in others. D) Two niche dynamics that lead to niche
shifts are shown. Niche expansion (blue) refers to areas of analogue, or overlapping,
climate space between the native and introduced ranges that are only occupied in the
introduced range. Niche unfilling (red) refers to areas of analogue climate space that
are only occupied in the native range. Dashed circles denote available climate space

for the native range (green) and introduced range (purple).
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In this chapter | will test whether climatic niche shifts are consistent across regions for three closely
related, globally invasive, herbaceous species. Specifically | will ask: Do species shift their niches in
multiple introduced ranges? Do species shift their niches in the same direction across regions? Are
climatic niche shifts consistent across closely related species? | expect that species with broad
environmental tolerances or widespread distributions will be able to undergo climatic niche shifts in
independent ranges, constrained mainly by the available climates. Widespread species may be likely
to undergo niche shifts into non-analogue climate space, as their native range is unlikely to possess
all climates that would be suitable for these species (Atwater et al., 2018). Less widespread species
with more restrictive climatic tolerances will be more likely to exhibit niche conservatism (Petitpierre
et al., 2012), however if niche shifts are observed they would likely be consistent across ranges.
Alternatively, less widespread species may experience unexpected niche shifts if their distribution in
the native range is otherwise constrained by dispersal limitations, biotic, or non-climatic abiotic
factors (Early & Sax, 2014). Finally, | expect that closely related species that occupy similar climates
would likely experience similar niche shifts, allowing information from the distribution of one species
to help inform others. With this analysis | hope to shed light on when and where niche shifts occur,

and whether the direction of niche shifts can be predicted.

27



2.2 Methods

2.2.1 Study Area and Species

Three common dock species were studied: Rumex obtusifolius L., R. crispus L., and R. conglomeratus
Murray. These species are all ruderals, typically colonising open, disturbed environments associated
with human activity, including pasture (Cavers & Harper, 1964, 1966; Grime et al., 2007; Holm et al.,
1997; Lousley & Kent, 1981). All three species are of Eurasian origin yet have been introduced and
established across the globe as agricultural seed contaminants (Figure 2.2; Holm et al., 1997; Holm
et al., 1979). Rumex spp. have been unintentionally spread for over five hundred years (Table 2.1;
Vibrans, 1998). Furthermore, data for these species are numerous in both the native and introduced
ranges, making them ideal candidates for large scale climate matching analyses. Despite the wide
variety of ecoregions Rumex spp. inhabit (Olson et al., 2001) they generally occupy similar habitats
across the globe, indicating that any possible niche shifts would likely be driven by climate rather
than habitat limitations (Figure 2.2; Cavers & Harper, 1964; Grime et al., 2007; Holm et al., 1997;
Lousley & Kent, 1981).

Rumex spp. are short lived and capable of demonstrating annual, biennial, or perennial life
strategies, however tend to reproduce annually if conditions are favourable (Cavers & Harper, 1964;
Grime et al., 2007). Their long invasion history suggests they are likely to have reached climatic
equilibrium in their introduced ranges, and that sufficient generations have passed for adaptations
to new climates to develop (Table 2.1; Vibrans, 1998). As such, it stands to reason that Rumex spp.
have had ample opportunities for niche shifts to occur. Rumex spp. were not deliberately introduced
for agricultural or horticultural purposes, and as such have not been subjected to artificial selection
which may affect their invasiveness or climatic tolerances (Kitajima et al., 2006). Therefore any niche

shifts observed are likely due to natural processes.

These congeners all prefer open environments with minimal shading, nitrogen rich soils, and can
tolerate either weakly acidic or basic soils. They are capable of hybridising with one another (Cavers
& Harper, 1964; Holm et al., 1979; Lousley & Kent, 1981) and share broad environmental tolerances
(Grime et al., 2007; Hill et al., 1999; Lousley & Kent, 1981). Despite this, small differences in
environmental tolerances are observed between species, with R. obtusifolius in particular able to
tolerate extremely nutrient rich or polluted soils and waterways (Grime et al., 2007). Rumex
conglomeratus has a smaller range size and is restricted to more mild temperatures and wetter

habitats such as along waterways (Hill et al., 1999; Lousley & Kent, 1981). In comparison, R.
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obtusifolius and R. crispus can tolerate cooler, drier climates, with their native distributions

extending to the Arctic Circle (Hultén E, 1950).

We modelled these species’ niches across the native range, predominantly in Europe, and 3 regions
where the species are recorded as naturalised introduced species by national organisations and the
Global Invasive Species Database (Invasive Species Specialist Group, 2019): western North America
(USDA & NRCS, 2019), south-eastern Australia (Atlas of Living Australia, 2019), and New Zealand
(New Zealand Plant Conservation Network, 2019a). These regions have an abundance of occurrence
records for all three species, a wide variety of climates, and a long history since the species were first

introduced (Table 2.1).
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Table 2.1 Number of usable records obtained for each region of interest and earliest known
date of record. Usable records were of sufficient identifying information, coordinate
precision, and were counted after spatial thinning.

No. ;
Region Species Earliest Reference
Records Record
R. conglomeratus | 21855 - -
Native Range R. crispus 47122 - -
R. obtusifolius 42417 - -
(Victorian Biodiversity Atlas,
R. conglomeratus 3717
1770 2019a)
Eastern (Victorian Biodiversity Atlas,
R. crispus 12242 1770
Australia 2019b)
(Australia’s Virtual Herbarium,
R. obtusifolius 627
1887 2019)
(New Zealand Plant Conservation
R. conglomeratus 202 1867
Network, 2019b)
(New Zealand Plant Conservation
New Zealand R. crispus 437 1832
Network, 2019c)
R. obtusifolius 651 1835 (Darwin & Keynes, 1835)
R. conglomeratus 103 1872 (Grant & Niezgoda, 2019)
Western North
R. crispus 2014 1822 (Gall, 2019)
America
R. obtusifolius 435 1550 (Vibrans, 1998)

30



Defining the Native range

| define the native range for each of these species as spanning Europe, the Middle East, and
Northern Africa (Figure 2.2). Multiple databases, including the Global Biodiversity Information
Facility (GBIF; GBIF.org, 2019) the Atlas Florae Europoaea (AFE, 1979), the Flora of Japan (FOJ; Flora
of Japan, 2019), Calflora (Calflora, 2019), Centre for Agriculture and Bioscience International (CABI,
2019), U.S. Germplasm Resources Information Network (USDA, 2019), and the Global Weed
Compendium (Randall, 2017), were consulted to determine where these species were classified as
native (Table A.1). Areas of continuous species occurrence contiguous with these regions were
likewise considered native, unless otherwise stated as a known introduction, as these occurrences
were considered likely to be naturally distributed from the same range. A literature search was

conducted to determine whether historical records indicated known introductions (Table A.2).

There is no consensus on whether Japan is part of the native or introduced range for R. obtusifolius
and R. crispus. Some sources include eastern Asia and Japan as part of the native range for R.
obtusifolius and R. crispus (Flora of Japan, 2019; USDA, 2019), while other sources consider the
species introduced there (Grossrieder & Keary, 2004; Makuchi & Sakai, 1984; Miyagi et al., 2010;
Nishida, 2002). Additionally, the available data for these species in Asia show a large geographic
distance between the European and Asian populations suggesting that they are likely to be
genetically isolated, or that there are large gaps in sampling. As a result, | do not consider Japan to
be part of R. obtusifolius and R. crispus’ native range. However, the analyses were repeated with the
inclusion of Japan as part of the native range of R. obtusifolius and R. crispus in order to see whether
this affected our results (Table A.5). Table A.1 displays a full list of the countries considered in this
study and whether | classified these Rumex species as native or introduced in that country. Rumex

conglomeratus is not considered native to eastern Asia by any of the assessed sources.
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Rumex obtusifolius T

Figure 2.2 Worldwide distribution of Rumex conglomeratus (top), Rumex crispus (middle) and Rumex
obtusifolius (bottom) records. Records span temperate and tropical zones. Records in brown were
used in our analyses, and records in grey are considered introduced but fall outside of the assessed
regions. Note that sources disagree on whether Japan is part of the native range for Rumex species,
hence I classified Japan as an introduced range. Background climates considered are displayed by

shaded minimum convex polygons: Native range — Teal; Western North America — Magenta; Eastern
Australia — Orange; New Zealand — Green.
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2.2.2 Data Collection

Species’ occurrence data

Occurrence records were collected for the three Rumex spp. from: GBIF, AFE, the Atlas of Living
Australia (ALA), the Early Detection and Distribution Mapping System (EDDMapS; University of
Georgia, 2019), Calflora, records georeferenced from targeted journals (Table A.2), and personal
collections in the UK and NZ. Due to the underreporting of Rumex spp. distribution records in New
Zealand, | examined New Zealand journals that commonly publish floristic inventories, using the
search term “Rumex” and checked all results for occurrence records. Records were georeferenced at
the highest possible resolution using Google Maps (google.com/maps). Table A.3 shows a

breakdown of the number of records obtained for each species, and associated databases.

Occurrence records were cleaned by removing records with missing or inaccurate coordinates and
records with coordinate uncertainties over 10,000m. Records were separated into the native range
and three introduced ranges and thinned by applying a 2.5 arc minute grid over the occurrence
points, and selecting one random point per grid cell using the R package GSIF (Hengl, Kempen,
Heuvelink, & Malone, 2014). Thinning the occurrence records was necessary to reduce geographic

sampling bias and remove duplicate results.

Climate data

To encompass variation in temperature and precipitation six of the 19 WorldClim (Booth, Nix, Busby,
& Hutchinson, 2014; worldclim.org) variables known to affect plant distributions were selected at a
2.5 arc minute resolution (Dullinger et al., 2017; Root et al., 2003). The six selected variables were:
temperature seasonality (BIO4), maximum temperature of the warmest month (BIO5), minimum
temperature of the coldest month (BIO6), precipitation seasonality (BIO15), precipitation of the
wettest quarter (BIO16), and precipitation of the driest quarter (BIO17). Both temperature
(Benvenuti et al., 2001; Cavers & Harper, 1964, 1966) and precipitation, through soil moisture
(Cavers & Harper, 1964), are of importance in determining plant species’ distributions at local scales
and using fewer, more biologically relevant variables, helps to make results more interpretable

(Fourcade et al., 2018).
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2.2.3 Niche Analysis

In order to assess whether the climatic niche of these species changed in their introduced range |
utilised the environmental principal component analysis (PCA-env) approach proposed by Olivier
Broennimann et al. (2012). This method corrects for sampling biases by applying a kernel density
smoother to estimate the density of occurrences. | adapted the standard approach by extracting
climatic data from minimum convex polygons (MCPs) fitted around all three species’ occurrence
points combined, for each region, as opposed to each species individually. This allowed us to
compare all three species within the same climatic boundaries and provided clearer comparisons
between species. Following methods developed by Silva et al. (2016), a buffer zone of 1 decimal
degree (~111km at the equator) was added around species’ presences and MCPs were fitted around
this area for each assessed region (Figure A.1). In order to reduce the number of variables to two,
which the PCA-env approach requires, | performed a principal component analysis (PCA) on the
climate data and used values of the PCA axes at the species’ known occurrence points to calculate
the conditions that are occupied by the species in each range. Following guidelines from Guisan et al.
(2014) and amended by Silva et al. (2016), | performed pairwise comparisons between all three

introduced ranges.

In order to determine whether climatic niche shifts occurred between the native and introduced
ranges, comparisons were made between the available environmental conditions of each of the
three introduced ranges and the native range, following metrics suggested by Guisan et al. (2014).
The observed niche overlap in each comparison was calculated using Schoener’s D (Olivier
Broennimann et al., 2012; Schoener, 1970; Warren et al., 2008), a metric which varies from 0,
indicating the greatest possible distance between the predicted occurrences of each range (no niche
overlap), and 1, indicating no differences (complete niche overlap). | calculated niche similarity to
determine whether the niches in the native and introduced ranges are more or less similar than
expected by chance given their available climates (Aguirre-Gutiérrez et al., 2015; Warren et al., 2008,
2010). Significant values of niche similarity between the native and introduced ranges indicate the

niches are more similar than expected by chance, and hence are good predictors of one another.

Proportions of niche expansion and niche unfilling were calculated to determine in what dimensions
the niches of the native and introduced ranges are dissimilar to one another (Guisan et al., 2014).
For consistency with other studies, | considered observations in analogue and non-analogue climates
separately (Atwater et al., 2018; Guisan et al., 2014; Petitpierre et al., 2012). | define niche
expansion as the proportion of environmental space present in both the native and introduced

range, but only occupied in the introduced range, and niche unfilling as the proportion of
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environmental space present in both the native and introduced range, but only occupied in the
native range. Niche pioneering was defined as the proportion of occupied environmental space in
the introduced range which is only present in the introduced range. Using the values of these niche
metrics | determined whether a species’ niche shifted between the native and introduced ranges. |
further used the PCA output to determine the direction, and hence consistency, of the shifts in
climate space across regions for each species. The same methods were then applied across species
within each region individually to detect differences between the occupied climate spaces of each
species. All metrics were calculated using the ecospat package (Di Cola et al., 2017) in the statistical

software R version 3.5.1 (R Core Team, 2013).
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2.3 Results

2.3.1 Principal Component Analysis

The first two principal components explained 76.6% of the variation in the original six climate
variables (44.0% and 32.6% for PC1 and PC2 respectively) and | take these to represent the available
environmental space adequately. Increasing values of PC1 correspond to colder, wetter areas with
more seasonal variation in their temperatures, and less seasonal variation in precipitation.
Increasing values of PC2 indicate areas with greater wet-season precipitation and less seasonality in

their temperatures (Figure 2.3).
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Figure 2.3 A) Contributions of variables to the first two axes of the principal component

analysis. B) Direction of variables with respect to the first two principal components.
Direction of arrows indicates increasing values of corresponding variable. The first
two principal components represent the environmental space used for further niche
analysis. Some variable names are shortened for simplicity: Minimum Precipitation =
Precipitation of the driest quarter (BIO17), Maximum Precipitation = Precipitation of
the wettest quarter (BI016), Minimum Temperature = Minimum temperature of the
coldest month (BIO6), Maximum Temperature = Maximum temperature of the

warmest month (BIO5).
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2.3.2 Niche shifts are inconsistent across regions

Climatic niche shifts were idiosyncratic across regions for all species, with one region characterised
by niche conservatism (Figure 2.4; Australia) and two regions characterised by large niche shifts
(Figure 2.4; New Zealand and North America). Rumex spp. exhibited climatic niche shifts into both
analogue and non-analogue climate space (Table 2.2). Both the direction, and presence, of climatic
niche shifts was broadly consistent across Rumex species (Figure 2.4), however, niche overlap
between species was low in all introduced ranges compared to the native range (Table 2.3).
Similarly, niche overlap when comparing species’ distributions between the introduced regions was

low despite significant values of niche similarity (Table A.6).

In New Zealand all three species expanded into warmer, wetter areas with more variable
precipitation (lower values of PC1 and higher values of PC2; Figure 2.4). Levels of niche overlap and
unfilling between the occupied climates in NZ and the native range were low (Table 2.2). The climatic
niche shifts in NZ were primarily into non-analogue climate space, however niche expansion into
analogue climate was also present (Table 2.2; Figure 2.4). New Zealand was the only introduced
range that was not significantly similar to the occupied analogue climates in the native range for any

species (Table 2.2).

In North America the climatic niche expanded into predominantly into warmer, drier climates (lower
values of PC1 and PC2), but also into wetter cooler climates with less stable temperatures (higher
values of PC1; Figure 2.4). North America had significant values of niche similarity with the native
range for both R. crispus and R. conglomeratus, despite low levels of niche overlap, suggesting there
is high niche overlap under analogue climates (Table 2.2). Two species, R. obtusifolius and R.
conglomeratus, showed high levels of niche unfilling in North America where wetter, cooler areas
remained unoccupied despite being available (high values of both PC1 and PC2; Figure 2.4). Climatic
niche shifts in North America were observed across analogue and non-analogue climate space (Table

2.2; Figure 2.4).

Australia is the only region in which Rumex spp. largely conserved their climatic niche (Figure 2.4),
and was the region with the highest level of niche overlap with the native range (Table 2.2).
Furthermore, Australia is the only region that had significant niche similarity values compared to the
native range for all three species (Table 2.2). Rumex spp. in Australia experienced low levels of niche
expansion, in both analogue and non-analogue climates, and high levels of niche unfilling. Niche
unfilling in Australia occurred in wet areas with highly seasonal temperatures and drier areas with

less seasonal temperatures (both higher and lower values of PC2; Figure 2.4).
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Comparisons of niche overlap between Rumex spp. within each region show little consistency across
introduced regions (Table 2.3). Rumex spp. show high degrees of niche overlap and similarity in the
native range, however levels of niche overlap are significantly lower in each introduced range. New
Zealand is the introduced range that consistently has the highest level of niche overlap between
species, and the only range in which all species’ distributions are significantly similar to one another.

The highest niche overlap was between different species pairs in each region (Table 2.3).

The inclusion of Japan within the native range of R. obtusifolius and R. crispus had minimal effects on
the results (Table A.5). Because the occupied climate in the native range was slightly larger, niche
expansion values in the introduced ranges were slightly reduced and niche unfilling was slightly
increased. Additionally, niche expansion in North America was predominantly into non-analogue
climates, rather than into both analogue and non-analogue climates. Most other measurements of

niche overlap, expansion, and unfilling remain broadly similar (Table A.5).
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Table 2.2  Results from pairwise comparisons between the native and introduced ranges of three Rumex species. “N” shows the number of occurrence
records for each species and region. All comparisons are projected from the native range to the introduced range and consider analogue
climate space only, except for niche pioneering. All metrics vary from 0-1, where 1 indicates complete similarity, complete expansion,
complete unfilling, or complete pioneering; niche similarity is displayed as a p-value which, if significant, indicates regions are more similar
than chance alone. Note that niche metrics are weighted according to the density of occurrences in climate space.

Niche Similarity Niche Niche Niche
Species Region N Niche Overlap (D)

(p-value) Expansion Unfilling Pioneering

Eastern Australia 275 0.319 0.01 0.071 0.399 0.059

Rumex obtusifolius Western North America | 242 0.077 0.07 0.686 0.516 0.569

New Zealand 345 0.111 0.06 0.289 0.016 0.369

Eastern Australia 4035 0.341 0.01 0.029 0.389 0.015

Rumex crispus Western North America 823 0.150 0.01 0.467 0.283 0.317

New Zealand 271 0.158 0.07 0.236 0.050 0.298

Eastern Australia 1537 0.198 0.01 0.011 0.602 0.012

Rumex conglomeratus | Western North America 89 0.167 0.04 0.397 0.907 0.416

New Zealand 125 0.152 0.06 0.334 0.066 0.364

40



Rumex obtusifolius Rumex crispus Rumex conglomeratus

10+
.-
c
)
M 5-
[}
N
3
z 01
10-
®
L
]
N g 5-
O <«
a ¢
=)
5 0.
4
10+

Australia
i

4 2 0 2 4 -4 2 0 2 4 -4 -2 0 2 4
PC1

Figure 2.4 Comparisons of niche overlap in environmental space. Each panel shows the climate space occupied by the
species (solid lines) and the total available climate space of the respective range (dashed lines). Each panel
shows a comparison between the native range (Teal) and one of the introduced ranges (New Zealand —
Green; North America — Pink; Australia — Orange). Comparing down columns shows differences between
regions whereas comparing across rows shows differences between species in the same region. Increasing
values of PC1 broadly correspond to cooler, more variable temperatures, and wetter, more stable
precipitation. Increasing values of PC2 broadly correspond to cooler, more variable temperatures, and
wetter, more stable precipitation. Variable correlations with PC1 and PC2 can be seen in full in Figure 2.3.
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Table 2.3  Pairwise comparisons of niche overlap (D) and niche similarity between the three
species within each region.

R.obtusifolius vs R. obtusifolius vs R. crispus vs
Schoener’s D
R. crispus R. conglomeratus R. conglomeratus
Native Range 0.914 0.709 0.682
Australia (East) 0.478 0.442 0.630
North America (West) 0.391 0.448 0.129
New Zealand 0.758 0.589 0.643
Niche similarity
Native Range 0.010 0.010 0.010
Australia (East) 0.059 0.208 0.040
North America (West) 0.050 0.030 0.416
New Zealand 0.02 0.03 0.03
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2.4 Discussion

Our results show that independent introductions of Rumex spp. have resulted in different realised
climatic niches across geographically distinct ranges. In North America, Rumex spp. mostly shifted
their niche towards drier climates, in contrast to New Zealand, where Rumex spp. shifted their niche
towards much wetter climes (Figure 2.4). Whether Rumex spp. predominantly shifted their climatic
niche into analogue or non-analogue climates also varied by region. Furthermore, | found little
evidence that climatic niche shifts are consistent across closely related species, with only the
distribution of Rumex spp. in New Zealand showing some consistency between species after climatic
niche shifts. We are able to show that even superficially similar invasions by similar species can lead
to examples of every theoretical niche change proposed by Guisan, Petitpierre, Broennimann,
Daehler, & Kueffer (2014). This work suggests that the presence of a climatic niche shift in one

region offers little assistance in forecasting climatic niche shifts in other regions.

Rumex spp. experienced climatic niche shifts in both North America and New Zealand, but conserved
their niche in Australia. Rumex spp. in NZ have undergone dramatic niche expansion towards
predominantly wetter climates. In NZ, Rumex spp. seem to occupy the majority of available climates,
but have access to less variable climates than the other regions. Australia, on the other hand, has a
large amount of hot, dry, non-analogue climate space (low values of PC1 and PC2) which is likely
unsuitable for Rumex species, yet | found it still had unoccupied suitable analogue climates. Hence,
Australia experienced high levels of niche unfilling, suggesting that factors other than climate are
likely limiting Rumex spp. distributions in Australia. North America also experienced high levels of
niche unfilling, but similarly high levels of niche expansion. This may indicate that Rumex populations
in North America have rapidly adapted to novel climates, but may have lost adaptations to climates
which are more common in the native range than in North America. Alternatively, factors other than
climate are limiting or facilitating Rumex spp. distributions in North America. Whilst climate typically
determines species’ distributions at broad scales (Bello et al., 2013), it may be that these
inconsistent climatic niche shifts are driven by non-climatic factors. Human disturbance is a strong
driver of introduced species’ distributions (Essl et al., 2020; Kotodziejek & Patykowski, 2015; Pysek et
al., 2010; Redpath & Rapson, 2015; Seebens et al., 2018), and may facilitate species’ climatic niche
shifts into climates which otherwise would be unsuitable. Understanding whether non-climatic
factors or species’ traits affect the consistency of climatic niche shifts may help predict whether
consistent niche shifts would be observed for different areas or species. | will return to this topic in

chapter 3.
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The lack of consistency in niche shifts between regions suggests that one cannot easily extrapolate
the likelihood of a climatic niche shift in one region even if a species undergoes a climatic niche shift
in another region. Our results broadly agree with Christina, Limbada, & Atlan (2019) who found that
introductions of Ulex europaeus across five regions showed idiosyncratic climatic niche shifts
between introduced ranges (Figure 2.1C). Furthermore, this study adds to the body of literature
which suggests niche shifts are more common than previously thought (Atwater et al., 2018; Early &
Sax, 2014). My study extends this work by demonstrating idiosyncrasy across multiple species,
including climatic niche shifts in opposing directions (Figure 2.1B). In North America, all three species
shifted into warmer, drier areas, and these populations expanded into a broader range of climates
than New Zealand populations. Only a few other studies have compared shifts across multiple
introduced regions (Christina et al., 2019; Silva et al., 2016), and they do not explicitly consider the
direction of the observed shifts. My finding highlights the need to better understand the underlying
causes of niche shifts to determine if we can predict whether species will undergo climatic niche

shifts (Lantschner et al., 2019; Williams et al., 2019).

Despite the three Rumex spp. experiencing independent climatic niche shifts in a similar direction
across all ranges, there were low levels of niche overlap between closely related Rumex species
(Table 2.3). Whilst the distribution of Rumex spp. under analogue climates in NZ showed significant
niche similarity, this was not the case in other regions. Furthermore, the distribution of Rumex spp.
in their introduced ranges overlapped to a lesser degree than in their native range. Whilst this could
indicate these species are still expanding into suitable climates in the introduced range, it could also
show that climatic niche shifts are facilitating climatic niche divergence among these closely related
species. These three Rumex spp. display differing environmental preferences in soil nutrient
richness, pH, and moisture (Cavers & Harper, 1964; Hill et al., 1999; Lousley & Kent, 1981). Given
these differences, and their long introduction histories allowing time for new adaptations to occur
(Table 2.1; Vibrans, 1998), climatic niche divergence seems plausible as an explanation for why niche
overlap in low. These results indicate that closely related species do not undergo similar climatic
niche shifts, suggesting that pooling data between related species (Smith et al., 2019; but see: Mota-
Vargas & Rojas-Soto, 2016) will have limited applications when predicting the distributions of species

undergoing climatic niche shifts.

It is worth considering how sampling bias may have affected these results, as sampling bias can be
common in the datasets | used. By sampling bias | mean that records are biased geographically,
often around population centres or regular surveying sites. If records are highly biased they may

influence values of niche overlap by increasing the density of presences in certain climates. To
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mitigate these problems | removed low quality data presences and spatially rarefied the remaining
data. In addition to these steps the biology of Rumex spp. makes them less susceptible to sampling
biases than other species. Sampling bias is most common when working with species that occur in
inaccessible habitats (Beck et al., 2014), however our study species often occupy urban and other
anthropogenic areas (Cavers & Harper, 1964). Furthermore, these species are common and well
recorded across their native range. It is also worth considering whether taxonomic bias may have
affected these results (Troudet et al., 2017). By taxonomic bias | mean that these species are often
recognised but not recorded officially at the species level, as | found to be the case in NZ (Table A2).
This may be in part due to the difficulty of identifying Rumex spp. before fruiting, and that
hybridisation between Rumex spp. is common (Baskin & Baskin, 1978; Cavers & Harper, 1964; Grime
et al., 2007; Holm et al., 1977, 1997). However, given that this study has relatively high levels of
species’ occurrences for this type of analysis, issues relating to taxonomic bias seem unlikely.
Furthermore, additional occurrence records from the introduced ranges would most likely only
increase the magnitude of shifts observed or reduce the incidence of niche unfilling, depending on
where the records occurred in climate space. As such, | don’t think these results would be strongly

impacted by sampling or taxonomic biases in the data.

My results demonstrate that when species undergo climatic niche shifts, information from current
introduced ranges may not provide useful information into the likelihood of climatic niche shifts

occurring in a new region. For example, if we used data on climatic niche shifts between the native
range and Australia to inform predictions of distributions in North America, we would dramatically
underestimate the species’ true distribution. It is however interesting to note that all three species
had similar shifts in NZ, suggesting that niche shifts may be more predictable in some regions than

others, however sampling of more species would be needed to test this possibility.

Expanding upon this work by using methods to quantify the magnitude of climatic niche shifts would
aid in determining whether the magnitude of climatic niche shifts is predictable given species
‘environmental tolerances. Modellers should however be careful and not simply rely on niche
centroid methods which are unable to accurately discriminate between multiple niche dynamics,
such as niche unfilling and expansion (Petitpierre et al., 2012). Improving methodologies to predict
climatic niche shifts in the future is imperative to help stakeholders make informed management

decisions.

As part of the major debate in ecology of how often species’ niches are conserved, this study offers
new insight by demonstrating inconsistency in niche shifts across multiple species and ranges. The

occurrence and direction of climatic niche shifts lacked consistency when considered across different
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ranges, which weakens our ability to accurately predict the threat of introduced species to

uninvaded ranges. These results agree with other studies which indicate niche dynamics are more
difficult to predict than previously thought (Atwater et al., 2018; Christina et al., 2019). This study
highlights that numerous niche dynamics can be experienced by a species depending on the range

examined, and that these dynamics are not necessarily consistent between congeners.
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Chapter 3
The importance of climatic vs non-climatic variables in predicting

Rumex species distributions

3.1 Introduction

One of the main uses of species’ distribution models (SDMs) is to predict the suitability of
environments where a species could potentially establish outside of its native range (Lantschner et
al., 2019; Parry et al., 2013; Pecchi et al., 2019; Vivek Srivastava et al., 2018). While climate is
typically the largest determinant of distributions over large (i.e. continental) scales (Ashcroft et al.,
2011; Petitpierre et al., 2017), non-climatic variables tend to dictate the distribution of species at
smaller, local, scales (Bello et al., 2013; Collingham et al., 2000). Despite this, studies modelling non-
native plant distributions rely primarily on climatic variables (Atwater et al., 2018; Bradie & Leung,
2017; Bradley et al., 2008; Broennimann et al., 2007; Chapman et al., 2019; Early & Sax, 2014;
Gallagher et al., 2010; Petitpierre et al., 2012, 2017; Srivastava et al., 2019). However when non-
climatic variables are included they are often important (Bello et al., 2013; Gallien et al., 2015;
Gardner et al., 2019; Iturrate-Garcia et al., 2016). Bradie & Leung (2017) compared variable
importance for roughly 1900 species and concluded that, for terrestrial plant species, resource
variables such as distance to water and habitat characteristics were often the dominant predictor of
their distributions when included in models. Soil (Mahgoub, 2019), disturbance (Gonzalez-Moreno et
al., 2015), topographical (Bello et al., 2013), geological, anthropogenic, hydrological (Bradie & Leung,
2017), and biotic (Jones & Gilbert, 2016) variables have also been considered important for plant

species’ distributions.

There are reasons to think that non-climatic variables could be quite important when predicting the
suitability of environments beyond the native range. Human mediated dispersal along trade routes is
the predominant driver of non-native plant species introductions (Essl et al., 2020; Seebens et al.,
2018), either as seed contaminants in cargo (Gervilla et al., 2019; Lehan et al., 2013; Oseland et al.,
2020), or direct introductions as ornamentals (Dehnen-Schmutz et al., 2007; Frick et al., 2011; van
Kleunen, Essl, et al., 2018). These effects can be captured using non-climatic variables such as indices
of human footprint (Venter et al., 2018). Furthermore, areas already disturbed by human activity are
more susceptible to the establishment of non-native weeds than undisturbed areas (Kotodziejek &
Patykowski, 2015; Pysek et al., 2010; Redpath & Rapson, 2015). As such, variables reflecting human

influence rather than climate may be more reflective of non-native plant distributions in the
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introduced range and may be better predictors of their potential distributions than climatic

variables.

Including non-climatic variables, such as land use or human footprint, in model projections could
provide more accurate predictions in areas of non-analogue climate. Some regions where species
have been introduced contain climates which are not present in the native range, otherwise known
as non-analogue climates (Atwater et al., 2018). Model projections based on climatic data are not
capable of making accurate predictions in these areas of non-analogue climates (Boiffin et al., 2017;
Maguire et al., 2016; Sobek-Swant et al., 2012; Srivastava et al., 2019; Veloz et al., 2012). Non-
climatic variables may however be analogous between regions in areas of non-analogue climates.
For example, regions may show similar levels of human influence, such as infrastructure and
population density, regardless of climate. In this case including non-climatic variables could lead to

improved predictions.

In this study | utilise SDMs to predict the probability of presence across different environments for
three ruderal weed species that have established outside of their native range: Rumex obtusifolius,
R. crispus, and R. conglomeratus. These species have been spread worldwide as agricultural seed
contaminants (Grossrieder & Keary, 2004; Halsted, 1889; Zaller, 2004) from as early as the 16
century (Vibrans, 1998). Chapter 2 established that in NZ these Rumex spp. undergo climatic niche
shifts into warmer, wetter climates than the climates occupied in the native range. Given this
climatic niche shift, we can now consider whether climatic variables are good predictors of Rumex
spp. distributions in NZ or whether non-climatic variables may confer stronger predictive power.
Rumex spp. are ruderals, typically colonising open, disturbed environments associated with human
activity (Cavers & Harper, 1964, 1966; Grime et al., 2007; Holm et al., 1997; Lousley & Kent, 1981),
suggesting human disturbance may be a good predictor of their distributions. Furthermore, Rumex
are generally considered unpalatable to sheep, cattle, and rabbits (Cavers & Harper, 1964), allowing
them to grow well in pasture systems as livestock preferentially graze on potential competitors. As
the inclusion of biologically irrelevant variables can strongly impact the accuracy of model
predictions (Austin & Van Niel, 2011; Brun et al., 2020; Fourcade et al., 2018; Merow et al., 2014) |
consider only climatic and non-climatic variables that | expect to be important in predicting Rumex
spp. distributions. Specifically, | investigate whether land use, human disturbance, hydrology, and

livestock densities can improve on models made using only climate variables.

| compare models created for all three species in one of their introduced regions, New Zealand (NZ),
and part of their native range, Great Britain (GB). | investigate whether utilising non-climatic

variables in SDMs can better predict their distribution in the introduced range. | compare models
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computed using only climatic variables, only non-climatic variables, and a combination of both
(hereafter combined model) to determine if utilising non-climatic variables can increase the accuracy

of model predictions. With these analyses | aim to answer the following questions:

e Are climatic variables more important than non-climatic variables when predicting Rumex

spp. distributions?

e Can models trained in the native range predict Rumex spp. distributions in the introduced

range more accurately when utilising non-climatic variables?

Insights gained from answering these questions will shed light on which variables are most
important for predicting the distributions of these species, and whether the variables that determine

these species’ distributions are consistent across species and regions.
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3.2 Methods

3.2.1 Species and Study Area

For this analysis | selected three Rumex species: R. obtusifolius L., R. crispus L., and R. conglomeratus
Murray. All three species grow well near water but R. conglomeratus specifically has higher soil
moisture requirements than the other two species, typically only growing near water bodies or areas
of high precipitation (Cavers & Harper, 1964; Hill et al., 1999; Lousley & Kent, 1981). These species
are shade intolerant, with both germination and and flowering inhibited by low light levels (Cavers &
Harper, 1964). Rumex are generally considered unpalatable to most mammalian herbivores, but
deer will readily consume them (Cavers & Harper, 1964). Furthermore, they can withstand

significant grazing or mowing, and can regrow from small root fragments (Holm et al., 1997).

All three species are native to Europe, the Middle East, and Northern Africa (GBIF.org, 2019; Holm et
al., 1979) and have established on every continent aside from Antarctica (Chapter 2). New Zealand
(NZ) is one of the many regions across the world where these Rumex spp. were introduced as
agricultural seed contaminants and have subsequently established and spread (Grossrieder & Keary,
2004; Halsted, 1889; Zaller, 2004). Historical trade routes and observations indicate that Great
Britain (GB) is likely the initial source of Rumex spp. contaminants in NZ (Darwin & Keynes, 1835). As
such, | selected GB to represent the species’ native range. Both countries have similar land areas and
climate, but differ in levels of human density and land uses which may be important determinants of
species’ distributions (Table B.3). Additionally, GB also contains the majority of analogue climates
found between the native range and NZ (Chapter 4). Furthermore, Chapter 2 showed that

occurrence records are available for both countries across the majority of available climates.

| collected records for each country using a combination of data from the Global Biodiversity
Information Facility (GBIF; GBIF.org, 2019) and personal records from the research team, excluding
records from overseas depedencies of both countries (Table 3.1). Due to the large number of islands
around both regions | included any island within 100km of the mainland and greater than 1km? as
part of the region (Figure B.1). In NZ, a substantial number of records were added for each species
through personal data collection by the research team and a review of the available online
literature. Due to the undersampling or underreporting of Rumex spp. distribution records in NZ |
examined New Zealand journals that commonly publish floristic inventories, searching for articles
using the search term “Rumex” and checked all results for occurrence records. Records were
georeferenced at the highest possible resolution using Google Maps (google.com/maps). Table B.1

shows a breakdown of the number of records obtained from each data source. For greater accuracy,
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occurrence records with a coordinate uncertainty greater than 1km were excluded. Records older
than 1981 were also excluded to ensure the occurrence data matched the climate and land use

variables.

Table 3.1 Number of occurrences for each species in the native (GB) and introduced (NZ) ranges
used in species’ distribution models. Occurrences were collated from GBIF, literature
records, and personal records (Table B.1). Numbers shown are remaining records after
filtering for quality and year, and subsequent spatial rarefication (Table B.1).

Species Great Britain New Zealand
Rumex obtusifolius 11484 271

Rumex crispus 6540 220

Rumex conglomeratus 1462 44

3.2.2 Environmental Layers

Only environmental variables that | expected to be of biological relevance to Rumex species were
included in SDMs. These variables fall into 4 general categories: climate, land use, human impact,
and hydrology. To ensure an accurate comparison between countries, environmental variables were
only included if they were consistent between countries in years recorded, scale, and coverage. For
this reason soil type was not included, as 63.4% of NZ has not currently been assessed (Manaaki

Whenua - Landcare Research, 2020), and soil categories between the two countries are not uniform.

Climate

Cavers & Harper (1964) suggest that R. obutisfolius and R. crispus are unlikely to be limited by
climate in GB. Rumex conglomeratus is absent from much of northern GB, and it is known to be less
tolerant of cold climates than the other two species (Hill et al., 1999), suggesting that climate limits
its distribution in GB. As Rumex spp. are shade intolerant and depend on exposure to light to
germinate (Cavers & Harper, 1964) differences in light availability may affect their distribution and
growth (Bradie & Leung, 2017; Mason, 2009; Monteith, 1977). Furthermore, due to the differences
in UV intensity in NZ and GB one might expect the importance of light availability on distributions to
vary between these regions (Hock et al., 2019). | used four climate variables | suspect would affect
Rumex spp. distributions: mean temperature of the warmest month, mean temperature of the
coldest month, mean precipitation of the wettest month, and median sunshine hours. For GB, data
were downloaded from the Met Office HadUK-Grid datasets at a 1km? spatial resolution from 1981-

2010 (Met Office et al., 2018). For NZ, data was acquired from the National Institute of Water and
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Atmospheric Research (NIWA, 2019b) at a 500m? spatial resolution from 1981-2010, and

subsequently aggregated into a 1km? grid over NZ.

Land use

Global land use data were downloaded from the European Space Agency (ESA, 2019a). Global data
were converted from netcdf format and subsetted into separate datasets for GB and NZ using SNAP
software (ESA, 2019b). The initial thirty-eight land use categories were grouped into seven land class
types (Table B.2) using ArcGIS Pro v2.4.2 (ESRI, 2019). Hydrological data was included as a separate
variable and therefore | excluded water bodies as a land use category (Table B.2). Data were
extracted onto a 1km? grid in R v3.5.1 (R Core Team, 2013) where the value of each cell represented
the proportion of that cell covered by the land cover type. This resulted in six separate continuous
land cover variables for each region. Pasture, which is a land use type considered important for the
distribution of Rumex species (Cavers & Harper, 1964; Grime et al., 2007; Holm et al., 1997), falls
within the “Grassland” land use category. The proportion of each country associated with the

different land cover types can be seen in Table B.3.

Human

Three human-related variables were included: sheep density, cattle density, and human footprint
index. | chose to include data on livestock densities as the target Rumex spp. are all agricultural
weeds which establish well in grazing pastures (Cavers & Harper, 1964; Grime et al., 2007; Holm et
al., 1977, 1997). Global livestock density data were downloaded as a 0.00833333° decimal degree
grid, collected in 2006. These grids were then converted from netcdf formats in SNAP, and adapted

into a 1km? grid using the raster package in R (Robert J. Hijmans, 2019).

To measure human disturbance | used the human footprint index downloaded from the Center for
International Earth Science Information Network (CIESIN;
https://sedac.ciesin.columbia.edu/data/set/wildareas-v3-2009-human-footprint). This index
aggregates information from 2009 on built-up environments, population density, electric power
infrastructure, crop lands, pasture lands, roads, railways, and navigable waterways (Venter et al.,
2018). It is thought to be a good approximation of human disturbance which is known to affect the
distribution of weed species (Lantschner et al., 2019; Maskell et al., 2020; Pysek et al., 2010). Data

was downloaded as 1km? grids.

Hydrology
Bradie & Leung (2017) indicated that distance to water was the most important variable, aside from

climate, in predicting the distributions of land plants. Gardner et al., (2019) similarly demonstrated
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that the typical climatic variables included in SDMs such as seasonal or annual rainfall are poor
proxies of water availability. Accordingly, | created a separate hydrological variable from global river
data downloaded from the WWF HydroRIVERS dataset (Lehner & Grill, 2013). Total length of rivers
within a grid was used as a proxy for distance to water and to generalise the variable onto the same
spatial scale as other variables. The total length of rivers within each 1km? grid cell was calculated

using ArcGIS Pro.

3.2.3 Sample Bias

Species’ presences show strong spatial biases due to geographic differences in recording effort (Aikio
et al., 2012). For common, widespread, species such as Rumex these biases may also reflect
underreporting in areas where the species may actually be common, as widespread species may be
considered less important and hence not targeted by botanists (Kramer-Schadt et al. (2013). To
correct for biases | used two complementary strategies. Presence data were spatially filtered to
reduce clumping by thinning data to one point per 1km grid cell using the R package spThin (Aiello-
Lammens et al., 2015). | also included a sample bias layer in the models to reduce the influence of
areas where bias occurred (Kramer-Schadt et al. 2013). | produced an estimate of bias for each
country by pooling data from all three Rumex spp. together to create a raster in ArcGIS Pro. Total
number of presences was counted within in each grid cell and subsequently converted to a
proportion of the maximum number of presences in a single cell, hence values ranged from 0-1. Grid
cells which initially contained Os were given a value of 0.01, representing that these cells had 1%
survey effort compared to the cells that had maximum survey effort (1.00) in each country. Initially |
created bias files using data from all plant species available on GBIF in GB and NZ, however the
resulting sample bias layer did not adequately capture the sampling bias for Rumex spp. in NZ
(Figure B.1). This is likely due the large number of presences derived from targeted Rumex surveys
undertaken by the research team in areas of low survey effort for NZ plants. Including a sample bias

layer produced from all plants does not adequately account for the authors’ surveys.

3.2.4 MaxEnt Modelling and Evaluation

To estimate the suitability of environments across each country | ran SDMs using MaxEnt version
3.4.1 (Phillips et al., 2020) for each Rumex species. MaxEnt compares a null model, where a species

prefers all environmental conditions proportionally to their prevalence in the landscape, to an
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alternative model where a species’ distribution is constrained by information from the observed
presences (Elith et al., 2011; Phillips et al., 2006; Phillips & Dudik, 2008). Parameter estimates in
MaxEnt are designed to minimises the distance between these two models subject to constraints
imposed by the background information from presence locations (Elith et al., 2011). These
constraints ensure that the final predictions reflect the original presences by ensuring that, for
example, the predictions of environmental variables from the final model have the same mean
values as given by the species’ presence locations. Minimising the distance between both models

with constraints is the equivalent of maximising the entropy of the null model (Elith et al., 2011).

MaxEnt often matches or outperforms other modelling methods in terms of predictive power,
especially in studies such as ours which use presence-only data (Gastén & Garcia-Vifias, 2011;
Merow et al., 2013; Merow & Silander, 2014; Mousazade et al., 2019; Shabani et al., 2017; Vivek
Srivastava et al., 2020; West et al., 2016). MaxEnt can have model accuracy and predictions similar
to ensemble models, which combine multiple algorithms to predict species’ distributions (Kaky et al.,
2020; Vivek Srivastava et al., 2018). It also performs well with small sample sizes (Barry & Elith,
2006), as is the case for R. conglomeratus in NZ. MaxEnt provides an intuitive and accurate way to
measure variable importance (Smith & Santos, 2020) using a jackknife approach to systematically
remove one variable at a time and measure the subsequent change in model performance. Variable
importance can also be measured by fitting a model with only one variable at a time, and measuring
the changes in model performance. The iterative model fitting approaches implemented in MaxEnt
are also robust to strongly correlated variables (Braunisch et al., 2013; Synes & Osborne, 2011), as is
often the case with climate variables. The increase in performance from including these correlated
variables within the model tends to outweigh possible collinearity issues (Braunisch et al., 2013;
Dormann et al., 2013). Nonetheless, | tested for multicollinearity among all variables to look for

unexpected relationships between variables (Table B.4).

Models were run using: i) only climatic variables, ii) only non-climatic variables, and iii) both climatic
and non-climatic variables. All models were run using MaxEnt version 3.4.1 (Phillips et al., 2020) with
the following settings: random test percentage = 30; regularization multiplier = 1; maximum number
of background points = 10,000. Individual models were run for each species in both GB and NZ.
Number of training and testing records are presented for each model in Table B.5. All models were
replicated 100 times utilising non-parametric bootstrapping and the results from the average model
are presented. We present predictions as the probability of presence, derived by using the cloglog
option, which is more easily interpretable and offers more robust results than the raw output

(Phillips et al., 2017). The main effect of using cloglog transformed data as opposed to other output
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formats is that areas of moderately high output are more strongly predicted (Phillips et al., 2017). To
determine whether the models were suitable at predicting Rumex spp. distributions | used two
measures of SDM accuracy: the area under the receiver operating curve (AUC) and the true skill
statistic (TSS). Values of AUC range from 0-1, where models with values greater than 0.7 are
generally considered to have good discriminatory power (Hosner & Lemeshow, 1989). TSS is

calculated as follows:

TSS = sensitivity + specificity -1

Sensitivity is the proportion of presences accurately predicted and specificity is the proportion of
absences accurately predicted. Values range from -1 to 1, where values approaching 1 show a model
with accurate predictions, values approaching -1 show a model with inaccurate predictions, and
values close to 0 show an indiscriminate model (Allouche et al., 2006). The TSS relies on a user-
selected threshold to differentiate between true presence/absences and predicted
presence/absences to calculate its values of sensitivity and specificity. To select an appropriate
threshold | followed the suggestion of Liu, White, & Newell (2013) who concluded that an objective
and accurate threshold value should be based on maximising the sum of sensitivity and specificity
(SSS). AUC and TSS scores are unaffected by the choice to present MaxEnt output on the cloglog
scale (Phillips et al., 2017).

| used permutation importance values to assess variable importance alongside the response curves
associated with each variable. Permutation importance values indicate which variables contributed
most to the final model by calculating any change in performance when the variable’s values are
randomized (Phillips et al., 2006). Response curves are produced for each variable which indicate
how the probability of occurrence is affected at a variables different values. | also compared maps of
species’ habitat suitability predictions to determine whether using different variables significantly

affected the interpretation of suitable habitats.

To understand whether non-climatic variables could aid in predicting Rumex spp. distributions
beyond the native range | projected all models for each species from GB to NZ. | assessed the
accuracy of model projections by comparing them to existing species’ data in the introduced range
(Journé et al., 2020; Pannell et al., 2019; Sobek-Swant et al., 2012). TSS scores for models and model
projections were calculated using the available NZ occurrence data and pseudo-absences randomly
generated across NZ using the dismo and pROC R packages (Hijmans et al., 2015; Robin et al., 2011).
Pseudo-absences were equally weighted against presences in calculations of TSS scores. Random

generation of pseudo-absences adds uncertainty to the TSS scores so | repeated the process one
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hundred times and calculated 95% confidence intervals. Models were considered statistically

different from one another if their 95% confidence intervals did not overlap.
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3.3 Results

3.3.1 Are models good at predicting Rumex spp. distributions?

All three NZ models had AUC scores >0.7 which indicate good predictive power and the TSS scores
ranged from 0.48-0.78 indicating good discrimination of true presences and absences compared to a
null model (Figure 3.2; Figure B.2). Models for GB generally had lower AUC and TSS values than NZ
models (Figure 3.2; Figure B.2), with AUC ranging from 0.52-0.76 and TSS ranging from 0.09-0.45 for
the combined model. Values of AUC between 0.5-0.6, and TSS scores close to 0, suggest models are
not much better than chance at predicting distributions (Figure 3.1). As such, all models for R. crispus
and R. obtusifolius in GB performed poorly. Models of R. conglomeratus in both regions had
consistently higher AUC and TSS scores compared to the other two species, aside from the climate
model for NZ in which it scored lowest. The combined model generally performed better than the

non-climate models and always performed better than the climate models (Table 3.2).

3.3.2 Are climatic variables more important than non-climatic variables?

In all cases non-climate models either significantly outperformed or matched the performance of
climate models (Figure 3.2). The actual differences between climate only and non-climate models in
AUC and TSS scores were typically small (AUC within 0.05; TSS within 0.1), indicating similar accuracy
in predictions. However, the non-climate model substantially outperformed the climate model for R.
conglomeratus in NZ (Figure 3.2). Despite similarities in model performance, predictions of presence

vary between the two model types (Figure 3.3).

Human related variables were generally the most important contributors to models, regardless of
species or country, when considering the grouped average permutation importance of variables in
combined models (Table 3.2). The two exceptions were the models for R. crispus in NZ and R.
conglomeratus in GB where climate was on average the greatest contributor to the models.
According to permutation importance, human footprint was the greatest contributor to every model
aside from the combined model of R. conglomeratus in GB which relied heavily on climatic variables.
However, permutation importance values may be lower for climatic variables due to higher
multicollinearity compared to non-climatic variables (Table B.4). Suitability was high for habitats with
moderate values of human footprint compared to habitats with low values (Figure B.3). Beyond a

certain point increasing values of human footprint either reduced the probability of presence (R.
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conglomeratus) or showed little difference in probability of presence (R. obtusifolius and R. crispus)

(Figure B.3).

Between countries and species there were marked differences in which individual variables were
important in predicting their distributions. Models of all species for GB showed herb and shrubland
to be a predominant contributor to model predictions, but this contribution was low for all NZ
models (Table 3.2). Herb and shrubland is forty-five times more prevalent in the UK than in NZ as a
proportion of total land cover (Table B.3). Similarly, forest cover was more important in all NZ
models compared to UK models, even if the overall contribution was low (Table 3.2), and is three
times more prominent in NZ than in GB (Table B.3). Cropland is five times more prevalent in NZ than
in GB, but was never a strong contributor to models. Median sunshine hours was shown to be
important for R. obtusifolius in both regions, however never contributed highly for models of R.

conglomeratus.

3.3.3 Can models trained in the native range accurately predict Rumex spp.
distributions in the introduced range?
All model projections from GB onto NZ performed better than expected by chance alone when
considering TSS (Figure 3.4). Non-climate models for all species had the highest TSS when projected
from GB onto NZ. Projections using only climatic variables consistently showed the poorest
performance with a TSS at least 0.1 lower compared to projections using non-climatic variables for
all species. Models trained in NZ outperformed model projections from GB in all but one
comparison. Projections based on non-climate models of R. conglomeratus performed similarly to
models trained in NZ, whereas projections of both combined and climate models showed poorer

performance (Figure 3.4).
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Figure 3.1 Species’ occurrence points (black) plotted over average MaxEnt predictions of suitable environments for GB (top row) and NZ (bottom row) based on

the 100 replications of the combined model utilising bootstrapping. Points in GB are plotted at a 10% opacity to give an indication of the density
across the country. Values range from 0-1 where 0 (white) indicates a low and 1 (green) indicates a high probability of occurrence.
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Figure 3.2 True skill statistic (TSS) scores for species’ distribution models of Rumex spp. in both GB and NZ. TSS varies from -1 — 1, where 1 represents
completely accurate predictions, -1 represents completely inaccurate predictions, and 0 indicates model predictions are no better than chance alone.
Models were run using a combination of either only climate or non-climate variables, or a combination of both climate non-climate variables. Error bars
represent 95% confidence intervals. Note that some error bars are jittered for better visualisation.



Table 3.2 Permutation importance values of each variable included in the average combined
model for each region and species. Top 3 variables for each model are indicated by
bold values. Values add up to 100. The average value of all permutation importance
values in variable groupings are also provided as a rough comparison of variable
importance between groupings. These averages of variable groups are not equivalent
to the value that would be obtained if all variables in that group were randomly
permuted simultaneously.

. . Rumex obtusifolius Rumex crispus Rumex

Groupings Variable conglomeratus
NZ GB NZ GB NZ GB

Bare 4.8 0.5 5.2 0.1 1.5 0.1

Cropland 3 0.7 1.9 0.0 1.6 0.0

Forest 7.8 4.2 7.9 2.6 9.3 14

Land Use Grassland 7.8 1.1 7.7 53 10.2 1.0
Herb/Shrub 5.3 17.6 2 21.6 3.1 14.2

Urban 4.4 0.1 4 0.0 0.7 0.0

Average 5.5 4.0 4.8 4.9 4.4 2.8

Cattle 8.5 0.4 4.8 13.1 10.3 2.9

Human Human 19.3 46.8 23.7 36.3 30.4 0.0
Sheep 4.3 0.0 4.1 0.0 9.6 2.4

Average 10.7 15.7 10.9 16.5 16.7 1.8

Hydrology Hydrology 4.4 0.0 1.2 0.6 10.7 1.3
Max Temp 6.6 0.8 13 9.7 1.9 42.6

Min Temp 6.5 0.1 7.2 54 2.2 4.9
Climate Precipitation 5.5 11.3 6.8 4.6 6.7 254
Sun Hours 11.8 16.4 10.6 0.5 1.8 4.7

Average 7.6 7.15 9.4 5.1 3.2 19.2
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Figure 3.3 Differences between MaxEnt predictions from a model using only climatic variables and a model using only non-climatic variables. Values above 0 (blue)

indicate the climate model predicted higher probability of presence than the non-climatic model and values below 0 (red) show areas which the climate

model predicted lower probability of presence. Values close to 0 (white) indicate areas of agreement between the two model types.
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Figure 3.4 Comparison of TSS scores between model projections from GB onto NZ for climate only (square), non-climatic only (circle), and combined models (triangle).
Combined models trained and tested in NZ were shown as a comparison of performance. TSS scores were calculated by comparing predictions to known
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confidence intervals. Random generation of pseudo-absences was conducted 100 times to get both mean values and 95% confidence intervals. TSS values
range from -1-1 where values close to 0 indicate a model is no better than chance.
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3.4 Discussion

The importance of non-climatic variables to SDMs is currently unclear (Journé et al., 2020;
Lantschner et al., 2019; Stanton et al., 2012). The results of this study show that including non-
climatic variables in SDMs almost always improved the accuracy of predictions. The only exception
was R. crispus models in NZ, for which climate only models performed best (Figure 3.2). Despite this,
the contribution of most non-climatic variables to models was relatively small. Non-climatic variables
were particularly important when projecting SDMs between ranges, with the most accurate
projections excluding climate data entirely. This result is important because many model projections
are based solely on climatic data (Journé et al., 2020; Lantschner et al., 2019). This work suggests
that including non-climatic variables in SDMs would often lead to improvements in predicting

distributions of introduced species.

The utility of a climate model seems to depend on the Rumex spp. examined. For the two broadly
distributed generalists, R. obtusifolius and R. crispus, climate models performed similarly to the
combined models. For R. conglomeratus however, the combined and non-climate models were a
considerable improvement over climate only models in the introduced range (Figure 3.2). Including
non-climatic variables in models never reduced the AUC or TSS of a model, suggesting that
drawbacks in model performance when they are included are uncommon. Whilst | was working at
large spatial scales, across countries, | considered variables at a relatively fine grain, 1km2. As such,
these results agree with other studies that non-climatic variables are good at predicting species’
distributions at a fine grain however these results may be less applicable at coarser scales (Bello et
al., 2013; Cherrill et al., 1995; Gogol-Prokurat, 2011; Guisan & Thuiller, 2005; Reinhardt et al., 2020;
Shabani et al., 2020; Sobek-Swant et al., 2012; Wang et al., 2019).

Non-climatic variables were often the most important variables in the combined models. In
particular, human footprint was generally the largest predictor of Rumex spp. distributions. This
finding is in agreement with other studies suggesting that human disturbance is a driver of non-
native plant species’ establishment at large scales (Lantschner et al., 2019; Maskell et al., 2020;
Pysek et al., 2010; Venter et al., 2018). Climatic variables nonetheless had large contributions to the
majority of models. Interestingly, combined, climate only, and non-climate only models all
performed similarly for models in GB. This suggests that, even though multicollinearity between
climatic and non-climatic variables is low (Table B.4), climatic and non-climatic variables explain

much of the same variation in how species are distributed. Despite their similar performance,
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interpretations from models can differ drastically (Figure 3.3). Including non-climatic variables in

models seems to reduce predicted suitability across the majority of the distribution (Figure B.2).

Land use and livestock density were generally less important in Rumex models. This was surprising
given that Rumex spp. are readily found in pastures (Cavers & Harper, 1964; Grime et al., 2007; Holm
et al., 1997). For R. conglomeratus cattle density was an important contributor to the combined
model in NZ, however the variable response curves suggest that the presence or absence of cattle
may be a stronger determinant of its distributions than density (Figure B.4D,J). This may be the case
as the presence or absence of livestock corresponds to where land is irrigated in NZ. As R.
conglomeratus has strict water reliance, it may be that irrigation allows this species to establish in
area that would otherwise be unsuitable (Hill et al., 1999; Lousley & Kent, 1981). Alternatively,
effects of livestock density on Rumex spp. distribution could be better explained by the proportion
of grassland, included as a land use category in the models, which were somewhat correlated (Table
B.4). As Bradie & Leung (2017) suggested distance to water was an important variable, | thought the
hydrology variable would be important to the models, however it had little effect in any model aside
from a moderate contribution to the model of R. conglomeratus in NZ. Given that at least one of the
species, R. conglomeratus, relies on moist habitats to grow (Hill et al., 1999), it seems likely that the
hydrology variable did not adequately represent the hydrological conditions around the occurrence
data. The HydroRivers dataset | utilised does not capture small streams, drainage ditches, or many
ephemeral systems for which these species may rely upon. As such, the hydrological variable likely

was not as biologically relevant as | had hoped.

The importance of individual land use variables was likely related to their prevalence in each
country. The proportion of herb and shrubland in GB was a significant contributor to all models,
most likely as this was a dominant land cover type in GB (Table B.3). Similarly, contributions from the
proportion of cropland and forest cover seemed in line with the proportion of those land cover types
in each country. Interestingly, although the proportion of grassland was similar between countries,
the proportion of grassland contributed more to models of NZ distributions than UK distributions.
This discrepancy may be due to some unexpected bias in our sampling efforts. On the South Island of
NZ, where most of our occurrence data come from, grasslands are often irrigated to improve pasture
yield, particularly around Canterbury (Quinn et al., 2009; Stats NZ, 2021). Irrigation is far less
common in the UK (Doyle, 1981). If our data were more representative of the grasslands of the
North Island, which undergo less irrigation (Stats NZ, 2021), the contribution of grasslands to NZ

models would likely be more similar to that of UK models.
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Projections of habitat suitability from GB to NZ were stronger when non-climatic variables were
included (Figure 3.4). Although projections including non-climatic variables are rare (Lantschner et
al., 2019), this finding agrees with the current literature on species’ temporal shifts due to climate
change (Journé et al., 2020). These results indicate that model projections using only non-climatic
variables were always significantly better than any model projection including climatic variables
(Figure 3.4). Both spatial and temporal projections of climatic models are common in the literature
(Early & Sax, 2014; Reinhardt, Russell, Senay, & Lazarus, 2020; Shabani et al., 2020; Sobek-Swant et
al., 2012), but model projections including non-climatic variables seem to be rare (Journé et al.,
2020; Lantschner et al., 2019). Typically, models with non-climatic variables are performed only
within the assessed region (Blach-Overgaard et al., 2010; Padalia et al., 2014) or combine data from
multiple ranges to assess the invasion potential within an introduced range. These results indicate
that non-climatic variables play an important role in predicting introduced plant species’
distributions. When no data in the introduced range are available, non-climatic model projections
seem to provide the most accurate means to assess potential of introduced species’ distributions.
However, non-climate model projections only performed as well as models trained in the introduced
range for one species, R. conglomeratus (Figure 3.4). Hence, models based off of existing data in the

introduced range are preferable.

The addition of non-climatic variables to models did not increase the accuracy of predictions in areas
of non-analogue climate. This is surprising as, although climate model projections are known to be
strongly negatively affected by areas of non-analogue climate (Boiffin et al., 2017; Sobek-Swant et
al., 2012; Srivastava et al., 2019), | expected predictions based on non-climatic variables to be
unaffected in these areas. New Zealand has large areas of non-analogue climate space when
compared with GB, largely driven by mountain ranges and high precipitation on the west coast of
the South Island of NZ (Chapter 2; Chapter 4). By comparing model projections both with and
without non-climatic variables, | can see that the addition of non-climatic variables does not change
predictions in these non-analogue areas (Figure B.5). This may be because predictions from non-
climatic variables similarly suffer from areas of non-analogue environments, such as differing land
uses. | likely have large areas of non-analogue land use between these regions in moorland in GB,
which is forty-five times more prevalent in GB than in NZ, different forest types, and different use of
pasture and grasslands as previously mentioned. Alternatively, the enhanced AUC and TSS scores
seen in projections of non-climate models may be due to the correct predictions of absences across
much of NZ. In contrast, the climate model projections predict high suitability along mountain ranges
(R. obtusifolius), the entire North Island (R. crispus), and the far south of NZ (R. conglomeratus)

which is inconsistent with the observed distribution.
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Including non-climatic variables in models seems to produce predictions at a finer grain (Figure B.3).
Predictions of habitat suitability from the climate models change gradually along environmental
gradients, for example, with probability of presence declining with increasing temperatures moving
north on the North Island of NZ (Figure B.2A). When non-climate variables are included, predictions
often differ between adjacent cells (Figure 3.1). This allows for a greater resolution when
distinguishing suitable from unsuitable areas, which can be more useful when assessing impacts or
the extent of introduced species’ ranges at a fine scale. This finding agrees with other studies that
suggest models including non-climatic variables are more useful when finer detailed predictions are
required to assess areas at risk (Kriticos et al., 2015; Lantschner et al., 2019), and that non-climatic
variables are larger determinants of species’ distribution at a local scale (Bello et al., 2013). Although
micro-climates can change over small scales and have large effects on species’ distributions (Pannell
et al., 2019) the climatic data | used in this study is unlikely to capture these effects. Shabani,
Tehrany, Solhjouy-fard, & Kumar (2018) compared the accuracy of projections into the future
between climatic models and non-climatic models for the Asian tiger mosquito, Aedes albopictus.
Similar to my models, they concluded that while both sets of predictions were largely in agreement
the non-climatic models were ultimately more useful as they better discriminated unsuitable areas.
From this they were better able to predict areas at risk in the future and could recommend where to

focus future eradication efforts.

Models for R. conglomeratus consistently had higher AUC and TSS scores when compared with R.
obtusifolius and R. crispus. This could be due to R. conglomeratus having stricter habitat
requirements than the other two species (Cavers & Harper, 1964, 1966; Grime et al., 2007;
Grossrieder & Keary, 2004; Hill et al., 1999; Monaco & Cumbo, 1972; Pino et al., 1998; Rechinger &
Akeroyd, 1993; Zaller, 2004), and hence being more sensitive to changes in environmental variables
(Figure B.3). Alternatively, the lower AUC scores seen for R. obtusifolius and R. crispus models could
be due to the high number of occurrence records of these species in the GB. When species occupy a
large proportion of environments it can be difficult to predict where absences would occur, and

subsequently reduce AUC scores (Lobo et al., 2008).

There are many problems associated with selecting variables for SDMs. Including biologically
irrelevant variables can lead to models which are too flexible and overfit relationships to noise in the
data rather than meaningful interactions (Merow et al., 2014). Understanding the ecology of the
species is paramount for selecting biologically relevant variables (Austin & Van Niel, 2011; Brun et
al., 2020; Fourcade et al., 2018; Merow et al., 2014). We know that Rumex species grow poorly on

acidic soils (Cavers & Harper, 1964; Grime et al., 2007), and including soil type in models can lead to
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more accurate models of plant distributions (Bradie & Leung, 2017; Buri et al., 2020; Zuquim et al.,
2020). | unfortunately could not account for soil type in the models due to a lack of reliable soil data
in NZ which, if included, would have made it difficult to compare between regions. Currently only
36.6% of soil types have been assessed (Manaaki Whenua - Landcare Research, 2020), and soil
categories included in these assessments are not consistent between GB and NZ. Similarly, many
studies have demonstrated the effects that biotic interactions can have on species’ distributions at
both fine scales (Guisan & Thuiller, 2005; le Roux et al., 2013; Meineri et al., 2012) and coarse scales
(Aratjo & Luoto, 2007; Giannini et al., 2013; Godsoe et al., 2015; Godsoe & Harmon, 2012; Palacio &
Girini, 2018). Though | did not assess biotic variables explicitly, related work shows that differences
in some important biotic interactions have limited consequences for the performance of Rumex spp.
in NZ. Costan (2021) investigated the effects that biotic interactions, namely differences in biomass,
plant chemistry, competitive ability, and level of herbivory, have on Rumex spp. in GB and NZ.
Despite significantly higher herbivory in GB, largely due to a greater herbivore biodiversity and the
presence of a root borer, there was little change in plant performance between provenances
compared in glasshouse experiments. | am therefore confident that including biological interactions

in the models would not significantly change the results.

Understanding which variables model species’ distributions best is critical if we intend to use model
predictions in pest species management. Here | have demonstrated the utility of adding non-climatic
variables to SDMs both within and between ranges. Including non-climatic variables in models
generally improved the models, particularly when projecting between ranges. | found no evidence
that non-analogue environments were better predicted by including non-climatic variables, however
further study is needed. Non-climatic variables may also provide useful information on habitat
restrictions for species with strict habitat requirements which are often missed when only
considering climate. This study provides further evidence that non-climatic variables should be
considered when modelling species’ distributions, and | agree with other studies that modellers
need to consider which variables are most relevant to their species’ ecology before producing

models (Srivastava et al., 2019; Thuiller et al., 2019).
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Chapter 4
Rumex species are pre-adapted to non-analogue climates: a

common garden approach

4.1 Introduction

Species introduced to regions outside of their native range have been known to establish and thrive
in climates different from those they occupy in their native range, a process known as a niche shift
(Atwater, Ervine, & Barney, 2018; Christina, Limbada, & Atlan, 2019; Comte, Cucherousset, & Olden,
2017; Liu et al., 2017; Silva, Vilela, Buzatto, Moczek, & Hortal, 2016; Sotka et al., 2018; Tingley,
Vallinoto, Sequeira, & Kearney, 2014). The niche is defined as the subset of available environments
in which a species experiences a stable or positive population growth rate (Godsoe, 2010;
Hutchinson, 1957). We know that niche shifts into non-analogue climates, i.e. climates that are
unique to the introduced range, are common (Atwater et al., 2018) hence there is a need to

understand how and why populations can grow under non-analogue climates.

The causes of niche shifts into non-analogue climates are currently unclear. Some have argued that
species are preadapted to these non-analogue climates, suggesting that these climates are within
the species’ environmental tolerances but are inaccessible in their native range (Bocsi et al., 2016;
Cadotte et al., 2018; Early & Sax, 2014; Gonzalez-Moreno et al., 2015). Preadaptation to a wide
range of environments has been observed in species which are often described as having general-
purpose genotypes such as Verbascum Thapsus L. (Dlugosch & Parker, 2008b; Parker et al., 2003).
Furthermore, species which have major range restrictions, such as those that are endemic to islands,
are more likely to be preadapted environments beyond their native range limits (Alexander &
Edwards, 2010). Others have argued that these niche shifts are due to rapid evolution of species to
non-analogue climates (Boheemen et al., 2019; Hulme & Barrett, 2013; Luo et al., 2019; Maron et
al., 2004). Rapid evolution has been observed in species such as Hypericum canariense L. which,
despite suffering a severe genetic bottleneck, has established and spread aggressively across
different climates in the US in less than 50 years (Dlugosch & Parker, 2008b). Populations of this
species have adapted to have greater growth, survival, and reproduction than plants from the native

range, as well as developing a latitudinal cline in flowering times.

Current analytical methods cannot distinguish between preadaptation or rapid evolution as the

cause for niche shifts as they rely on correlative species’ distribution models (SDMs) (Lantschner et
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al., 2019; Williams et al., 2019). Utilising SDMs to analyse niche shifts is common in the climate
change literature where niche shifts into non-analogue climates occur through time rather than
space (Boiffin et al., 2017; Maguire et al., 2016; Veloz et al., 2012; Williams & Jackson, 2007).
However, SDMs are known to perform poorly when species undergo niche shifts (Lake et al., 2020;
Larson et al., 2014; Smith et al., 2019; Zurell et al., 2009), particularly into non-analogue climates
(Fitzpatrick & Hargrove, 2009; Guisan et al., 2014; Mandle et al., 2010). Therefore, while comparing
SDMs between countries can show when niche shifts occur (Chapter 2), field experiments are
required to explain the underlying causes of these niche shifts (Alexander & Edwards, 2010; Escobar
et al., 2016; Guisan et al., 2014; Hill et al., 2017; Lantschner et al., 2019). Transplant experiments
comparing the performance of individuals from both the native and introduced range can help fill
this gap (Hierro et al., 2005). Many experiments have compared the fitness of genotypes within and
beyond a species’ native range limit (Bayly & Angert, 2019; Block et al., 2020; Hargreaves et al.,
2014; Pannell et al., 2019) and performance between ranges (Genton et al., 2005; Poll et al., 2009;
Williams et al., 2008), but none have tested for adaptation to non-analogue climates in the
introduced range (Pannell et al., 2019). Whilst experiments show fitness typically declines beyond
range limits, less than half of these range limits occur at niche limits (Hargreaves et al., 2014). This
suggests that either previous analyses have misidentified species’ climatic niches, or that factors
other than climate such as geographic barriers or biotic interactions are limiting their distributions

(Bello et al., 2013; Hargreaves et al., 2014).

With transplant experiments we can distinguish a number of possibilities that are obscured in SDM-
based analyses of niche conservatism, and help determine whether niche shifts are in the
fundamental or realised niche. The fundamental niche represents the range of abiotic environments
in which a species can exist indefinitely, whereas the realised niche is a subset of the fundamental
niche constrained by biotic variables or accessibility and represents where the species is actually
present (Soberdn, 2007). If individuals from the introduced range outperform those from the native
range when grown in a common garden under non-analogue climates (Figure 4.1A) it would suggest
species have adapted to these environments since introduction. This could indicate that species are
undergoing a shift in their fundamental niche. However if individuals from the native range perform
similarly to those from the introduced range when grown in common gardens under non-analogue
climates (Figure 4.1B) it would suggest that the species are preadapted to those environments. This
would indicate that species are undergoing realised niche shifts. If individuals from the introduced
range outperform those from the native range across a series of common gardens encompassing a
wider range of climates (Figure 4.1C) it would suggest that individuals from the introduced range

have adapted to have increased performance across the entire introduced range (Grant & Kalisz,
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2020; Wan et al., 2020). If individuals from the native range outperform those from the introduced
range in a series of common gardens encompassing a wider range of climates in the introduced
range (Figure 4.1D) it would suggest that the populations that established in the introduced range
are maladapted, possibly due to genetic bottlenecks during introductions (Boheemen et al., 2019;

Bossdorf et al., 2005; Brandenburger et al., 2019; Dlugosch & Parker, 2008b).

Understanding the factors underlying niche shifts, and whether shifts are the result of preadaptation
or rapid adaptation, would improve our risk assessments of introduced non-native plants. If species
are preadapted to climates beyond those found in their native range it would suggest we should
focus efforts on better understanding the species niche to then produce better predictions when
projecting the species niche to new regions. However, if species are rapidly evolving to new climates
when introduced to new ranges we may focus efforts towards species more likely to rapidly evolve,
such as those with short generation times (Barraclough, 2015; Bradley, Blumenthal, et al., 2010;

Friedman, 2020; Grant & Kalisz, 2020; van Kleunen, Bossdorf, et al., 2018).

In this chapter | aim to understand whether climatic niche shifts into non-analogue climates are the
result of preadaptation or rapid adaptation using three closely related, globally invasive, herbaceous
non-native plants. To accomplish this | established two common gardens, one in analogue climate
space and the other in non-analogue climate space in the introduced range in New Zealand. |
planted three widely distributed Rumex species known to have exhibited climatic niche shifts into
warmer and wetter non-analogue climates in New Zealand (Chapter 2): Rumex obtusifolius L., R.
crispus L., and R. conglomeratus Murray. These species are ideal candidates for this experiment as
they produce seed within 1-2 years (Cavers & Harper, 1964; Foster, 1989) and have been established
in NZ for over 150 years (Darwin & Keynes, 1835; Rechinger & Akeroyd, 1993; Thompson, 1922)
which is likely sufficient time for climate adaptations to develop (Atwood & Meyerson, 2011). By
comparing the performance of Rumex plants sampled from the native and introduced range in
common gardens in New Zealand, | aim to provide evidence for the underlying causes of niche shifts

in non-analogue climates by answering the following questions:

1. Have individuals from the introduced (New Zealand) provenance adapted to have increased
fitness in non-analogue climates (Figure 4.1A)?

2. Do plants from both provenances perform better in analogue rather than non-analogue
climates (Figure 4.1B)?

3. Do individuals from the introduced provenance consistently outperform individuals from the

native (United Kingdom) provenance in the introduced range (Figure 4.1C)?
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Figure 4.1 Examples of possible differences in performance between individuals from the native and

introduced ranges, when grown in the introduced range in climates both analogous and non-
analogous to those found in the native range. A) Individuals from the introduced range have
rapidly adapted to climates not found in the native range, leading to greater performance in non-
analogue climates. B) The species is pre-adapted to both analogous and non-analogous climates
resulting in no differences in performance between individuals from the native and introduced
ranges. C) Individuals from the introduced range have adapted to increase performance across all
occupied climate space in the introduced range. D) Individuals from the introduced range are
maladapted to the introduced range, reducing performance across all occupied climate space.
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4.2 Methods

4.2.1 Species

All three Rumex species selected in this study are ruderals, typically colonising open, disturbed
environments associated with human activity, including pastures (Cavers & Harper, 1964, 1966;
Grime et al., 2007; Holm et al., 1997; Lousley & Kent, 1981). It is imporant to clarify the species’
native range, as this may affect which climates are considered analogous or non-analogous to the
introduced range. Therefore, | classify the native range for these species as Europe, the Middle East,
and Northern Africa (GBIF.org, 2019; Holm, Pancho, Herberger, & Plucknett, 1979; Chapter 2).
Rumex spp. have been spread across the world at least as early as the 16th century (Vibrans, 1998).
All three species were introduced to New Zealand (NZ) as agricultural seed contaminants and have
subsequently established and spread (Grossrieder & Keary, 2004; Halsted, 1889; Zaller, 2004). The
UK is likely the initial source of Rumex spp. in NZ via at least two routes 1) contaminants in NZ due to
historic trade between the UK and NZ in the 19" century and 2) the sale of Rumex spp. seeds to the
indigenous Maori populations by UK settlers claiming they were tobacco seeds (Darwin & Keynes,
1835). These three species have since experienced a climatic niche shift between their native range

and NZ and occupy warmer, wetter climates in NZ than they do in the native range (Chapter 2).

| considered differences in the species’ relative fitness within both analogue and non-analogue space
to determine the mechanism for these shifts. Relative fitness measures successful reproduction
relative to other genotypes in a population, and is notoriously difficult to measure in plants
(Alexander et al., 2015; Laughlin et al., 2020; Primack & Kang, 1989; Younginger et al., 2017). For
Rumex spp. in particular relative fitness is difficult to measure because: (1) they are hermaphroditic
so both male and female reproductive success must be measured; (2) cross-fertilisation, self-
fertilisation (sexual), and fragmentation (asexual) reproduction are common; (3) different seeds
from the same plant may be fertilised by multiple individuals making tracking paternity difficult; (4)
they are primarily wind dispersed so pollen and seeds can travel far from parent plants, making their
success difficult to track; and (5) they can grow as either annuals or perennials, making lifetime
reproduction difficult to track over the course of an experiment (Cavers & Harper, 1964; Grime et al.,
2007; Holm et al., 1977, 1997). | therefore considered three measurements as a proxy for relative
fitness which represent the most important life stages for a plant: germination rate, survival
probability, and fecundity (Laughlin et al., 2020). In particular, both germination (Kaur et al., 2017)
and seed production are strong proxies of fitness when assessing plants of the same age (Younginger

et al., 2017).
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| extend the assessment of relative fitness by considering differences in integrative fitness, i.e. their
combined fitness across multiple life stages, which was assessed as the number of potential
offspring for individuals from each provenance at each site. Integrative fitness was calculated by
multiplying germination rate, survival rate, and total number of seeds produced averaged within
each maternal line. Total number of seeds produced was estimated by determining mean individual
seed mass from a subsample, then considering the total mass of the seeds once cleaned. 95%
confidence intervals were calculated to assess differences in the integrated fitness of each
provenance. This does not represent true lifetime fitness as, had they not been destroyed, the plants

may have continued reproducing after the end of the experiment.

4.2.2 Seed collection

Seeds were collected in autumn from the United Kingdom (UK, native range, September to October
2016) and New Zealand (NZ, introduced range, February to April 2017). Seeds from the UK were
collected from South West England, the East of England, and two locations in the Scottish Lowland
regions. In NZ, seeds were collected from the Southland, Westland, and Canterbury regions. These
regions were chosen to capture a range of temperature and precipitation regimes that occur in both
ranges. Four populations were sampled in each region, and five individuals from each population.
Populations within a region were generally at least 5km apart (mean = 30 km, range = 3.5 to 99 km).
Clean seeds from the UK were imported into NZ (MPI permit 2016061142) and stored in darkness at

room temperature until used (7-12 months).

4.2.3 Sites

To compare climates between ranges and delimit analogue and non-analogue climates | used the
WorldClim dataset (Fick & Hijmans, 2017). Climatic variables were compared between New Zealand
and the native range (Chapter 2). Of the 19 available climatic variables | excluded “Mean
Temperature of the Wettest Quarter” and “Mean Temperature of the Driest Quarter” as these
variables aggregate information on precipitation and temperature in a way that can lead to artefacts
at large spatial scales. | conducted a principal components analysis (PCA) with the remaining 17
bioclimatic variables and used the first two principal components to plot the available climate space
for both the native range and NZ (Figure C.1). Analogue climate space was defined where the
available climate space for Europe and NZ overlapped. The range of climates found in the UK
encompasses the majority of the analogue climate space between Europe and NZ (Figure C.1). This

confirms that UK specimens are sourced from the relevant native range habitats. From this, |
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identified an analogue site (Southland) and a non-analogue site (Westland) for the common garden

experiment (Figure C.1).

Located in analogue climate space, the Southland field site was situated on managed pasture at the
AgResearch research station at Woodlands, NZ (46.364S, 168.578E). The Southland field site is
situated roughly 41m above sea level, with soils classified as loamy with a low stone content
(Manaaki Whenua - Landcare Research, 2020). The climate of Southland is characterised by cool
coastal breezes and with rainfall averages over 1000mm annually near the coast (Grant, 2008;
Macara, 2013). The Southland site is located roughly 15km from Invercargill where median hourly air
temperatures vary from ~4°C-~17°C across the year (Macara, 2013). Located in non-analogue
climate space, the Westland field site was situated on managed pasture on a private farm near
Atarau in the Grey Valley region, NZ (42.335S, 171.488E). The Westland field site is situated roughly
115m above sea level with soils classified as loamy with a high stone content (Manaaki Whenua -
Landcare Research, 2020). The climate of the West Coast is characterised by high rainfall averages
with the Grey Valley receiving over 2100mm annually on average (Macara, 2016; Nathan, 2009),
evenly distributed throughout the year. This level of rainfall far exceeds levels of precipitation found
in most of the native range (Fick & Hijmans, 2017). Median hourly air temperatures of the Grey

Valley vary from ~4°C-~16°C across the year (Macara, 2016).

Climate data throughout the duration of the experiment was collected from nearby weather stations
and aggregated to assess whether the climates experienced at the field sites matched my initial
expectations (NIWA, 2017c, 2017a, 2018b, 2018m, 2018l, 2018k, 2018c, 2019c¢, 2019¢, 2017b,
2018e, 2018d, 2018h, 2018a, 2018i, 2018g, 2018f). Data were collected from Invercargill (Invercargill
Aero AWS) and Greymouth (Greymouth Aero EWS) airports, which, as well as being the closest
weather stations to the field sites, are known to experience similar climates to our field sites
(Macara, 2013, 2016). These data were transformed into the 17 relevant bioclimatic variables using

the “dismo” R package (Hijmans et al., 2020),

To study the direct effect of climate, as opposed to indirect effects mediated by competition,
competition was suppressed with the existing pasture species. Both sites were sprayed with
glyphosate three weeks prior to planting and were subsequently covered in weed cloth. The weed
cloth allows water to pass through but blocks light to the soil surface and provides a physical barrier
to competing plants trying to grow underneath (Jabran & Chauhan, 2018). At both sites a fence was

erected around the plots to exclude sheep, cows, hares and rabbits.
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4.2.4 Field Experiment

Three blocks were established at each field site, with room for transplanted plants to grow in the
centre and germination trays around the perimeter (Figure C.2). Each germination tray contained 10
seeds from each of five individuals from each of two populations, separated by weed cloth in the
centre. Seeds were planted at Westland on the 4"-6'" October 2017 and at Southland on the 12-
13" October 2017. The soil used in the germination trays was from the local site, with large plant
matter and stones removed. Where available, one seedling from each maternal line that germinated
was transplanted into the block, with each block able to hold 120 plants per species. In cases where
no seedling germinated for a maternal line in one block, a matching seedling was transplanted from
a different block if one was available. The number of seeds which germinated for each maternal line
was recorded at both sites during November 2017, as a proportion of the total seeds planted. To
improve identification, seedlings were left in germination trays until at least one true leaf had
developed, at this stage seedlings could be identified to at least genus level. Transplanting occurred
throughout November 2017, after germination counts were complete. Individuals were watered
directly after planting to help avoid transplant shock (Doust, 1981). After transplanting, site visits

were conducted approximately every 2-3 months where survival and life stage status were recorded.

At the end of each growing season, all seeds were harvested. Harvesting occurred at Westland in
March 2018 and January 2019, and at Southland in March 2018 and February 2019. After seeds were
harvested in early 2019, plants were destroyed and the land was returned to pasture. As seeds are
wind dispersed (Cavers & Harper, 1964) some individuals had lost considerable seed mass prior to
harvesting. Individuals that were estimated to have lost >30% of their seed mass prior to harvest
were excluded from analyses. Air-dried seeds from 2019 were cleaned of large debris and weighed

to measure fecundity.

4.2.5 Analysis

Each species was analysed separately using linear (LMMs) or generalised linear mixed effects models
(GLMMs). A mixed effects model approach was used to quantify the variation among units in our
experimental design, namely the effects created by the block design and the inclusion of multiple
individuals from individual maternal lines (Bolker et al., 2009). To account for this variation, block
and maternal line were included as random effects in all models. Population was initially included as
a random effect in all models, but was removed to reduce model complexity as it did not account for

any additional variation when maternal line was also included (Bolker et al., 2009).
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Germination and survival were analysed using GLMMs with binomial distributions and a logit link
function. The effect of plant country of origin (UK or NZ) on the germination rate under different
climates (analogue or non-analogue) was examined by modelling germination rate as a function of
site and provenance and their interaction. Similarly, the effect of plant origin on the survival rate
under different climates was examined by modelling survival rate (from transplantation until

harvest) as a function of site, provenance and their interaction.

As our measurements of total seed mass for all species spanned several orders of magnitude, a log
transformation was applied to this response variable. As such, log-transformed seed mass was
analysed using LMMs with a Gaussian distribution and identity link function. The effect of plant
origin on seed production under different climates was examined by modelling log-transformed seed

mass as a function of site, provenance and their interaction.

In order to better understand the contribution of main effects in the models, where interactions
between provenance and site were not significant, the model was refit without them. To determine
whether the interaction between provenance and site was significant, | conducted Wald'’s chi
squared tests on the initial models (Fahrmeir et al., 2013). All models were conducted using the
package ‘Ime4’ (Bates et al., 2015). Models were checked by examining the residuals (Bufford, 2020),
and testing for influential data points using Cook’s Distance (Cook, 1977). Where influential data
points were found to affect model results, the data points were removed and a summary of the
difference in model output is provided in Figure C.5. The significance of fixed predictor variables in
the model was then assessed by using a parametric bootstrap with 1000 simulations, where
significance was determined if the bootstrapped 95% confidence interval did not overlap zero. p-
values from Wald chi-squared tests are also presented. Both conditional and marginal R?values are
given for all models (Nakagawa & Schielzeth, 2013). Data exploration and analyses followed
methods employed by Bufford, Lurie, & Daehler (2016) in R (version 4.0.2; R Core Team, 2013).
Linear mixed models were selected over alternatives, such as generalised additive mixed models or
Bayesian methods, to reduce model complexity which can lead to better model fit and increase

interpretability (Bolker et al., 2009; Dormann et al., 2018; Merow et al., 2014).
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4.3 Results

The climates experienced at both field sites were as expected, with Southland and Westland being
located under analogue and non-analogue climates respectively (Figure C.3). A total of 180
measurements of germination were taken per provenance, per species, per site. Full details of the
number of measurements recorded for each life stage are displayed in Table C.1. In total, 226 R.
conglomeratus, 184 R. crispus, and 232 R. obtusifolius plants were transplanted at the analogue field
site, and 205, 222, and 272 at the non-analogue field site respectively. Of those, 60 R.
conglomeratus, 36 R. crispus, and 31 R. obtusifolius plants had their seed harvested at the analogue

field site, and 103, 82, and 73 plants were harvested at the non-analogue field site respectively.

4.3.1 Model Results

The introduced provenance underperformed or performed no different than the native provenance
for all but one assessed components of fitness (Figure 4.2). The contribution of the random effect of
block was much smaller than the contribution of maternal lines in all cases. R? values were low in all
cases aside from R. conglomeratus fecundity (Table C.2). Assessing integrated fitness showed no
significant differences between provenances for any species, but some significant differences in

performance between sites (Figure 4.3).

Germination data tended to support the hypothesis that the introduced provenance is maladapted
in the introduced range (Figure 4.1D). | found no evidence that the introduced provenance
outperformed the native provenance (Figure 4.2A-C; Figure C.4A-C). Individuals of R. crispus and R.
conglomeratus from the native provenance had higher germination at both sites than individuals
from the introduced provenance (p < 0.001). However, the performance of each provenance
depended on the site examined for R. conglomeratus (Site x Provenance interaction: p < 0.001;
Figure C.4A). Individuals of R. conglomeratus from the native provenance performed worse at the
non-analogue site, but still better than individuals from the introduced provenance (Figure 4.2A).
The performance of each provenance also depended on the site examined for R. obtusifolius (Site x
Provenance interaction: p < 0.001; Figure C.4C), however this species performed better at the non-
analogue site, matching performance of individuals from the native provenance at the non-analogue
site (Figure 4.2C). Contrary to my initial hypothesis, the native provenance had higher germination

rates than the introduced provenance at both sites (p < 0.001; Figure 4.2B; Figure C.4B).

Survival data tended to support the hypothesis that there are no differences in performance
between either provenance (Figure 4.1B), however there were differences in performance between

sites. Survival did not significantly differ between either provenance at either site for any species (p
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> 0.08; Figure 4.2D-F; FigureS3D-F). The interaction of site and provenance was non-significant for all
species (p > 0.4). Survival was significantly higher at Westland for R. conglomeratus and R. crispus (p
=0.007 & p < 0.001 respectively; Figure 4.2D-E; Figure C.4D-E), but not for R. obtusifolius (p = 0.379;
Figure 4.2F; Figure C.4F). Analysis of residuals using Cook’s D showed that significance for R. crispus
was influenced by observations from three individuals from a single maternal line, collected in
Canterbury NZ, all of which died. These individuals were therefore removed prior to analysis (Figure
C.5A). A preliminary analysis including these R. crispus individuals indicated the native provenance
had significantly greater survival than the introduced provenance (p = 0.039; Figure C.5B), and the
interaction between site and provenance was still non-significant (p = 0.257). These outliers do not
change the qualitative conclusion that introduced genotypes are pre-adapted to the introduced

range. There were no other assumption violations.

Fecundity data suggested that either the introduced provenance was better adapted to non-
analogue climates (Figure 4.1A) or that no differences in performance were present between
provenances (Figure 4.1B), depending on which species was considered. There were no significant
differences in total seed produced between provenances for R. crispus and R. obtusifolius (p = 0.239
& p = 0.071 respectively; Figure 4.2H-I; Figure C.4H-1). Individuals grown at the analogue site
produced significantly more seed for both R. conglomeratus and R. crispus (p < 0.001 & p = 0.049
respectively; Figure 4.2G-H; Figure C.4G-H), but not R. obtusifolius (p = 0.585; Figure 4.2l; Figure
C.41). Individuals of R. conglomeratus from the introduced provenance produced significantly more
seeds than individuals from the native range across sites (p = 0.033; Figure 4.2G; Figure C.4G).
Provenance by site interactions for total seed production were non-significant for all species (p >

0.43).

Integrated fitness across all life stages was not significantly different between provenances (Figure
4.1B). Similarly, no significant differences in integrated fitness were observed between sites for R.
crispus and R. conglomeratus, however there were differences in fitness between sites for R.
obtusifolius (Figure 4.3). Individuals of R. obtusifolius from both provenances had significantly higher
fitness at the non-analogue site. Interestingly, Rumex conglomeratus was the species with the
greatest variability in potential offspring, UK 95% CI (12602, 25708) NZ 95% CI (1929, 16583) at the

analogue site.
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Figure 4.2 Comparison of fitness between the native (blue) and introduced (red) provenances at

each site, controlling for block and seedling maternal line. All comparisons display the

mean and 95% confidence intervals. Germination (A-C) was measured as the

proportion of seeds, out of 10, which germinated per individual. Survival (D-F) was
measured until harvest at the end of the second growing season. Fecundity (G-I),
measured using total seed mass collected from each plant, is displayed on a natural
log scale. Significant differences (as shown in Figure C.4) are displayed here as: S* -
significant site differences; P* - significant provenance differences; and SxP* -
significant site by provenance interaction.
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the other panels showing results for individual species.
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4.4 Discussion

The native provenance performed at least as well as the introduced provenance in the non-analogue
climate indicating that these Rumex spp. are pre-adapted to climates found outside of their native
range (Figure 4.1B). We found this to be generally true across all assessed measurements and
species. This study is one of the first to complete a large scale common garden experiment
comparing the performance of both the native and introduced provenances between analogue and
non-analogue climates in the introduced range. This work suggests that niche expansion into non-
analogue climates may be, more often than previously thought, the result of species’ pre-
adaptation. If this is the case, this study promisingly indicates that climatic niche shifts may be
predictable, so long as the species niche is well understood. Therefore, | suggest that forecasts of
niche expansion should focus on characterizing a species’ fundamental niche rather than assuming

species are rapidly evolving in the introduced range.

My results suggest that the success of Rumex is due to pre-adaptation rather than rapid evolution.
For the majority of fitness measures, the introduced provenance did not have a significantly higher
fitness than the native provenance in the non-analogue site (Figure C.4). The only exception is the
amount of seed produced by R. conglomeratus which was significantly higher for individuals from
the introduced provenance at the non-analogue site (Figure C.4), despite producing only slightly
more seed biomass (Figure 4.2). It therefore seems plausible that R. conglomeratus may have locally
adapted to wetter climates in NZ, developing higher seed production. Having higher seed set, while
maintaining equivalent survival rates compared to individuals from the native provenance, could
produce a net positive population growth rate for R. conglomeratus in the non-analogue climate.
This would help explain why R. conglomeratus is so common in Westland, NZ, whilst difficult to find
in other regions (Chapter 3). However, it should be noted that even at the non-analogue site
individuals of R. conglomeratus from the introduced provenance had significantly lower germination
than those from the native provenance (Figure 4.2A, S3A). The higher seed production is offset by
the lower germination rate, resulting in no differences in integrated fitness of individuals in non-

analogue climates (Figure 4.3).

The native provenance generally had significantly greater germination compared to the introduced
provenance, which could suggest reduced performance for the introduced provenance. By contrast,
other studies have shown species adapt under new environments, which should increase
germination (Boheemen, Atwater, & Hodgins, 2019; Luo, Xu, Zheng, Guo, & Hu, 2019; Maron, Vila,

Bommarco, EImendorf, & Beardsley, 2004; but see: Brandenburger et al., 2019). In the case of
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Rumex spp, lower germination could be due to lower genotypic diversity expressed in NZ due to a
genetic bottleneck upon introduction (Boheemen et al., 2019; Bossdorf et al., 2005). However, this
seems unlikely as no other significant fitness differences were detected between provenances and it
is likely that multiple introductions have occurred over two centuries of agricultural trade between
NZ and the rest of the world (Brooking & Pawson, 2007; Wilson et al., 2016). Alternatively, the lower
germination rate of individuals from the introduced provenance could be an artefact of my sampling
protocol. As seeds ripen at opposite ends of the calendar year between the Northern and Southern
Hemispheres, the seeds collected from the UK were stored for roughly six months longer than those
from NZ. The length of time seeds are in dry storage may affect germination rate through changes in
dormancy. Although previous studies have indicated Rumex spp. do not undergo strong dormancy
periods, time in dry storage can increase germination success (Baskin & Baskin, 1985; Cavers &
Harper, 1966). Similar work has indicated that seeds from both provenances had high viability

(Bufford, J, [Local Adaptation of Rumex species]. Unpublished raw data).

Contrary to expectations, performance was significantly better overall at the non-analogue site for
two species with regards to germination and survival rates, but better at the analogue site for two
species with regards to total seed production (Figure C.4). Whilst total seed produced at the non-
analogue site for both R. conglomeratus and R. crispus was significantly less than at the analogue
site, this could be an artefact of greater density, and therefore competition, of plants at the non-
analogue site. No differences in integrated fitness were detected between sites except for R.
obtusifolius which has greater fitness at the non-analogue site. As neither provenance experienced
significant detrimental effects at the non-analogue site compared to the analogue site (Figure 4.2;
Figure 4.3) | conclude that Rumex spp. are pre-adapted to non-analogue climates found outside their

native range.

However, the patterns shown by the response variables at each life stage are inconsistent between
species. Rumex conglomeratus displayed greater survival at the non-analogue site, but reduced seed
production and germination of individuals from the native provenance (Figure 4.2A,D,G; Figure
C.4A,D,G). This is surprising as R. conglomeratus is the species most dependent on soil moisture
(Cavers & Harper, 1964; Hill et al., 1999), so we would expect it to perform better at the non-
analogue site. Whilst | previously mentioned there could have been potential issues with
overcrowding at the non-analogue site, this was not an issue in germination trays. Rumex
obtusifolius experienced greater germination at the non-analogue site. Survival rate and seed
production were not significantly different for R. obtusifolius between sites, which is in line with my

expectations as both R. obtusifolius along with R. crispus can both successfully occupy a wide range
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of environments (Chapter 2,3; Cavers & Harper, 1964, 1966; Grime, Hodgson, & Hunt, 2007; Holm,
Doll, Holm, Pancho, & Herberger, 1997; Lousley & Kent, 1981). Finally, R. crispus experienced
significantly higher germination, but significantly lower survival and seed production, at the non-
analogue site compared to the analogue site. The lower survival and fecundity of R. crispus at the
non-analogue site seems plausible as populations of R. crispus were difficult to find on the West
Coast during the seed collection surveys (T Carlin, pers. obs., 2017). Even though closely related
species showed differences in response variables at analogue and non-analogue sites, these results
emphasise that | found little to no evidence supporting rapid adaptation as the method in which

these species underwent climatic niche shifts.

Future efforts towards predicting the distribution of introduced plants should first consider better
characterising the species’ current niche rather than assuming species have adapted to new
environments. This suggests that tools which can better characterise the species’ niche may be more
useful than forecasts of species’ range responses to rapid evolution (Urban et al., 2016). Experiments
which directly test species’ physiological tolerances via manipulations can be used to produce SDMs
with a better understanding of a species’ fundamental niche (Benning & Moeller, 2019; Godsoe et
al., 2017; Hargreaves et al., 2014; Lee-Yaw et al., 2016; Willi & Van Buskirk, 2019). Alternatively,
mechanistic models of population growth may provide better predictions of where species can

persist (Angilletta et al., 2019; Buckley et al., 2010; Kearney & Porter, 2009; Srivastava et al., 2019).

The results of this study rely on the accurate assessment of which climates are analogous between
regions. This depends both on the reliability of the underlying climate data, and the specific weather
conditions experienced during the experiment. For example, the WorldClim data | utilised indicates
the maximum annual precipitation in the UK is 2600mm, whereas the Met Office suggests the
maximum value can reach 4100mm around some mountain tops in Scotland (Hollis et al., 2019).
However, it is unlikely that Rumex spp. occur in these areas, and therefore this difference would be

unlikely to greatly influence what climates are considered analogous.

Whilst the results of this study demonstrated that Rumex spp. are likely preadapted to the non-
analogue climates found on the West Coast of NZ, additional common gardens under other climates
are needed to determine if this is the norm. New Zealand possesses a large amount of non-analogue
climates (Figure C.1), and establishing common gardens across this spectrum would be highly
informative as to whether fitness deteriorates as the climates become less similar to those
experienced in the native range. Furthermore, my previous work has shown that Rumex spp.
undergo niche pioneering into different non-analogue climates in other ranges such as North

America (Chapter 2). It is possible that Rumex spp. may be preadapted to some non-analogue
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climates but that rapid adaptation is responsible for niche pioneering in other ranges. Experiments
in other introduced ranges could elucidate this. Finally, this experiment would greatly benefit from
the inclusion of sites in the native range to distinguish whether individuals from the introduced
range have lost adaptations, such as loss of defences to native enemies, which may alter their
performance in the native range (Colautti & Lau, 2015; Genton et al., 2005; Poll et al., 2009; Williams
et al., 2008). If this is the case we would expect individuals from the introduced range to perform

poorly when reintroduced to the native range.

Understanding what drives niche shifts into non-analogue climates is critical for predicting where
species can establish. Using a common garden experiment | have shown that Individuals from the
native range performed equally well, or better than, individuals from the introduced range in non-
analogue climates. Surprisingly, | found little evidence that individuals from either provenance
experienced reduced performance under non-analogue climates compared to climates found in the
native range. | demonstrated that the native range of Rumex spp. does not adequately represent the
range of climates the species are capable of tolerating, and note that this may have serious
implications for species’ distribution modelling efforts. | recommend that when producing SDMs
modellers recognise that species’ ranges may not represent all of the environments to which the
species are preadapted. Modellers should try to better understand the species’ niche, and hence the
environments they can currently tolerate, rather than focussing on whether species will evolve
adaptations to new environments. To the best of my knowledge, this study provides some of the
first empirical evidence that species are pre-adapted to environments found outside the scope of

their native range.
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Chapter 5

General Discussion

5.1.1 Scope of the thesis

This thesis examined several aspects of a plant species’ climatic niche, and situations in which the
niche undergoes shifts between the native and introduced range. Although studies often use
correlative methods to measure whether a niche shift has occurred between two regions (Atwater
et al., 2018; Early & Sax, 2014; Gallagher et al., 2010; Lantschner et al., 2019; Petitpierre et al., 2012;
Williams et al., 2019), few studies currently consider niche shifts across all of a species’ ranges
(Christina et al., 2019; Silva et al., 2016) or offer empirical evidence for why these shifts occur
(Lantschner et al., 2019). At a global scale, | first considered whether Rumex spp. shift their niche
when introduced into multiple new ranges across the world, finding that niche shifts are not always
consistently towards similar environments. At a national scale, | then considered the types of
variables that most accurately predict species’ distributions when a realised niche shift has occurred,
showing that non-climatic variables play an important role. Finally, at a regional scale | conducted
one of the first large-scale field experiments to determine whether fitness differences exist between
plants from the native and introduced ranges when grown in the introduced range. Strong
performance of individuals from both ranges indicated that novel adaptations to the environments
of the introduced range has probably not occurred in Rumex species, providing some of the first

evidence for preadaptation to non-analogue environments as a cause of niche shifts.

5.1.2 Major Findings of the thesis

Niche shifts are inconsistent across introduced ranges (Chapter 2)

To determine whether climatic niche shifts occurred for Rumex spp. | considered three ranges each
with wide environmental variation where the species had been independently introduced. Such
comparisons are common between the native range and a single introduced range (Atwater et al.,
2018; Early & Sax, 2014; Gallagher et al., 2010; Petitpierre et al., 2012) but assessments of whether
climatic niche shifts in introduced plants are consistent across multiple ranges are lacking (Datta et
al., 2019; Wang et al., 2017). It was therefore unclear whether the presence of a niche shift in one
region could be used to predict the likelihood and direction of a niche shift in another region. We

observed that Rumex spp. underwent niche shifts inconsistently across each of the three introduced
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ranges considered. Furthermore, the types of climates into which Rumex spp. shifted their niche in
each range were idiosyncratic. This observation is only possible when considering multiple ranges
across the globe, which few other studies have done (Christina et al., 2019; Silva et al., 2016). Also, in
each introduced range we observed niche expansion into both analogue and non-analogue climate
space, indicating that factors other than climate are restricting the species in their native range.
Although these climatic niche shifts were in a similar direction between species, there was little
overlap in the occupied climates of species in each range. This indicates that the use of closely
related species in predicting species’ distributions that undergo climatic niche shifts is limited. Aside
from providing new evidence that the species’ native range is a poor indicator for its potential
distribution when introduced elsewhere, we provide strong evidence that the presence of a niche

shift in one range may not predict niche shifts in other ranges.

Non-climatic variables can provide more accurate predictions of species’ distributions
(Chapter 3)

Since | found evidence that these species underwent climatic niche shifts between the native and
introduced ranges, and that the direction of these shifts depended on both the species and region
considered (Chapter 2), | sought to better understand the factors limiting the species’ distribution in
the native range and a single introduced range. Therefore, | considered which variables best predict
the distribution of Rumex spp. in NZ and the UK. Studies typically only consider climatic variables
when projecting species’ distributions beyond the native range (Atwater et al., 2018; Bradie &
Leung, 2017; Bradley et al., 2008; Broennimann et al., 2007; Chapman et al., 2019; Early & Sax, 2014;
Gallagher et al., 2010; Petitpierre et al., 2012, 2017; Srivastava et al., 2019), however recent studies
suggest non-climatic variables may be important (Bello et al., 2013; Bradie & Leung, 2017; Gallien et
al., 2015; Gardner et al., 2019; lturrate-Garcia et al., 2016). We found that climatic variables were
poor predictors of the species’ distribution compared to non-climatic variables when projecting from
the native range to the introduced range. Species’ distribution models based on non-climatic
variables were either just as, or more, accurate than models based on climate data. In particular,
SDMs produced using only non-climatic variables were the most accurate when projecting
distribution information from the native range. Unfortunately, SDMs utilising non-climatic variables

were still poor predictors of species’ distributions in areas of non-analogue climate.

Surprisingly, including non-climatic variables in SDMs did not seem to improve the predictions of
species’ distributions under non-analogue climates (Figure 3.1). Species’ distributions are notoriously
difficult to predict under non-analogue climates as we have no prior information from the native
range of how a species will respond to that particular climate (Boiffin et al., 2017; Maguire et al.,

2016; Sobek-Swant et al., 2012; Srivastava et al., 2019; Veloz et al., 2012). | had predicted that non-
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climatic variables would fill this gap as areas of non-analogue climate in the introduced range may
have areas of analogous non-climatic variables that could be used to better inform SDMs. For
example, if human disturbance strongly affects where Rumex spp. occur under all climates, then
including it in SDMs may correctly predict Rumex spp. distributions under non-analogue climates
based on the level of human disturbance. However, this did not seem to be the case in our models.
The lack of accuracy of predictions under non-analogue climates may indicate that | did not account
for some important non-climatic variables that dictate the distribution of Rumex species. For
example, we know that Rumex spp. have preferences towards both soil pH and nitrogen content
(Cavers & Harper, 1964; Grime et al., 2007), both of which may account for where Rumex spp. occur
at a local scale. Non-climatic variables that help predict distributions under non-analogue climates
may also vary between introduced ranges. For instance, whilst hydrological variables are unlikely to
be a good predictor under NZ non-analogue climates, as these are typified by high precipitation,
hydrological variables may be a strong determining factor of where Rumex spp. occur under drier
North American or Australian non-analogue climates (Figure 2.4). This would be especially important
for R. conglomeratus, which relies on high moisture (Cavers & Harper, 1964; Hill et al., 1999; Lousley

& Kent, 1981).

Rumex spp. are preadapted to non-analogue environments (Chapter 4)

Having observed that Rumex spp. experienced niche expansion into non-analogue climates in NZ
(Chapter 2), and that SDMs utilising non-climatic variables still struggled to predict distributions
under non-analogue climates (Chapter 3), | wanted to discover whether this expansion was the
result of preadaptation (Cadotte et al., 2018; Early & Sax, 2014; Gonzalez-Moreno et al., 2015) or
rapid evolution to climates in the introduced range (Boheemen et al., 2019; Hulme & Barrett, 2013;
Luo et al., 2019; Maron et al., 2004). | conducted a large-scale common garden experiment,
transplanting seeds from the native range into the introduced range. | compared the performance of
native and introduced provenance plants at different life stages in both analogue and non-analogue
climates. | found that plants from the native range are likely preadapted to both the analogue and
non-analogue climates of the introduced range as no significant fitness differences were observed
between individuals from the native or introduced provenances. This finding contradicts much of the
current literature which suggests niche shifts are more likely to be the results of contemporary

evolution (Boheemen et al., 2019; Hulme & Barrett, 2013; Luo et al., 2019; Maron et al., 2004).

5.1.3 Synthesis of findings from Chapters 2-4

As we determined that SDMs based on non-climatic variables lead to more accurate predictions of

species’ distributions when projected from the native range, this raises the question as to whether
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non-climatic variables would offer more accurate projections in all of the species’ introduced ranges
assessed in Chapter 2. If non-climatic variables had been included in this comparison of niche shifts
in multiple introduced ranges more similarities may have been observed in the types of
environments Rumex shifted into. Whilst this would not change the fact that Rumex spp. are
experiencing niche expansion into different climates in different ranges, it may help explain why
Rumex spp. have expanded their climatic niche in these ranges. For example, Rumex spp. may have
shifted into environments where human disturbance is greater, as long as these regions are still
within their overall climatic limitations. If this were the case then data on human disturbance would
be a good indicator of where these species are likely to establish in the future, including as a result
of niche shifts. Unfortunately availability of high quality environmental data for multiple regions is
scarce, in particular as collection methods for the data need to be comparable. Furthermore, we
know that climate dictate species’ distributions at broad scales (Bello et al., 2013), and as such, it is
possible that the analysis in Chapter 2 may have been at too broad a scale for the effects of non-

climatic variables to be detected.

Having determined that Rumex spp. are preadapted to climates beyond those found in the native
range (Chapter 4) one might think that these niche shifts could be due to a lack of suitable climates
in the native range. However, Chapter 2 shows that Rumex spp. also experience niche shifts in
introduced ranges into analogue climate space. This not only shows that the native range is not a
good approximation of the species’ fundamental niche, but also raises the question of what limits
the range of these species in the native range and analogue niche space. As Rumex spp. can easily
disperse their seeds via wind, water, agricultural machinery, endozoochory (Cavers & Harper, 1964;
Grime et al., 2007), as well as the historical prevalence of contaminations in agricultural seed stock
(Grossrieder & Keary, 2004; Halsted, 1889; Zaller, 2004), it seems likely that seed would be able to
reach most suitable climates. The ease of dispersal combined with the broad range of available
climates in the native range (Chapter 2; Olson et al., 2001) suggest that accessibility to climate space

is unlikely to be limiting Rumex spp. distributions in the native range.

Given that non-climatic variables were better predictors of the species’ distribution in the
introduced range, non-climatic variables may be the limiting factor for Rumex spp. in their native
range also (Bradie & Leung, 2017; Gallien et al., 2015; Gonzalez-Moreno et al., 2015; Iturrate-Garcia
et al., 2016). In Chapter 3 | highlighted that that human disturbance is a large driver of the species’
distribution in both the native and introduced ranges, except for R. conglomeratus in the native
range. This makes sense as R. conglomeratus has greater climatic restrictions than R. obtusifolius and

R. crispus (Cavers & Harper, 1964; Grime et al., 2007; Hill et al., 1999), hence climate is a strong
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predictor of its distribution in the UK where it has a range margin. Furthermore, whilst other studies
have shown that biotic interactions can impact range limits (Godsoe et al., 2015; Palacio & Girini,
2018; Urban et al., 2016), similar work by Costan (2021) suggests this is unlikely for Rumex species.
Costan (2021) observed herbivory of Rumex spp. in the UK and NZ was low, and likely not strong

enough to affect population dynamics.

More work will be needed to determine if this result generalises to other systems. It is possible that
the generalist nature of Rumex spp. allows them to be preadapted to a broader range of
environments than other species. Many invasive species exhibit generalist natures (Ainsworth &
Drake, 2020; Clavel et al., 2011; Marvier et al., 2004), suggesting that preadaptation to a wide range
of climates may be common. However, as rapid adaptation to analogue climates has been observed
in other introduced plants (Dlugosch & Parker, 2008b), it is clear that not all range expansions are
the result of preadaptation. Whether introduced plants will undergo rapid adaptation to undergo
climatic niche shifts into non-analogue climates has yet to be empirically tested, however seems

likely.

5.1.4 Contribution to the SDM literature

This study showed that the accuracy of models projecting the species’ native distribution based only
on non-climatic variables were superior to those using only climatic in all instances at a 1km? spatial
resolution. Furthermore, including climatic variables in combination with non-climatic variables in
models projecting species’ distributions from the native range onto the introduced range often
decreased their accuracy. When predicting the potential distribution within a region rather than
between regions, models based on only non-climatic variables were either superior or were no
different in accuracy than when using only climatic variables. Models based on only climatic
variables never produced more accurate predictions of species’ distributions compared to either
non-climatic or combined models. This is particularly striking as using climatic variables in
projections from the native range is commonplace, and often considered the standard approach.
These results display the importance of utilising non-climatic variables in SDMs, even in the absence

of climatic niche shifts.

Given that climate was a particularly poor predictor when projecting into non-analogue climates,
this poses questions about the accuracy of projections into future climates. As projections into
future climates simply represent range shifts temporally rather than spatially, the results of this
study should still be applicable. This would suggest that the predicted distributions of plant

populations under future climate scenarios likely underestimate the true possible distribution, as the
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climates species currently occupy likely do not correspond to all suitable climates they can tolerate.
This is particularly relevant for species whose distributions, like Rumex spp., are largely determined
by variables other than climate. Projections of species that show strong climatic limitations into

future climate scenarios would likely be more accurate than those of Rumex species.

5.1.5 Contribution to the management of Rumex species

The results of this thesis can be used to inform the management of Rumex spp. populations. We now
understand that current records of the environments Rumex spp. can tolerate likely underestimate
their true potential distribution (Holm et al., 1979). Furthermore, as Rumex species are naturally
preadapted to a broad range of climates there is no lag time between species entering a region and
developing adaptations to those climates. Whilst Rumex spp. are likely close to their realising their
full potential distribution in countries such as the UK and NZ where they do not have strong climatic
limitations, other parts of the world will likely become susceptible to the establishment of Rumex
spp. as climate changes progresses. As the climate warms, the distribution of Rumex spp. is likely to
shift poleward with countries such as Canada, Argentina, Finland, and Russia susceptible to invasion
due to their close proximity to existing populations. Therefore these regions should focus on
prevention of seed contamination and managing nearby populations to reduce spread. Whilst both
R. obtusifolius and R. crispus are already present in small numbers in these regions, populations are
likely to expand. As the climate warms, R. conglomeratus will likely be recorded in these countries
which are currently too cold for large populations to establish (Hill et al., 1999). Areas that are most
at risk would be identified primarily by their level of human disturbance, as | have shown this to be
one of the largest determinants of Rumex spp. distributions (Chapter 3). Unfortunately, areas which
currently do not have Rumex spp. populations, unless under extreme climatic conditions, are likely

not immune to establishment.

5.1.6 Future directions and thesis limitations

While this thesis observed that the species’ niche can shift in different directions in different ranges
it would be interesting to quantify and compare the magnitude of these niche shifts. By knowing the
magnitude of niche shifts we may discover that some climates are more prone to or resilient to large
niche shifts. This could help stakeholders decide where to distribute resources to prevent introduced
species. | considered using centroid shift methods to test this as an extension to Chapter 2, however
centroid shift methods are sensitive to the size of the species’ realised niche in each range
(Petitpierre et al., 2012). As a result, centroid shifts would be liable to over-predict the magnitude of
shifts if niche unfilling occurs in the introduced range. Whilst one can argue that niche unfilling

represents a niche shift, niche unfilling is commonly a function of time since establishment rather
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than indicating that these environments are unsuitable (Atwater et al., 2018; Petitpierre et al.,
2012). As such, methodologies measuring the edge of the niche limits rather than the centre would

be more informative.

Climatic variables may be sufficient to predict species’ distributions at a coarse scale (Ashcroft et al.,
2011; Bello et al., 2013; Petitpierre et al., 2017), however non-climatic variables are clearly
important at a finer scale where management and impacts occur (Bello et al., 2013; Cherrill et al.,
1995; Collingham et al., 2000; Gogol-Prokurat, 2011; Guisan & Thuiller, 2005; Reinhardt et al., 2020;
Shabani et al., 2020; Sobek-Swant et al., 2012; Wang et al., 2019). Future work could consider
modelling species’ distributions, both within and projecting between ranges, at finer scales (less
than 1km?) to determine whether information derived from climatic variables becomes obsolete or
even detrimental to model performance as scale decreases. Additionally, future work could
investigate the importance of non-climatic variables for different species or across different
environments. The distributions of Rumex species are not strongly limited by climate, however
models of species that exhibit strong climatic limitations may show less improvement in accuracy

through the inclusion of non-climatic variables.

Future work should also further investigate more accurate methods of predicting niche shifts into
non-analogue climates. Such shifts are common, but correlative methods offer poor predictions of
whether and where shifts occur. Whilst | hypothesised projections from non-climatic variables may
better predict distributions in non-analogue climatic regions this did not prove to be true for Rumex
species. Given that Rumex spp. are preadapted to these climates, by better quantifying the species’
niche limits we should be able to predict its distribution in non-analogue climates. Quantifying the
fundamental niche of species can be primarily achieved through two methods. Firstly, conducting
experiments which directly test species’ physiological tolerances via manipulations can be used to
produce better estimates of a species’ fundamental niche (Benning & Moeller, 2019; Godsoe et al.,
2017; Hargreaves et al., 2014; Lee-Yaw et al., 2016; Willi & Van Buskirk, 2019). Alternatively,
mechanistic models of population growth may provide better predictions of where species can
persist than correlative methods (Angilletta et al., 2019; Buckley et al., 2010; Kearney & Porter,
2009; Srivastava et al., 2019).

Whilst further work needs to be completed on niche shifts into both analogue and non-analogue
climates, modellers should be wary that what is classified as analogue can be influenced by their
selection of variables. With fewer variables, more regions are likely to be classified as analogous, but
the models may be missing crucial factors that determine the presence or absence of species.

Including biologically relevant variables is most important (Austin & Van Niel, 2011; Brun et al., 2020;
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Fourcade et al., 2018; Merow et al., 2014), however in many cases data on such variables can be
lacking. For example, for Rumex spp. we lacked high quality soil data which could provide additional

information on their distributions.

Further large-scale common garden experiments similar to ours would provide much needed insight
into whether other introduced plant species are preadapted to climates beyond those in their native
range and could help determine which traits preadapt species to these climates. Whilst logistically
challenging, providing sites in the native range as well as the introduced range could determine

whether plants from the introduced range have lost adaptations to the native range.

5.1.7 Conclusions

My thesis has demonstrated that species’ realised niche shifts are more common than previously
thought, highlights the underlying mechanisms of niche shifts, and provides guidance for how we
can better predict introduced species’ distributions in the future. By showing that niche shifts are
inconsistent across the globe, | highlight new challenges for the niche shift literature. | then highlight
a potential solution to this challenge: that non-climatic variables may be more useful than climatic
variables. Furthermore, my work suggests that better understanding the characteristics of the
species niche, by testing species’ tolerances to climates beyond those in their native range, can
predict niche shifts before they occur. Therefore, better measurements of a species’ fundamental
niche should be prioritised over assessments of rapid evolution in the introduced range to better
improve forecast models in the future. These findings will thus alter the way in which niche shifts are

predicted and studied across introduced ranges.

93



References

AFE. (1979). Atlas Florae Europaeae. Distribution of Vascular Plants in Europe. 4. Polygonaceae. In J.
Jalas & J. Suominen (Eds.), Atlas Florae Europaeae (p. maps 384-478). The Committee for
Mapping the Flora of Europe & Societas Biologica Fennica Vanamo.

Aguirre-Gutiérrez, J., Serna-Chavez, H. M., Villalobos-Arambula, A. R., Pérez de la Rosa, J. A., & Raes,
N. (2015). Similar but not equivalent: ecological niche comparison across closely-related
Mexican white pines. Diversity and Distributions, 21(3), 245-257.
https://doi.org/10.1111/ddi.12268

Aiello-Lammens, M. E., Boria, R. A., Radosavljevic, A., Vilela, B., & Anderson, R. P. (2015). spThin: an
R package for spatial thinning of species occurrence records for use in ecological niche models.
Ecography, 38, 545-545. https://onlinelibrary.wiley.com/doi/10.1111/ecog.01132.

Aikio, S., Duncan, R. P., & Hulme, P. E. (2012). The vulnerability of habitats to plant invasion:
disentangling the roles of propagule pressure, time and sampling effort. Global Ecology and
Biogeography, 21(8), 778-786. https://doi.org/10.1111/j.1466-8238.2011.00711.x

Ainsworth, A., & Drake, D. R. (2020). Classifying Hawaiian plant species along a habitat generalist-
specialist continuum: Implications for species conservation under climate change. PLOS ONE,
15(2), e0228573. https://doi.org/10.1371/journal.pone.0228573

Alexander, J. M., Diez, J. M., & Levine, J. M. (2015). Novel competitors shape species’ responses to
climate change. Nature, 525, 515-518. https://doi.org/10.1038/nature14952

Alexander, J. M., & Edwards, P. J. (2010). Limits to the niche and range margins of alien species.
Oikos, 119(9), 1377-1386. https://doi.org/10.1111/j.1600-0706.2009.17977.x

Allan, H. H. (1925). The Vegetation of Mount Peel, Canterbury, N.Z. Part 2.*—The Grasslands and
Other Herbaceous Communities. Transactions and Proceedings of the Royal Society of New
Zealand, 57(1927), 73-89. http://rsnz.natlib.govt.nz/volume/rsnz_57/rsnz_57_00_000250.html

Allan, H. H., & Dalrymple, K. W. (1926). Ferns and Flowering-plants of Mayor Island, N.Z.
Transactions and Proceedings of the Royal Society of New Zealand, 56, 34-36.
http://rsnz.natlib.govt.nz/volume/rsnz_56/rsnz_56_00_000290.html|

Allen, R. B., Mcintosh, P. D., & Wilson, J. B. (1997). The distribution of plants in relation to pH and
salinity on inland saline/alkaline soils in Central Otago, New Zealand. New Zealand Journal of
Botany, 35(4), 517-523. https://doi.org/10.1080/0028825X.1987.10410175

Allen, R. B., Partridge, T. R., Lee, W. G., & Efford, M. (1992). Ecology of Kunzea ericoides (A. Rich.) J.
Thompson (kanuka) in east Otago, New Zealand. New Zealand Journal of Botany, 30(2), 135—
149. https://doi.org/10.1080/0028825X.1992.10412894

Allouche, O., Tsoar, A., & Kadmon, R. (2006). Assessing the accuracy of species distribution models:
Prevalence, kappa and the true skill statistic (TSS). Journal of Applied Ecology, 43(6), 1223—
1232. https://doi.org/10.1111/j.1365-2664.2006.01214.x

Alshallash, khalid S. (2020). Rumex crispus and Rumex obtusifolius regeneration from root

fragments is affected by fragment weight, root section and depth of planting. Biologia, 1-14.
https://doi.org/10.2478/s11756-020-00600-0

94



Anderson, J. T., & Song, B. (2020). Plant adaptation to climate change—Where are we? Journal of
Systematics and Evolution, 58(5), 533-545. https://doi.org/10.1111/jse.12649

Angilletta, M. J., Sears, M. W., Levy, O., Youngblood, J. P., & VandenBrooks, J. M. (2019).
Fundamental Flaws with the Fundamental Niche. Integrative and Comparative Biology, 59(4),
1038-1048. https://doi.org/10.1093/icb/icz084

Araujo, M. B., & Luoto, M. (2007). The importance of biotic interactions for modelling species
distributions under climate change. Global Ecology and Biogeography, 16(6), 743—753.
https://doi.org/10.1111/j.1466-8238.2007.00359.x

Armstrong, J. B. (1879). Art. XLIX.—A short Sketch of the Flora of the Province of Canterbury, with
Catalogue of Species. Transactions and Proceedings of the Royal Society of New Zealand, 12,
325-353. http://rsnz.natlib.govt.nz/volume/rsnz_12/rsnz_12_00_003120.html

Armstrong, J. F. (1871). Art. XLVIIl.—On the Naturalized Plants of the Province of Canterbury.
Transactions and Proceedings of the Royal Society of New Zealand, 4, 284-290.
http://rsnz.natlib.govt.nz/volume/rsnz_04/rsnz_04_00_002170.html

Ashcroft, M. B., French, K. O., & Chisholm, L. A. (2011). An evaluation of environmental factors
affecting species distributions. Ecological Modelling, 222(3), 524-531.
https://doi.org/10.1016/j.ecolmodel.2010.10.003

Aston, B. C. (1911). Art. XXIl.—The Raised Beaches of Cape Turakirac. Transactions and Proceedings
of the Royal Society of New Zealand, 44, 208-213.
http://rsnz.natlib.govt.nz/volume/rsnz_44/rsnz_44 00 _002520.html|

Aston, B. C. (1915). Art. XXXI.—The Vegetation of the Tarawera Mountains, New Zealand.
Transactions and Proceedings of the Royal Society of New Zealand, 48, 304-314.
http://rsnz.natlib.govt.nz/volume/rsnz_48/rsnz_48 00 _003150.html

Atlas of Living Australia. (2019). https://www.ala.org.au/

Atwater, D. Z., & Barney, J. N. (2021). Climatic niche shifts in 815 introduced plant species affect
their predicted distributions. Global Ecology and Biogeography, geb.13342.
https://doi.org/10.1111/geb.13342

Atwater, D. Z., Ervine, C., & Barney, J. N. (2018). Climatic niche shifts are common in introduced
plants. Nature Ecology & Evolution, 2, 34—43. https://doi.org/10.1038/s41559-017-0396-z

Atwood, J., & Meyerson, L. (2011). Beyond EICA: understanding post-establishment evolution
requires a broader evaluation of potential selection pressures. NeoBiota, 10, 7-25.
https://doi.org/10.3897/neobiota.10.954

Austin, M. P., & Van Niel, K. P. (2011). Improving species distribution models for climate change
studies: variable selection and scale. Journal of Biogeography, 38(1), 1-8.
https://doi.org/10.1111/j.1365-2699.2010.02416.x

Australia’s Virtual Herbarium. (2019). MEL 0610742A. Council of Heads of Australasian Herbaria.
http://avh.ala.org.au/

Bagnall, R. G. (1975). Vegetation of the Raised Beaches at Cape Turakirae, Wellington, New Zealand.
New Zealand Journal of Botany, 13(3), 367-424.

95



https://doi.org/10.1080/0028825X.1975.10430334

Bagnall, R. G., & Ogle, C. C. (1981). The changing vegetation structure and composition of a lowland
mire at Plimmerton, North Island, New Zealand. New Zealand Journal of Botany, 19(4), 371-
387. https://doi.org/10.1080/0028825X.1981.10426394

Banerjee, A. K., Mukherjee, A., & Dewaniji, A. (2017). Potential distribution of Mikania micrantha
Kunth in India - evidence of climatic niche and biome shifts. Flora: Morphology, Distribution,
Functional Ecology of Plants, 234, 215-223. https://doi.org/10.1016/].flora.2017.08.001

Barraclough, T. G. (2015). How Do Species Interactions Affect Evolutionary Dynamics Across Whole
Communities? Annu. Rev. Ecol. Evol. Syst, 46, 25—48. https://doi.org/10.1146/annurev-ecolsys-
112414-054030

Barry, S., & Elith, J. (2006). Error and uncertainty in habitat models. Journal of Applied Ecology, 43(3),
413-423. https://doi.org/10.1111/j.1365-2664.2006.01136.x

Baskin, J. M., & Baskin, C. C. (1978). A Contribution to the Germination Ecology of Rumex crispus L.
Bulletin of the Torrey Botanical Club, 105(4), 278. https://doi.org/10.2307/2484920

Baskin, J. M., & Baskin, C. C. (1985). Does seed dormancy play a role in the germination ecology of
Rumex crispus. Weed Science, 33(3), 340-343. http://www.jstor.org/stable/4044268

Bates, D., Machler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects Models Using
Ime4. Journal of Statistical Software, 67(1), 1-48. https://doi.org/10.18637/jss.v067.i01.

Bayly, M. J., & Angert, A. L. (2019). Niche models do not predict experimental demography but both
suggest dispersal limitation across the northern range limit of the scarlet monkeyflower
(Erythranthe cardinalis). Journal of Biogeography, 46(7), 1316—1328.
https://doi.org/10.1111/JB1.13609

Beck, J., Béller, M., Erhardt, A., & Schwanghart, W. (2014). Spatial bias in the GBIF database and its
effect on modeling species’ geographic distributions. Ecological Informatics, 19, 10-15.
https://doi.org/10.1016/J.ECOINF.2013.11.002

Beef + Lamb New Zealand. (2020). Stock Number Survey.
https://beeflambnz.com/sites/default/files/data/files/Stock-Number-Survey-30-June-2020.pdf

Bello, F. de, Lavorel, S., Lavergne, S., Albert, C. H., Boulangeat, |., Mazel, F., & Thuiller, W. (2013).
Hierarchical effects of environmental filters on the functional structure of plant communities: a
case study in the French Alps. Ecography, 36(3), 393-402. https://doi.org/10.1111/j.1600-
0587.2012.07438.x

Benning, J. W., & Moeller, D. A. (2019). Maladaptation beyond a geographic range limit driven by
antagonistic and mutualistic biotic interactions across an abiotic gradient. Evolution, 73(10),
2044-2059. https://doi.org/10.1111/ev0.13836

Benvenuti, S, Macchia, M., & Miele, S. (2001). Light, temperature and burial depth effects on Rumex
obtusifolius seed germination and emergence. Weed Research, 41(2), 177-186.
https://doi.org/10.1046/j.1365-3180.2001.00230.x

Benvenuti, Stefano. (2007). Weed seed movement and dispersal strategies in the agricultural
environment. Weed Biology and Management, 7(3), 141-157. https://doi.org/10.1111/j.1445-

96



6664.2007.00249.x

Blach-Overgaard, A., Svenning, J. C., Dransfield, J., Greve, M., & Balslev, H. (2010). Determinants of
palm species distributions across Africa: The relative roles of climate, non-climatic
environmental factors, and spatial constraints. Ecography, 33(2), 380—-391.
https://doi.org/10.1111/j.1600-0587.2010.06273.x

Blackwell, G., Lucock, D., Moller, H., Hill, R., Manhire, J., & Emanuelsson, M. (2011). Abundance and
diversity of herbaceous weeds in sheep/beef pastures, South Island, New Zealand. New
Zealand Journal of Agricultural Research, 54(1), 53—69.
https://doi.org/10.1080/00288233.2010.535493

Block, S., Alexander, J. M., & Levine, J. M. (2020). Phenological plasticity is a poor predictor of
subalpine plant population performance following experimental climate change. Oikos, 129(2),
184-193. https://doi.org/10.1111/0IK.06667

Bocsi, T., Allen, J. M., Bellemare, J., Kartesz, J., Nishino, M., & Bradley, B. A. (2016). Plants’ native
distributions do not reflect climatic tolerance. Diversity and Distributions, 22(6), 615—624.
https://doi.org/10.1111/ddi.12432

Boerema, G. H., Loerakker, W. M., & Laundon, G. F. (1980). Phoma rumicicola sp. nov., a cause of
leaf spots on Rumex obtusifolius. New Zealand Journal of Botany, 18(4), 473-476.
https://doi.org/10.1080/0028825X.1980.10425168

Boheemen, L. A., Atwater, D. Z., & Hodgins, K. A. (2019). Rapid and repeated local adaptation to
climate in an invasive plant. New Phytologist, 222(1), 614—627.
https://doi.org/10.1111/nph.15564

Boiffin, J., Badeau, V., & Bréda, N. (2017). Species distribution models may misdirect assisted
migration: insights from the introduction of Douglas-fir to Europe. Ecological Applications,
27(2), 446-457. https://doi.org/10.1002/eap.1448

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., Stevens, M. H. H., & White, J. S.
S. (2009). Generalized linear mixed models: a practical guide for ecology and evolution. Trends
in Ecology & Evolution, 24(3), 127-135. https://doi.org/10.1016/).TREE.2008.10.008

Booth, T. H., Nix, H. A., Busby, J. R., & Hutchinson, M. F. (2014). Bioclim: The first species distribution
modelling package, its early applications and relevance to most current MaxEnt studies. In
Diversity and Distributions (Vol. 20, Issue 1). https://doi.org/10.1111/ddi.12144

Booy, O., Cornwell, L., Parrott, D., Sutton-Croft, M., & Williams, F. (2017). Impact of Biological
Invasions on Infrastructure. In M. Vila & P. E. Hulme (Eds.), Impact of Biological Invasions on
Ecosystem Services (pp. 235-248). Springer International Publishing.
https://doi.org/10.1007/978-3-319-45121-3_1

Bossdorf, O., Auge, H., Lafuma, L., Rogers, W. E., Siemann, E., & Prati, D. (2005). Phenotypic and
genetic differentiation between native and introduced plant populations. Oecologia, 144, 1-11.
https://doi.org/10.1007/s00442-005-0070-z

Bourdot, G. W., Lamoureau, S. L., Jackman, S. D., Noble, A. D. L., & Chapman, D. F. (2019).
Ranunculus acris control in dairy pasture — a comparison of herbicides, plant growth
promoters, a bioherbicide and pregraze mowing. New Zealand Journal of Agricultural Research,
62(2), 184—-199. https://doi.org/10.1080/00288233.2018.1470991

97



Bradie, J., & Leung, B. (2017). A quantitative synthesis of the importance of variables used in MaxEnt
species distribution models. Journal of Biogeography, 44(6), 1344-1361.
https://doi.org/10.1111/jbi.12894

Bradley, B. A., Blumenthal, D. M., Early, R., Grosholz, E. D., Lawler, J. J., Miller, L. P., Sorte, C. J.,
D’Antonio, C. M., Diez, J. M., Dukes, J. S., Ibanez, |., & Olden, J. D. (2012). Global change, global
trade, and the next wave of plant invasions. Frontiers in Ecology and the Environment, 10(1),
20-28. https://doi.org/10.1890/110145

Bradley, B. A., Blumenthal, D. M., Wilcove, D. S., & Ziska, L. H. (2010). Predicting plant invasions in an
era of global change. Trends in Ecology & Evolution, 25(5), 310-318.
https://doi.org/10.1016/).TREE.2009.12.003

Bradley, B. A., Oppenheimer, M., & Wilcove, D. S. (2008). Climate change and plant invasions:
restoration opportunities ahead? Global Change Biology, 15(6), 1511-1521.
https://doi.org/10.1111/j.1365-2486.2008.01824.x

Bradley, B. A., Wilcove, D. S., & Oppenheimer, M. (2010). Climate change increases risk of plant
invasion in the Eastern United States. Biological Invasions, 12(6), 1855-1872.
https://doi.org/10.1007/s10530-009-9597-y

Brandenburger, C. R., Sherwin, W. B., Creer, S. M., Buitenwerf, R., Poore, A. G. B., Frankham, R.,
Finnerty, P. B., & Moles, A. T. (2019). Rapid reshaping: the evolution of morphological changes
in an introduced beach daisy. Proceedings of the Royal Society B: Biological Sciences,
286(1897), 20181713. https://doi.org/10.1098/rspb.2018.1713

Braunisch, V., Coppes, J., Arlettaz, R., Suchant, R., Schmid, H., & Bollmann, K. (2013). Selecting from
correlated climate variables: A major source of uncertainty for predicting species distributions
under climate change. Ecography, 36(9), 971-983. https://doi.org/10.1111/j.1600-
0587.2013.00138.x

Broadfield, N., & McHenry, M. T. (2019). A World of Gorse: Persistence of Ulex europaeus in
Managed Landscapes. Plants, 8(11), 523. https://doi.org/10.3390/plants8110523

Broennimann, O., Treier, U. A., Miiller-Schérer, H., Thuiller, W., Peterson, A. T., & Guisan, A. (2007).
Evidence of climatic niche shift during biological invasion. Ecology Letters, 10(8), 701-709.
https://doi.org/10.1111/j.1461-0248.2007.01060.x

Broennimann, Olivier, Fitzpatrick, M. C., Pearman, P. B., Petitpierre, B., Pellissier, L., Yoccoz, N. G.,
Thuiller, W., Fortin, M. J., Randin, C., Zimmermann, N. E., Graham, C. H., & Guisan, A. (2012).
Measuring ecological niche overlap from occurrence and spatial environmental data. Global
Ecology and Biogeography. https://doi.org/10.1111/j.1466-8238.2011.00698.x

Brooking, T., & Pawson, E. (2007). Silences of Grass: Retrieving the Role of Pasture Plants in the
Development of New Zealand and the British Empire. The Journal of Imperial and
Commonwealth History, 35(3), 417-435. https://doi.org/10.1080/03086530701523406

Brownell, B. (2004). Muddy Feet Firth of Thames Ramsar Site Update 2004 Pivotal Ecosystem in the
Hauraki Gulf EcoQuest Education Foundation Report Series No. 1.
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.130.2421&rep=rep1&type=pdf

Brun, P., Thuiller, W., Chauvier, Y., Pellissier, L., Wiest, R. O., Wang, Z., & Zimmermann, N. E. (2020).
Model complexity affects species distribution projections under climate change. Journal of

98



Biogeography, 47(1), 130-142. https://doi.org/10.1111/jbi.13734

Buchanan, J. (1876). Art. LXXIIl.—On the Botany of Kawau Island: Physical features and causes
influencing distribution of Species. Transactions and Proceedings of the Royal Society of New
Zealand, 9, 503-525. http://rsnz.natlib.govt.nz/volume/rsnz_09/rsnz_09_00_005370.html

Buckley, L. B., Urban, M. C., Angilletta, M. J,, Crozier, L. G., Rissler, L. J., & Sears, M. W. (2010). Can
mechanism inform species’ distribution models? In Ecology Letters (Vol. 13, Issue 8, pp. 1041—
1054). John Wiley & Sons, Ltd. https://doi.org/10.1111/j.1461-0248.2010.01479.x

Buerdsell, S. L., Milligan, B. G., & Lehnhoff, E. A. (2021). Invasive plant benefits a native plant through
plant-soil feedback but remains the superior competitor Advancing research on alien species
and biological invasions. NeoBiota, 64, 119-136. https://doi.org/10.3897/neobiota.64.57746

Bufford, J. (2020). GLMM-Add-Ons[Source code]. https://github.com/jbufford/GLMM-Add-Ons

Bufford, J. L., & Hulme, P. E. (2021). Increased adaptive phenotypic plasticity in the introduced range
in alien weeds under drought and flooding. Biological Invasions, 1-14.
https://doi.org/10.1007/s10530-021-02532-5

Bufford, J. L., Lurie, M. H., & Daehler, C. C. (2016). Biotic resistance to tropical ornamental invasion.
Journal of Ecology, 104(2), 518-530. https://doi.org/10.1111/1365-2745.12534

Bulleri, F., Bruno, J. F., Silliman, B. R., & Stachowicz, J. J. (2016). Facilitation and the niche:
implications for coexistence, range shifts and ecosystem functioning. Functional Ecology, 30(1),
70-78. https://doi.org/10.1111/1365-2435.12528

Buri, A., Grand, S., Yashiro, E., Adatte, T., Spangenberg, J. E., Pinto-Figueroa, E., Verrecchia, E., &
Guisan, A. (2020). What are the most crucial soil variables for predicting the distribution of
mountain plant species? A comprehensive study in the Swiss Alps. Journal of Biogeography,
47(5), 1143-1153. https://doi.org/10.1111/jbi.13803

Burrows, C. J. (1986). Botany of arthur’s pass national park South Island, New Zealand I. History of
botanical studies and checklist of the vascular flora. New Zealand Journal of Botany, 24(1), 9—
68. https://doi.org/10.1080/0028825X.1986.10409720

CABI. (2019). Invasive Species Compendium. CAB International. www.cabi.org/isc

Cadotte, M. W., Campbell, S. E., Li, S.-P., Sodhi, D. S., & Mandrak, N. E. (2018). Preadaptation and
Naturalization of Nonnative Species: Darwin’s Two Fundamental Insights into Species Invasion.
https://doi.org/10.1146/annurev-arplant-042817

Calflora. (2019). Search for Plants. https://calflora.org//

Campbell, D. J. (1984). The vascular flora of the DSIR study area lower Orongorongo Valley,
Wellington, New Zealand. New Zealand Journal of Botany, 22(2), 223-270.
https://doi.org/10.1080/0028825X.1984.10425254

Carse, H. (1910). Art. XXVIl.—On the Flora of the Mangonui County. Transactions and Proceedings of
the Royal Society of New Zealand, 43, 194-224.
http://rsnz.natlib.govt.nz/volume/rsnz_43/rsnz_43 00 _002530.html|

Cavers, P. B., & Harper, J. L. (1964). Rumex Obtusifolius L. and R. Crispus L. Journal of Ecology Journal

99



of Ecology This, 52(325), 737-766. http://www.jstor.org/stable/2257859

Cavers, P. B., & Harper, J. L. (1966). Germination Polymorphism in Rumex Crispus and Rumex
Obtusifolius. The Journal of Ecology, 54(2), 367. https://doi.org/10.2307/2257955

Chapman, D., Pescott, O. L., Roy, H. E., & Tanner, R. (2019). Improving species distribution models
for invasive non-native species with biologically informed pseudo-absence selection. Journal of
Biogeography, 46(5), 1029-1040. https://doi.org/10.1111/JBI.13555

Cheeseman, T. F. (1879). Art. XLVIl.—On the Botany of the Pirongia Mountain. Transactions and
Proceedings of the Royal Society of New Zealand, 12, 317-323.
http://rsnz.natlib.govt.nz/volume/rsnz_12/rsnz_12_00_003080.html

Cheeseman, T. F. (1882). Art. XXXV.—The Naturalized Plants of the Auckland Provincial District.
Transactions and Proceedings of the Royal Society of New Zealand, 15, 268—298.
http://rsnz.natlib.govt.nz/volume/rsnz_15/rsnz_15_00_003800.html

Cheeseman, T. F. (1896). Art. XXIX.—On the Flora of the North, Cape District. Transactions and
Proceedings of the Royal Society of New Zealand, 29, 334—385.
http://rsnz.natlib.govt.nz/volume/rsnz_29/rsnz_29 00_002770.html|

Cheeseman, Thomas. F. (1871). Art. XLVII.—On the Botany of the Titirangi District of the Province of
Auckland. Transactions and Proceedings of the Royal Society of New Zealand, 4, 270-284.
http://rsnz.natlib.govt.nz/volume/rsnz_04/rsnz_04_00_002120.html

Chen, H., Zhang, Y., Peng, Y., & Corlett, R. T. (2018). Latitudinal effects on phenology near the
northern limit of figs in China. Scientific Reports, 8(1), 1-11. https://doi.org/10.1038/s41598-
018-22548-7

Cherrill, A. J., McClean, C., Watson, P., Tucker, K., Rushton, S. P., & Sanderson, R. (1995). Predicting
the distributions of plant species at the regional scale: a hierarchical matrix model. Landscape
Ecology, 10(4), 197-207. https://doi.org/10.1007/BF00129254

Christina, M., Limbada, F., & Atlan, A. (2019). Climatic niche shift of an invasive shrub (gorse, Ulex
europaeus): a world scale comparison in native and introduced regions. https://hal.archives-
ouvertes.fr/hal-02146154/

Clark, D. A., & Harris, P. S. (1985). Composition of the diet of sheep grazing swards of differing white
clover content and spatial distribution. New Zealand Journal of Agricultural Research, 28(2),
233-240. https://doi.org/10.1080/00288233.1985.10420933

Clavel, J., Julliard, R., & Devictor, V. (2011). Worldwide decline of specialist species: toward a global
functional homogenization? Www.Frontiersinecology.Org Front Ecol Environ, 9(4), 222-228.
https://doi.org/10.1890/080216

Claydon, R. B., Rumball, W., & Miller, J. E. (2003). ‘Grasslands Sensation’ red clover (
Trifoliumpratense L.). New Zealand Journal of Agricultural Research, 46(4), 355—-357.
https://doi.org/10.1080/00288233.2003.9513564

Colautti, R. I., & Lau, J. A. (2015). Contemporary evolution during invasion: evidence for

differentiation, natural selection, and local adaptation. Molecular Ecology, 24(9), 1999-2017.
https://doi.org/10.1111/mec.13162

100



Collingham, Y. C., Wadsworth, R. A, Huntley, B., & Hulme, P. E. (2000). Predicting the spatial
distribution of non-indigenous riparian weeds: Issues of spatial scale and extent. Journal of
Applied Ecology, 37(SUPPL. 1), 13-27. https://doi.org/10.1046/j.1365-2664.2000.00556.x

Comte, L., Cucherousset, J., & Olden, J. D. (2017). Global test of Eltonian niche conservatism of
nonnative freshwater fish species between their native and introduced ranges. Ecography,
40(3), 384—392. https://doi.org/10.1111/ecog.02007

Contributions of UK Agriculture FINAL REPORT. (2017). https://www.nfuonline.com/nfu-
online/news/report-21117-contributions-of-uk-agriculture/

Cook, R. D. (1977). Detection of Influential Observation in Linear Regression. Technometrics, 19(1),
15. https://doi.org/10.2307/1268249

Copson, G. R., & Leaman, E. G. (1981). Rumex crispus L. (Polygonaceae)— a new record for
Macquarie Island. New Zealand Journal of Botany, 19(4), 401-404.
https://doi.org/10.1080/0028825X.1981.10426398

Costan, C. A. (2021). Testing the evolution of increased competitive ability hypothesis using three
Rumex species. Lincoln University.

Croker, B. H. (1955). Comments on the Shingle Vegetation of the Horokiwi Stream. Transactions of
the Royal Society of New Zealand, 83(1955-56), 333-343.
http://rsnz.natlib.govt.nz/volume/rsnz_83/rsnz_83 02_005460.html|

Crumpton, W. J. (1978). The biology of six South Island ponds. Journal of the Royal Society of New
Zealand, 8(2), 179-206. https://doi.org/10.1080/03036758.1978.10429390

Crush, J. R., Woodward, S. L., Eerens, J. P. J., & MacDonald, K. A. (2006). Growth and milksolids
production in pastures of older and more recent ryegrass and white clover cultivars under dairy
grazing. New Zealand Journal of Agricultural Research, 49(2), 119-135.
https://doi.org/10.1080/00288233.2006.9513702

Darwin, C., & Keynes, R. D. (1835). Charles Darwin’s Beagle diary. Cambridge University Press.

Datta, A., Schweiger, O., & Kihn, I. (2019). Niche expansion of the invasive plant species Ageratina
adenophora despite evolutionary constraints. Journal of Biogeography, 46(7), 1306-1315.
https://doi.org/10.1111/jbi.13579

De Barros Franga-Neto, J., & Krzyzanowski, F. C. (2019). Tetrazolium: an important test for
physiological seed quality evaluation 1. Journal of Seed Science, 3, 359-366.
https://doi.org/10.1590/2317-1545v41n3223104

Dehnen-Schmutz, K., Touza, J., Perrings, C., & Williamson, M. (2007). A century of the ornamental
plant trade and its impact on invasion success. Diversity and Distributions, 13(5), 527-534.
https://doi.org/10.1111/j.1472-4642.2007.00359.x

Di Cola, V., Broennimann, O., Petitpierre, B., Breiner, F. T., D’Amen, M., Randin, C., Engler, R., Pottier,
J., Pio, D., Dubuis, A., Pellissier, L., Mateo, R. G., Hordijk, W., Salamin, N., & Guisan, A. (2017).
ecospat: an R package to support spatial analyses and modeling of species niches and

distributions. Ecography, 40(6), 774—787. https://doi.org/10.1111/ecog.02671

Dickinson, K. J. M., Mark, A. F., Barratt, B. I. P., & Patrick, B. H. (1998). Rapid ecological survey,

101



inventory and implementation: A case study from Waikaia Ecological Region, New Zealand.
Journal of the Royal Society of New Zealand, 28(1), 83—156.
https://doi.org/10.1080/03014223.1998.9517556

Dingley, J. M. (1959). New records of fungous diseases in New Zealand, 1957-58. New Zealand
Journal of Agricultural Research, 2(2), 380-386.
https://doi.org/10.1080/00288233.1959.10420326

Dlugosch, K. M., & Parker, . M. (2007). Molecular and quantitative trait variation across the native
range of the invasive species Hypericum canariense : evidence for ancient patterns of
colonization via pre-adaptation? Molecular Ecology, 16(20), 4269-4283.
https://doi.org/10.1111/j.1365-294X.2007.03508.x

Dlugosch, K. M., & Parker, I. M. (2008a). Founding events in species invasions: genetic variation,
adaptive evolution, and the role of multiple introductions. Molecular Ecology, 17(1), 431-449.
https://doi.org/10.1111/j.1365-294X.2007.03538.x

Dlugosch, K. M., & Parker, |. M. (2008b). Invading populations of an ornamental shrub show rapid life
history evolution despite genetic bottlenecks. Ecology Letters, 11(7), 701-709.
https://doi.org/10.1111/j.1461-0248.2008.01181.x

Dormann, C. F., Calabrese, J. M., Guillera-arroita, G., Matechou, E., Bahn, V., Barto, K. N., Beale, C.
M., Ciuti, S., Elith, J., Gerstner, K., Guelat, O., Keil, P., ] Lahoz-monfort, J. E., Pollock, L. J.,
Reineking, O., Roberts, D. R., Schr, B., Thuiller, W., Warton, D. I, ... Hartig, F. (2018). Model
averaging in ecology: a review of Bayesian, information-theoretic, and tactical approaches for
predictive inference. REVIEW Ecological Monographs, 88(4), 485-504.

Dormann, C. F., Elith, J., Bacher, S., Buchmann, C,, Carl, G., Carré, G., Marquéz, J. R. G., Gruber, B.,
Lafourcade, B., Leitdo, P. J., Mlnkemdiller, T., Mcclean, C., Osborne, P. E., Reineking, B.,
Schréder, B., Skidmore, A. K., Zurell, D., & Lautenbach, S. (2013). Collinearity: A review of
methods to deal with it and a simulation study evaluating their performance. Ecography, 36(1),
27-46. https://doi.org/10.1111/j.1600-0587.2012.07348.x

Doust, L. L. (1981). Population Dynamics and Local Specialization in a Clonal Perennial (Ranunculus
Repens): Il. The Dynamics of Leaves, and a Reciprocal Transplant-Replant Experiment. The
Journal of Ecology, 69(3), 757. https://doi.org/10.2307/2259634

Doyle, C. J. (1981). Economics of irrigating grassland in the United Kingdom. Grass and Forage
Science, 36(4), 297-306. https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-
2494.1981.tb01567.x%0Ahttps://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-
2494.1981.tb01567.x%0Ahttps://onlinelibrary.wiley.com/doi/10.1111/j.1365-
2494.1981.tb01567.x

Dreyer, J. B. B., Higuchi, P., & Silva, A. C. (2019). Ligustrum lucidum W. T. Aiton (broad-leaf privet)
demonstrates climatic niche shifts during global-scale invasion. Scientific Reports, 9(1), 1-6.
https://doi.org/10.1038/s41598-019-40531-8

Druce, A. P., & Williams, P. A. (1989). Vegetation and flora of the Ben More — Chalk Range area of
southern Marlborough South Island. New Zealand Journal of Botany, 27(2), 167—-199.
https://doi.org/10.1080/0028825X.1989.10410374

Dufour, P., & Colon, M. (1992). The tetrazolium reduction method for assessing the viability of

individual bacterial cells in aquatic environments: improvements, performance and

102



applications. In Hydrobiologia (Vol. 232). Kluwer Academic Publishers.

Duguid, P. C. (1990). Botany of northern Horowhenua lowlands, North Island, New Zealand. New
Zealand Journal of Botany, 28(4), 381-437. https://doi.org/10.1080/0028825X.1990.10412326

Dullinger, ., Wessely, J., Bossdorf, O., Dawson, W., Essl, F., Gattringer, A., Klonner, G., Kreft, H.,
Kuttner, M., Moser, D., Pergl, J., Pysek, P., Thuiller, W., van Kleunen, M., Weigelt, P., Winter,
M., & Dullinger, S. (2017). Climate change will increase the naturalization risk from garden
plants in Europe. Global Ecology and Biogeography, 26(1), 43-53.
https://doi.org/10.1111/geb.12512

Early, R., & Sax, D. F. (2014). Climatic niche shifts between species’ native and naturalized ranges
raise concern for ecological forecasts during invasions and climate change. Global Ecology and
Biogeography, 23(12), 1356—1365. https://doi.org/10.1111/geb.12208

Elith, J., Phillips, S. J., Hastie, T., Dudik, M., Chee, Y. E., & Yates, C. J. (2011). A statistical explanation
of MaxEnt for ecologists. Diversity and Distributions, 17(1), 43-57.
https://doi.org/10.1111/j.1472-4642.2010.00725.x

Elliott, I. L., & Lynch, P. B. (1958). Techniques of measuring pasture production in fertiliser trials. New
Zealand Journal of Agricultural Research, 1(4), 498-521.
https://doi.org/10.1080/00288233.1958.10431535

ESA. (2019a). Land Cover CCl Product User Guide Version 2.1.1. European Space Agency.

ESA. (2019b). SNAP - ESA Sentinel Application Platform v7.0. European Space Agency.
http://step.esa.int

Escobar, L. E., Qiao, H., Phelps, N. B. D., Wagner, C. K., & Larkin, D. J. (2016). Realized niche shift
associated with the Eurasian charophyte Nitellopsis obtusa becoming invasive in North
America. Scientific Reports, 6. https://doi.org/https://doi.org/10.1038/srep29037

Esler, A. E. (1978a). Botanical features of islands near the west coast of the Coromandel Peninsula,
New Zealand. New Zealand Journal of Botany, 16(1), 25-44.
https://doi.org/10.1080/0028825X.1978.10429655

Esler, A. E. (1978b). Botanical features of Tiritiri Island, Hauraki Gulf, New Zealand. New Zealand
Journal of Botany, 16(2), 207-226. https://doi.org/10.1080/0028825X.1978.10429678

Esler, A. E. (1980). Botanical features of Motutapu, Motuihe, and Motukorea, Hauraki Gulf, New
Zealand. New Zealand Journal of Botany, 18(1), 15-36.
https://doi.org/10.1080/0028825X.1980.10427228

Esler, A. E. (1987). The naturalisation of plants in urban Auckland, New Zealand 3. Catalogue of
naturalised species. New Zealand Journal of Botany, 25(4), 539-558.
https://doi.org/10.1080/0028825X.1987.10410085

Esler, A. E. (1988a). The naturalisation of plants in urban Auckland, New Zealand 4. The nature of the
naturalised species. New Zealand Journal of Botany, 26(3), 345—385.
https://doi.org/10.1080/0028825X.1988.10410640

Esler, A. E. (1988b). The naturalisation of plants in urban Auckland, New Zealand 6. Alien plants as
weeds. New Zealand Journal of Botany, 26(4), 585—618.

103



https://doi.org/10.1080/0028825X.1988.10410663

Esler, A. E., & Astridge, S. J. (1987). The naturalisation of plants in urban Auckland, New Zealand 2.
Records of introduction and naturalisation. New Zealand Journal of Botany, 25(4), 523-537.
https://doi.org/10.1080/0028825X.1987.10410084

ESRI. (2019). ArcGIS Pro: v2.4.2. Environmental Systems Research Institute.

Essl, F., Lenzner, B., Bacher, S., Bailey, S., Capinha, C., Daehler, C., Dullinger, S., Genovesi, P., Hui, C.,
Hulme, P. E., Jeschke, J. M., Katsanevakis, S., Kiihn, 1., Leung, B., Liebhold, A., Liu, C., Maclsaac,
H. J., Meyerson, L. A., Nufiez, M. A, ... Roura-Pascual, N. (2020). Drivers of future alien species
impacts: An expert-based assessment. Global Change Biology, 26(9), 4880-4893.
https://doi.org/10.1111/gcb.15199

Fahrmeir, L., Kneib, T., Lang, S., & Marx, B. (2013). Regression : Models, Methods and Applications.
Springer.

Fan, J., & Harris, W. (1996). Effects of soil fertility level and cutting frequency on interference among
hieracium pilosella, h. praealtum, rumex acetosella, and festuca novae-zelandiae. New Zealand
Journal of Agricultural Research, 39(1), 1-32. https://doi.org/10.1080/00288233.1996.9513159

Fani, A., Rezvani, M., Hassan, M., Mohassel, R., & Ghanizadeh, H. (2013). Factors affecting seed
germination and seed emergence of sheep sorrel (Rumex Acetosella). Romanian Agricultural
Research, 30. https://www.researchgate.net/publication/257835627

Fernandez, M., & Hamilton, H. (2015). Ecological Niche Transferability Using Invasive Species as a
Case Study. PLOS ONE, 10(3), e0119891. https://doi.org/10.1371/journal.pone.0119891

Fick, S. E., & Hijmans, R. . (2017). Worldclim 2: New 1-km spatial resolution climate surfaces for
global land areas. International Journal of Climatology.

Finch, J., Walck, J. L., Hidayati, S. N., Kramer, A. T., Lason, V., & Havens, K. (2019). Germination niche
breadth varies inconsistently among three Asclepias congeners along a latitudinal gradient.
Plant Biology, 21(3), 425-438. https://doi.org/10.1111/plb.12843

Fineran, B. A. (1973). A botanical survey of seven mutton-bird islands, south-west Stewart Island.
Journal of the Royal Society of New Zealand, 3(4), 475-525.
https://doi.org/10.1080/03036758.1973.10421855

Fitzpatrick, M. C., & Hargrove, W. W. (2009). The projection of species distribution models and the
problem of non-analog climate. Biodiversity and Conservation, 18(8), 2255-2261.
https://doi.org/10.1007/s10531-009-9584-8

Fletcher, J. D. (2001). New hosts of Alfalfa mosaic virus, Cucumber mosaic virus, Potato virus Y,
Soybean dwarf virus, and Tomato spotted wilt virus in New Zealand New hosts of Alfalfa mosaic
virus, Cucumber mosaic virus, Potato virus Y, Soybean dwarf virus, and Tomato spotted wilt
virus in New Zealand. New Zealand Journal of Crop and Horticultural Science, 29, 213-217.
https://doi.org/10.1080/01140671.2001.9514180

Flora of Japan. (2019). Database of Japanese Flora.
https://herbaria.plants.ox.ac.uk/bol/florajapan/Explore

Foster, L. (1989). The biology and non-chemical control of dock species rumex obtusifolius and r.

104



Crispus. Biological Agriculture and Horticulture, 6(1), 11-25.
https://doi.org/10.1080/01448765.1989.9754498

Fourcade, Y., Besnard, A. G., & Secondi, J. (2018). Paintings predict the distribution of species, or the
challenge of selecting environmental predictors and evaluation statistics. Global Ecology and
Biogeography, 27(2), 245-256. https://doi.org/10.1111/geb.12684

Frick, G., Boschung, H., Schulz-Schroeder, G., Russ, G., Uj¢i¢-Vrhovnik, I., Jakovac-Strajn, B., Angetter,
D., John, I, Jgrgensen, J. S., & Berlin-Brandenburg, L. (2011). B A Ragweed (Ambrosia sp.) seeds
in bird feed. In Biotechnol. Agron. Soc. Environ (Vol. 15, Issue S1).
https://popups.uliege.be:443/1780-4507/index.php?id=6865

Friedman, J. (2020). The Evolution of Annual and Perennial Plant Life Histories: Ecological Correlates
and Genetic Mechanisms. https://doi.org/10.1146/annurev-ecolsys-110218

Funk, J. L. (2013). The physiology of invasive plants in low-resource environments. Conserv Physiol, 1.
https://doi.org/10.1093/conphys/cot026

Gall L. (2019). Occurrence dataset. Botany Division, Yale Peabody Museum. Yale University Peabody
Museum. https://doi.org/https://doi.org/10.15468/hrztgn

Gallagher, R. V., Beaumont, L. J., Hughes, L., & Leishman, M. R. (2010). Evidence for climatic niche
and biome shifts between native and novel ranges in plant species introduced to Australia.
Journal of Ecology, 98(4), 790-799. https://doi.org/10.1111/j.1365-2745.2010.01677.x

Gallien, L., Mazel, F., Lavergne, S., Renaud, J., Douzet, R., & Thuiller, W. (2015). Contrasting the
effects of environment, dispersal and biotic interactions to explain the distribution of invasive
plants in alpine communities. Biological Invasions, 17(5), 1407-1423.
https://doi.org/10.1007/s10530-014-0803-1

Gardner, A. S., Maclean, |. M. D., & Gaston, K. J. (2019). Climatic predictors of species distributions
neglect biophysiologically meaningful variables. Diversity and Distributions, 25(8), ddi.12939.
https://doi.org/10.1111/ddi.12939

Gaston, A., & Garcia-Vifias, J. I. (2011). Modelling species distributions with penalised logistic
regressions: A comparison with maximum entropy models. Ecological Modelling, 222(13),
2037-2041. https://doi.org/10.1016/j.ecolmodel.2011.04.015

GBIF.org. (2019). GBIF. https://www.gbif.org/

Genton, B. J., Kotanen, P. M., Cheptou, P.-0., Adolphe, C., & Shykof, J. A. (2005). Enemy release but
no evolutionary loss of defence in a plant invasion: an inter-continental reciprocal transplant
experiment. Oecologia, 146, 404-414.

Gerard, P. J., Hackell, D. L., & Bell, N. L. (2007). Impact of clover root weevil Sitona lepidus
(Coleoptera: Curculionidae) larvae on herbage yield and species composition in a ryegrass-
white clover sward. New Zealand Journal of Agricultural Research, 50(3), 381-392.
https://doi.org/10.1080/00288230709510306

Gervilla, C,, Rita, J., & Cursach, J. (2019). Contaminant seeds in imported crop seed lots: a non-

negligible human-mediated pathway for introduction of plant species to islands. Weed
Research, 59(3), 245—253. https://doi.org/10.1111/wre.12362

105



Ghaly, A. E., & Mahmoud, N. S. (2007). Effects of tetrazolium chloride concentration, 02, and cell age
on dehydrogenase activity of Aspergillus niger. Applied Biochemistry and Biotechnology, 136(2),
207-222. https://doi.org/10.1007/BF02686018

Giannini, T. C., Chapman, D. S., Saraiva, A. M., Alves-dos-Santos, I., & Biesmeijer, J. C. (2013).
Improving species distribution models using biotic interactions: A case study of parasites,
pollinators and plants. Ecography, 36(6), 649-656. https://doi.org/10.1111/j.1600-
0587.2012.07191.x

Gigante, E. T., Lim, E. J., Crisostomo, K. G., Cornejo, P., & Rodriguez, L. J. (2020). Increase in humidity
widens heat tolerance range of tropical Ceratosolen fig wasps. Ecological Entomology,
een.13003. https://doi.org/10.1111/een.13003

Gillham, M. E. (1960a). Plant Communities of the Mokohinau Islands, Northern N.Z. Transactions and
Proceedings of the Royal Society of New Zealand, 88, 79-98.
http://rsnz.natlib.govt.nz/volume/rsnz_88/rsnz_88 01 _000810.html

Gillham, M. E. (1960b). Vegetation of Little Brother Island, Cook Strait, in Relation to Spray-bearing
Winds, Soil Salinity, and pH. Transactions and Proceedings of the Royal Society of New Zealand,
88, 405—424. http://rsnz.natlib.govt.nz/volume/rsnz_88/rsnz_88 03 004420.html

Gillham, M. E. (1960c). Vegetation of New Zealand Shag Colonies. Transactions and Proceedings of
the Royal Society of New Zealand, 88, 363—-380.
http://rsnz.natlib.govt.nz/volume/rsnz_88/rsnz_88 03 003980.html

Godsoe, W. (2010). | can’t define the niche but | know it when | see it: a formal link between
statistical theory and the ecological niche. Oikos, 119(1), 53—-60.
https://doi.org/10.1111/j.1600-0706.2009.17630.x

Godsoe, W., & Harmon, L. J. (2012). How do species interactions affect species distribution models?
Ecography, 35(9), 811-820. https://doi.org/10.1111/j.1600-0587.2011.07103.x

Godsoe, W., Jankowski, J., Holt, R. D., & Gravel, D. (2017). Integrating Biogeography with
Contemporary Niche Theory. In Trends in Ecology and Evolution (Vol. 32, Issue 7, pp. 488-499).
Elsevier Ltd. https://doi.org/10.1016/j.tree.2017.03.008

Godsoe, W., Murray, R., & Plank, M. J. (2015). Information on biotic interactions improves
transferability of distribution models. In American Naturalist (Vol. 185, Issue 2, pp. 281-290).
University of Chicago Press. https://doi.org/10.1086/679440

Gogol-Prokurat, M. (2011). Predicting habitat suitability for rare plants at local spatial scales using a
species distribution model. Ecological Applications, 21(1), 33—47. https://doi.org/10.1890/09-
1190.1

Gonzélez-Moreno, P., Diez, J. M., Richardson, D. M., & Vila, M. (2015). Beyond climate: Disturbance
niche shifts in invasive species. Global Ecology and Biogeography, 24(3), 360-370.
https://doi.org/10.1111/geb.12271

Goss, E. M., Kendig, A. E., Adhikari, A., Lane, B., Kortessis, N., Holt, R. D., Clay, K., Harmon, P. F., &
Flory, S. L. (2020). Disease in Invasive Plant Populations. Annual Review of Phytopathology, 58,
97-117. https://doi.org/10.1146/annurev-phyto-010820-012757

Grant, A., & Kalisz, S. (2020). Do selfing species have greater niche breadth? Support from ecological

106



niche modeling. Evolution, 74(1), 73—88. https://doi.org/10.1111/ev0.13870

Grant, D. (2008). Southland region - Climate. Te Ara - the Encyclopedia of New Zealand.
TeAra.govt.nz/en/southland-region/page-4

Grant, S., & Niezgoda, C. (2019). Occurrence dataset. Field Museum of Natural History (Botany) Seed
Plant Collection. Version 11.10. Field Museum.
https://doi.org/https://doi.org/10.15468/nxnqzf

Green, P. T., O’'Dowd, D. J., Abbott, K. L., Jeffery, M., Retallick, K., & Mac Nally, R. (2011). Invasional
meltdown: Invader-invader mutualism facilitates a secondary invasion. Ecology, 92(9), 1758—
1768. https://doi.org/10.1890/11-0050.1

Grime, J. P., Hodgson, J. G., & Hunt, R. (2007). Comparative Plant Ecology: a functional approach to
common British species (2nd ed.). Castlepoint Press.

Grossrieder, M., & Keary, |. P. (2004). The potential for the biological control of Rumex obtusifolius
and Rumex crispus using insects in organic farming, with particular reference to Switzerland.
Biocontrol News and Information, 25(3), 65-79.

Guisan, A, Petitpierre, B., Broennimann, O., Daehler, C., & Kueffer, C. (2014). Unifying niche shift
studies: insights from biological invasions. Trends in Ecology & Evolution, 29(5), 260-269.
https://doi.org/10.1016/J.TREE.2014.02.009

Guisan, A., & Thuiller, W. (2005). Predicting species distribution: offering more than simple habitat
models. Ecology Letters, 8, 993—-1009. https://doi.org/10.1111/j.1461-0248.2005.00792.x

Halsted, B. (1889). Our Worst Weeds. Botanical Gazette, 14(3), 69-71.

Hargreaves, A. L., Samis, K. E., & Eckert, C. G. (2014). Are species’ range limits simply niche limits writ
large? A review of transplant experiments beyond the range. The American Naturalist, 183(2),
157-173. https://doi.org/10.1086/674525

Harrington, K. C., Horne, D. J., & Kemp, P. D. (2014). Can differences in Cirsium arvense and Rumex
obtusifolius densities within pastures be explained by soil parameters? New Zealand Plant
Protection, 67, 238-244. www.nzpps.org

Harris, W. (1971). The effects of fertiliser and lime on the competitive interactions of rumex
acetosella | with trifolium repen and lolium sp. New Zealand Journal of Agricultural Research,
14(1), 185-207. https://doi.org/10.1080/00288233.1971.10421315

Healy, A. J. (1959). Contributions to a Knowledge of the Adventive Flora of New Zealand, No. 7.
Transactions and Proceedings of the Royal Society of New Zealand, 86, 113-118.
http://rsnz.natlib.govt.nz/volume/rsnz_86/rsnz_86_01_001120.html|

Heginbotham, M., & Esler, A. E. (1985). Wild vascular plants of the Opotiki — East Cape region North
Island, New Zealand. New Zealand Journal of Botany, 23(3), 379-406.
https://doi.org/10.1080/0028825X.1985.10425344

Hendrix, S. D. (1990). Plant Reproductive Ecology: Patterns and Strategies - Google Books. In J. Lovett
Doust & L. Lovettt Doust (Eds.), Plant Reproductive Ecology: Patterns and Strategies (p. 246).
Oxford University Press.
https://books.google.co.nz/books?hl=en&Ir=&id=Y3M8DwWAAQBAJ&oi=fnd&pg=PA246&dg=ma

107



mmalian+herbivore+damage+reduces+rumex+plant+growth&ots=9eCdVXrPHp&sig=0-
KHhx4Gryb6TDMpBIlyGgX6HD_8#v=0onepage&q&f=false

Hengl, T., Kempen, B., Heuvelink, G. B. M., & Malone, B. (2014). GSIF: Global Soil Information
Facilities. (R version: 0.4-1.).

Hierro, J. L., Maron, J. L., & Callaway, R. M. (2005). A biogeographical approach to plant invasions:
The importance of studying exotics in their introduced and native range. In Journal of Ecology
(Vol. 93, Issue 1, pp. 5-15). Blackwell Publishing Ltd. https://doi.org/10.1111/j.0022-
0477.2004.00953.x

Hijmans, R. ., Phillips, S., Leathwick, J., & Elith, J. (2015). dismo: Species distribution modeling. (R
package). https://cran.r-project.org/package=dismo

Hijmans, R. ., Phillips, S., Leathwick, J., & Elith, J. (2020). dismo (1.3-3). CRAN. https://cran.r-
project.org/web/packages/dismo/index.html

Hill, M. O., Mountford, J. O., Roy, D. B., & Bunce, R. G. H. (1999). Ellenberg’s indicator values for
British plants. ECOFACT Technical Annex. (Vol. 2). Institute of Terrestrial Ecology.

Hill, M. P., Gallardo, B., & Terblanche, J. S. (2017). A global assessment of climatic niche shifts and
human influence in insect invasions. Global Ecology and Biogeography, 26(6), 679—689.
https://doi.org/10.1111/geb.12578

Hock, M., Hofmann, R. W., Miiller, C., & Erfmeier, A. (2019). Exotic plant species are locally adapted
but not to high ultraviolet-B radiation: a reciprocal multispecies experiment. Ecology, 100(5),
€02665. https://doi.org/10.1002/ecy.2665

Hollis, D., McCarthy, M., Kendon, M., Legg, T., & Simpson, |. (2019). HadUK-Grid—A new UK dataset
of gridded climate observations. Geoscience Data Journal, 6(2), 151-159.
https://doi.org/10.1002/gdj3.78

Holm, L. G., Doll, J., Holm, E., Pancho, J. V., & Herberger, J. P. (1997). World weeds : natural histories
and distribution. Wiley.

Holm, L. G., Plucknett, D. L., Pancho, J. V., & Herberger, J. P. (1977). The World’s worst weeds :
distribution and biology. The University Press of Hawaii.

Holm, L., Pancho, J. V., Herberger, J. P., & Plucknett, D. L. (1979). A geographical atlas of world
weeds. John Wiley and Sons. https://www.cabi.org/isc/abstract/19802330214

Holt, R. D. (2009). Bringing the Hutchinsonian niche into the 21st century: Ecological and
evolutionary perspectives. Proceedings of the National Academy of Sciences, 106.
https://doi.org/10.1073/pnas.0905137106

Hosner, D. W., & Lemeshow, S. (1989). Applied logistic regression. Jhon Wiley & Son.
Houssard, C., & Escarré, J. (1991). The effects of seed weight on growth and competitive ability of
Rumex acetosella from two successional old-fields. Oecologia, 86(2), 236—-242.

https://doi.org/10.1007/BF00317536

Hubbard, J. C. E., & Wilson, J. B. (1988). A survey of the lowland vegetation of the Upper Clutha
district of Otago, New Zealand. New Zealand Journal of Botany, 26(1), 21-35.

108



https://doi.org/10.1080/0028825X.1988.10410097

Hughes, K. A. (1985). Maize/oats forage rotation under 3 cultivation systems, 1978—83. New Zealand
Journal of Agricultural Research, 28(2), 201-207.
https://doi.org/10.1080/00288233.1985.10420929

Hulme, P. E. (2009). Trade, transport and trouble: managing invasive species pathways in an era of
globalization. Journal of Applied Ecology, 46(1), 10-18. https://doi.org/10.1111/j.1365-
2664.2008.01600.x

Hulme, P. E. (2020). Plant invasions in New Zealand: global lessons in prevention, eradication and
control. In Biological Invasions (Vol. 22, Issue 5, pp. 1539-1562). Springer.
https://doi.org/10.1007/s10530-020-02224-6

Hulme, P. E., & Barrett, S. C. H. (2013). Integrating trait- and niche-based approaches to assess
contemporary evolution in alien plant species. Journal of Ecology, 101(1), 68-77.
https://doi.org/10.1111/1365-2745.12009

Hultén E. (1950). Atlas of the Distribution of Vascular Plants in North-West Europe. Esselte AB.

Hutchinson, G. E. (1957). Concluding remarks Cold Spring Harbour Symposia on Quantitative Biology.
Symposia on Quantitative Biology, 22, 415-427.

Hutton, F. W. (1871). Art. LXI.—On the Alluvial Deposits of the Lower Waikato, and the Formation of
Islands by the River. Transactions and Proceedings of the Royal Society of New Zealand, 4, 333—
336. http://rsnz.natlib.govt.nz/volume/rsnz_04/rsnz_04_00_002440.html

Invasive Species Specialist Group. (2019). Global Invasive Species Database.
http://issg.org/database/welcome/

ISTA. (2020). Tetrazolium Committee - ISTA Online - International Seed Testing Association.
https://www.seedtest.org/en/tcom-tez.html

lturrate-Garcia, M., O’Brien, M. J., Khitun, O., Abiven, S., Niklaus, P. A., & Schaepman-Strub, G.
(2016). Interactive effects between plant functional types and soil factors on tundra species
diversity and community composition. Ecology and Evolution, 6(22), 8126—-8137.
https://doi.org/10.1002/ece3.2548

Jabran, K., & Chauhan, B. S. (2018). Weed control using ground cover systems. In Non-Chemical
Weed Control (pp. 61-71). Elsevier. https://doi.org/10.1016/B978-0-12-809881-3.00004-8

Johnson, P. (2004). Otago Peninsula Plants An annotated list of vascular plants growing in wild
places. http://nzpcn.org.nz/publications/Copy of OLDDM-704460 Otago Peninsula Plant list by
Peter Johnson.pdf

Johnson, P. N. (1982). Naturalised plants in south-west South Island, New Zealand. New Zealand
Journal of Botany, 20(2), 131-142. https://doi.org/10.1080/0028825X.1982.10428834

Johnson, P., & Rogers, G. (2003). Ephemeral wetlands and their turfs in New Zealand SCIENCE FOR
CONSERVATION 230. http://www.doc.govt.nz

Jones, N. T., & Gilbert, B. (2016). Biotic forcing: the push—pull of plant ranges. Plant Ecology, 217(11),
1331-1344. https://doi.org/10.1007/s11258-016-0603-z

109



Journé, V., Barnagaud, J., Bernard, C., Crochet, P., & Morin, X. (2020). Correlative climatic niche
models predict real and virtual species distributions equally well. Ecology, 101(1).
https://doi.org/10.1002/ecy.2912

Kaky, E., Nolan, V., Alatawi, A., & Gilber, F. (2020). A comparison between Ensemble and MaxEnt
species distribution modelling approaches for conservation: A case study with Egyptian
medicinal plants. Ecological Informatics, 101150. https://doi.org/10.1016/j.ecoinf.2020.101150

Kaur, N., Erickson, T. E., Ball, A. S., & Ryan, M. H. (2017). A review of germination and early growth as
a proxy for plant fitness under petrogenic contamination — knowledge gaps and
recommendations. In Science of the Total Environment (Vols. 603—-604, pp. 728—744). Elsevier
B.V. https://doi.org/10.1016/j.scitotenv.2017.02.179

Kearney, M., & Porter, W. (2009). Mechanistic niche modelling: combining physiological and spatial
data to predict species’ ranges. Ecology Letters, 12(4), 334—350.
https://doi.org/10.1111/j.1461-0248.2008.01277.x

Kirk, T. (1868). Art. X.—On the Botany of the Great Barrier Island. Transactions and Proceedings of
the Royal Society of New Zealand, 1, 144-157.
http://rsnz.natlib.govt.nz/volume/rsnz_01/rsnz_01_00_001430.html

Kirk, T. (1869). Art. XV.—On the Botany of the Thames Gold-fields. Transactions and Proceedings of
the Royal Society of New Zealand, 2, 89-100.
http://rsnz.natlib.govt.nz/volume/rsnz_02/rsnz_02_00_001890.html|

Kirk, T. (1870). Art. XXVI.—On the Flora of the Isthmus of Auckland and the Takapuna District.
Transactions and Proceedings of the Royal Society of New Zealand, 3, 148—161.
http://rsnz.natlib.govt.nz/volume/rsnz_03/rsnz_03_00_003330.html

Kirk, T. (1872). Art. XLI.—Notes on the Naturalized Plants of the Chatham Islands. Transactions and
Proceedings of the Royal Society of New Zealand, 5(1872), 320-322.
http://rsnz.natlib.govt.nz/volume/rsnz_05/rsnz_05_00_002540.html|

Kirk, T. (1877a). Art. LI.—On the Naturalized Plants of Port Nicholson and the adjacent District.
Transactions and Proceedings of the Royal Society of New Zealand, 10, 362—378.
http://rsnz.natlib.govt.nz/volume/rsnz_10/rsnz_10_00_002260.html|

Kirk, T. (1877b). Art. LXI.—Contributions to the Botany of Otago. Transactions and Proceedings of the
Royal Society of New Zealand, 10, 406—417.
http://rsnz.natlib.govt.nz/volume/rsnz_10/rsnz_10_00_003800.html

Kirk, T. (1895). Art. XLIX.—On the Products of a Ballast-heap. Transactions and Proceedings of the
Royal Society of New Zealand, 28, 501-507.
http://rsnz.natlib.govt.nz/volume/rsnz_28/rsnz_28_00_004420.html|

Kitajima, K., Fox, A. M., Sato, T., & Nagamatsu, D. (2006). Cultivar selection prior to introduction may
increase invasiveness: evidence from Ardisia crenata. Biological Invasions, 8(7), 1471-1482.
https://doi.org/10.1007/s10530-005-5839-9

Klonner, G., Dullinger, I., Wessely, J., Bossdorf, O., Carboni, M., Dawson, W., Essl, F., Gattringer, A.,
Haeuser, E., van Kleunen, M., Kreft, H., Moser, D., Pergl, J., Pysek, P., Thuiller, W., Weigelt, P.,
Winter, M., & Dullinger, S. (2017). Will climate change increase hybridization risk between
potential plant invaders and their congeners in Europe? Diversity and Distributions, 23(8), 934—

110



943. https://doi.org/10.1111/ddi.12578

Kotodziejek, J. (2019). Growth performance and emergence of invasive alien Rumex confertus in
different soil types. Scientific Reports, 9. https://doi.org/https://doi.org/10.1038/s41598-019-
56068-9

Kotodziejek, J., & Patykowski, J. (2015). Effect of Environmental Factors on Germination and
Emergence of Invasive Rumex confertus in Central Europe. TheScientificWorldJournal, 2015,
170176. https://doi.org/10.1155/2015/170176

Kramer-Schadt, S., Niedballa, J., Pilgrim, J. D., Schroder, B., Lindenborn, J., Reinfelder, V., Stillfried,
M., Heckmann, I., Scharf, A. K., Augeri, D. M., Cheyne, S. M., Hearn, A. J., Ross, J., Macdonald,
D. W., Mathai, J., Eaton, J., Marshall, A. J., Semiadi, G., Rustam, R., ... Wilting, A. (2013). The
importance of correcting for sampling bias in MaxEnt species distribution models. Diversity and
Distributions, 19(11), 1366—1379. https://doi.org/10.1111/ddi.12096

Kriticos, D. J., Brunel, S., Ota, N., Fried, G., Lansink, A. G. J. M. O., Panetta, F. D., Prasad, T. V. R.,
Shabbir, A., & Yaacoby, T. (2015). Downscaling Pest Risk Analyses: Identifying Current and
Future Potentially Suitable Habitats for Parthenium hysterophorus with Particular Reference to
Europe and North Africa. PLOS ONE, 10(9).
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0132807

Lake, T. A,, Briscoe Runquist, R. D., & Moeller, D. A. (2020). Predicting range expansion of invasive
species: Pitfalls and best practices for obtaining biologically realistic projections. Diversity and
Distributions, 26(12), 1767-1779. https://doi.org/10.1111/ddi.13161

Lantschner, M. V., de la Vega, G., & Corley, J. C. (2019). Predicting the distribution of harmful species
and their natural enemies in agricultural, livestock and forestry systems: an overview.
International Journal of Pest Management, 65(3), 190-206.
https://doi.org/10.1080/09670874.2018.1533664

Larson, E. R., Gallagher, R. V., Beaumont, L. J., & Olden, J. D. (2014). Generalized “avatar” niche shifts
improve distribution models for invasive species. Diversity and Distributions, 20(11), 1296—
1306. https://doi.org/10.1111/ddi.12233

Lau, J. A., McCall, A. C., Davies, K. F., McKay, J. K., & Wright, J. W. (2008). HERBIVORES AND EDAPHIC
FACTORS CONSTRAIN THE REALIZED NICHE OF A NATIVE PLANT. Ecology, 89(3), 754-762.
https://doi.org/10.1890/07-0591.1

Laughlin, D. C., Gremer, J. R., Adler, P. B., Mitchell, R. M., & Moore, M. M. (2020). The Net Effect of
Functional Traits on Fitness. In Trends in Ecology and Evolution (Vol. 35, Issue 11, pp. 1037—
1047). Elsevier Ltd. https://doi.org/10.1016/j.tree.2020.07.010

le Roux, P. C., Lenoir, J., Pellissier, L., Wisz, M. S., & Luoto, M. (2013). Horizontal, but not vertical,
biotic interactions affect fine-scale plant distribution patterns in a low-energy system. Ecology,
94(3), 671-682. https://doi.org/10.1890/12-1482.1

Lee-Yaw, J. A, Kharouba, H. M., Bontrager, M., Mahony, C., Csergé, A. M., Noreen, A. M. E., Li, Q.,
Schuster, R., & Angert, A. L. (2016). A synthesis of transplant experiments and ecological niche
models suggests that range limits are often niche limits. Ecology Letters, 19(6), 710-722.
https://doi.org/10.1111/ele.12604

Lee, W. G, Allen, R. B., & Johnson, P. N. (1986). Succession and dynamics of gorse ( Ulex europaeus

111



L.) communities in the dunedin ecological district South Island, New Zealand. New Zealand
Journal of Botany, 24(2), 279-292. https://doi.org/10.1080/0028825X.1986.10412678

Lee, William G., Mark, A. F., & Wilson, J. B. (1983). Ecotypic differentiation in the ultramafic flora of
the South Island, New Zealand. New Zealand Journal of Botany, 21(2), 141-156.
https://doi.org/10.1080/0028825X.1983.10428538

Lehan, N. E., Murphy, J. R., Thorburn, L. P., & Bradley, B. A. (2013). Accidental introductions are an
important source of invasive plants in the continental United States. American Journal of
Botany, 100(7), 1287—-1293. https://doi.org/10.3732/ajb.1300061

Lehner, B., & Grill, G. (2013). Global river hydrography and network routing: Baseline data and new
approaches to study the world’s large river systems. Hydrological Processes, 27(15), 2171-
2186. https://doi.org/10.1002/hyp.9740

Liu, Canran, White, M., & Newell, G. (2013). Selecting thresholds for the prediction of species
occurrence with presence-only data. Journal of Biogeography, 40(4), 778-789.
https://doi.org/10.1111/jbi.12058

Liu, Chunlong, Wolter, C., Xian, W., & Jeschke, J. M. (2020a). Species distribution models have limited
spatial transferability for invasive species. https://doi.org/10.1111/ele.13577

Liu, Chunlong, Wolter, C., Xian, W., & Jeschke, J. M. (2020b). Most invasive species largely conserve
their climatic niche. Proceedings of the National Academy of Sciences, 117(38), 23643-23651.
https://doi.org/10.1073/PNAS.2004289117

Liu, F. Y., Hodgson, J., & Barry, T. N. (1997). Comparative studies of herbage intake and performance
of lambs grazing Yorkshire fog (Holcus lanatus) and perennial ryegrass (Lolium perenne)
pastures in winter. New Zealand Journal of Agricultural Research, 40(4), 463—474.
https://doi.org/10.1080/00288233.1997.9513268

Liu, W., Zhang, Y., Chen, X., Maung-Douglass, K., Strong, D. R., & Pennings, S. C. (2020). Contrasting
plant adaptation strategies to latitude in the native and invasive range of Spartina alterniflora.
New Phytologist, 226(2), 623—-634. https://doi.org/10.1111/nph.16371

Liu, X., Petitpierre, B., Broennimann, O., Li, X., Guisan, A., & Li, Y. (2017). Realized climatic niches are
conserved along maximum temperatures among herpetofaunal invaders. Journal of
Biogeography, 44(1), 111-121. https://doi.org/10.1111/jbi.12808

Lobo, J. M., Jiménez-valverde, A., & Real, R. (2008). AUC: A misleading measure of the performance
of predictive distribution models. In Global Ecology and Biogeography (Vol. 17, Issue 2, pp.
145-151). John Wiley & Sons, Ltd. https://doi.org/10.1111/j.1466-8238.2007.00358.x

Lopez, Z. C., Friesen, M. L., Von Wettberg, E., New, L., & Porter, S. (2020). Microbial mutualist
distribution limits spread of the invasive legume Medicago polymorpha. Biological Invasions, 1—
14. https://doi.org/10.1007/s10530-020-02404-4

Lousley, J. E., & Kent, D. H. (1981). Docks and knotweeds of the British Isles. Botanical Society of the
British Isles.

Luo, X., Xu, X., Zheng, Y., Guo, H., & Hu, S. (2019). The role of phenotypic plasticity and rapid
adaptation in determining invasion success of Plantago virginica. Biological Invasions, 21(8),
2679-2692. https://doi.org/10.1007/s10530-019-02004-x

112



Macara, G. R. (2013). The climate and weather of Southland. https://niwa.co.nz/static/Southland
ClimateWEB.pdf

Macara, G. R. (2016). The climate and weather of the West Coast.
https://niwa.co.nz/sites/niwa.co.nz/files/West_Coast_Climatology_ NIWA_web.pdf

Macmillan, B. H. (1979). Shore line flora and vegetation of Lake Pukaki, South Canterbury, New
Zealand. New Zealand Journal of Botany, 17(1), 23—-42.
https://doi.org/10.1080/0028825X.1979.10425158

Madden, E. A,, & Healy, A. J. (1959). The Adventive Flora of the Chatham Islands. Transactions and
Proceedings of the Royal Society of New Zealand, 87, 221-228.
http://rsnz.natlib.govt.nz/volume/rsnz_87/rsnz_87_03_002460.html

Maguire, K. C., Nieto-Lugilde, D., Blois, J. L., Fitzpatrick, M. C., Williams, J. W., Ferrier, S., & Lorenz, D.
J. (2016). Controlled comparison of species- and community-level models across novel climates
and communities. Proceedings of the Royal Society B: Biological Sciences, 283(1826).
https://doi.org/10.1098/rspb.2015.2817

Mahgoub, A. M. M. A. (2019). The impact of five environmental factors on species distribution and
weed community structure in the coastal farmland and adjacent territories in the northwest
delta region, Egypt. Heliyon, 5(4). https://doi.org/10.1016/j.heliyon.2019.e01441

Makuchi, T., & Sakai, H. (1984). Seedling Survival and Flowering of Rumex obtusifolius L.* in Various
Habitats. Weed Research (Japan), 29.

Malone, C. R. (1967). A Rapid Method for Enumeration of Viable Seeds in Soil. Weeds, 15(4), 381.
https://doi.org/10.2307/4041016

Manaaki Whenua - Landcare Research. (2020). The New Zealand Soils Portal.
https://doi.org/https://doi.org/10.26060/3nyh-mh28

Mandle, L., Warren, D. L., Hoffmann, M. H., Peterson, A. T., Schmitt, J., & von Wettberg, E. J. (2010).
Conclusions about Niche Expansion in Introduced Impatiens walleriana Populations Depend on
Method of Analysis. PLoS ONE, 5(12), €15297. https://doi.org/10.1371/journal.pone.0015297

Mark, A. F., Dickinson, K. J. M., Patrick, B. H., Barratt, B. I. P., Loh, G., McSweeney, G. D., Meurk, C.
D., Timmins, S. M., Simpson, N. C., & Wilson, J. B. (1989). An ecological survey of the central
part of the Eyre Ecological District, northern Southland, New Zealand. Journal of the Royal
Society of New Zealand, 19(4), 349-384. https://doi.org/10.1080/03036758.1989.10421841

Maron, J. L., Vila, M., Bommarco, R., EImendorf, S., & Beardsley, P. (2004). Rapid evolution of an
invasive plant. Ecological Monographs, 74(2), 261-280. https://doi.org/10.1890/03-4027

Martinkova, Z., Honék, A., & Pudil, F. (1999). Seed Size and Dormancy in Rumex obtusifolius*. Plant
Protection Science, 35(3), 103—107. https://www.agriculturejournals.cz/publicFiles/212171.pdf

Marvier, M., Kareiva, P., & Neubert, M. G. (2004). Habitat Destruction, Fragmentation, and
Disturbance Promote Invasion by Habitat Generalists in a Multispecies Metapopulation. Risk
Analysis, 24(4), 869—-878. https://doi.org/10.1111/j.0272-4332.2004.00485.x

Maskell, L. C., Henrys, P., Pescott, O. L., & Smart, S. M. (2020). Long-term trends in the distribution,
abundance and impact of native “injurious” weeds. Applied Vegetation Science, avsc.12518.

113



https://doi.org/10.1111/avsc.12518

Mason, E. (2009). Growth and yield modelling in a climate of change: How can we make good use of
data from past epochs? NZ Journal of Forestry, 54(3), 19-25.
http://nzjf.org.nz/free_issues/NZJF54_3_2009/2E6B0263-CD94-45db-83C4-402870C83B80.pdf

Matesanz, S., Horgan-Kobelski, T., & Sultan, S. E. (2014). Contrasting levels of evolutionary potential
in populations of the invasive plant Polygonum cespitosum. Biological Invasions, 16(2), 455—
468. https://doi.org/10.1007/s10530-013-0533-9

Matzek, V. (2011). Superior performance and nutrient-use efficiency of invasive plants over non-
invasive congeners in a resource-limited environment. Biological Invasions, 13(12), 3005—-3014.
https://doi.org/10.1007/s10530-011-9985-y

Maun, M. A., & Cavers, P. B. (1971). Seed production and dormancy in Rumex crispus . ll. The effects
of removal of various proportions of flowers at anthesis . Canadian Journal of Botany, 49(10),
1841-1848. https://doi.org/10.1139/b71-259

Mazza, G., Tricarico, E., Genovesi, P., & Gherardi, F. (2014). Biological invaders are threats to human
health: An overview. In Ethology Ecology and Evolution (Vol. 26, Issues 2—-3, pp. 112-129).
Universita di Firenze. https://doi.org/10.1080/03949370.2013.863225

MclLean, S. (2010). Editorial: Identification of the presence and impact of Japanese knotweed on
development sites. In Journal of Building Appraisal (Vol. 5, Issue 4, pp. 289-292). Palgrave.
https://doi.org/10.1057/jba.2010.2

McNaughton, S. J. (1983). Compensatory Plant Growth as a Response to Herbivory. Oikos, 40(3), 329.
https://doi.org/10.2307/3544305

Meineri, E., Skarpaas, 0., & Vandvik, V. (2012). Modeling alpine plant distributions at the landscape
scale: Do biotic interactions matter? Ecological Modelling, 231, 1-10.
https://doi.org/10.1016/j.ecolmodel.2012.01.021

Merow, C., & Silander, J. A. (2014). A comparison of Maxlike and Maxent for modelling species
distributions. Methods in Ecology and Evolution, 5(3), 215—-225. https://doi.org/10.1111/2041-
210X.12152

Merow, C., Smith, M. J., Edwards, T. C., Guisan, A., Mcmahon, S. M., Normand, S., Thuiller, W.,
Wiiest, R. O., Zimmermann, N. E., & Elith, J. (2014). What do we gain from simplicity versus
complexity in species distribution models? Ecography, 37(12), 1267-1281.
https://doi.org/10.1111/ecog.00845

Merow, C., Smith, M. J., & Silander, J. A. (2013). A practical guide to MaxEnt for modeling species’
distributions: what it does, and why inputs and settings matter. Ecography, 36(10), 1058—-1069.
https://doi.org/10.1111/j.1600-0587.2013.07872.x

Met Office, Hollis, D., McCarthy, M., Kendon, M.; Legg, T., & Simpson, |. (2018). HadUK-Grid gridded
and regional average climate observations for the UK. Centre for Environmental Data Analysis.
http://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb

Meurk, C. D. (1982). Supplementary notes on plant distributions of the subantarctic Auckland

Islands. New Zealand Journal of Botany, 20(4), 373—-380.
https://doi.org/10.1080/0028825X.1982.10428506

114



Miller, C. J., Craig, J. L., & Mitchell, N. D. (1994). Ark 2020: A conservation vision for Rangitoto and
Motutapu Islands. Journal of the Royal Society of New Zealand, 24(1), 65—90.
https://doi.org/10.1080/03014223.1994.9517456

Miyagi, A., Takahara, K., Takahashi, H., Kawai-Yamada, M., & Uchimiya, H. (2010). Targeted
metabolomics in an intrusive weed, Rumex obtusifolius L., grown under different
environmental conditions reveals alterations of organ related metabolite pathway.
Metabolomics, 6(4), 497-510. https://doi.org/10.1007/s11306-010-0220-0

Monaco, T., & Cumbo, E. (1972). Growth and Development of Curly Dock and Broadleaf Dock. Weed
Science, 20, 64—67. https://doi.org/10.1017/50043174500034962

Monteith, J. L. (1977). Climate and the efficiency of crop production in Britain. Philosophical
Transactions of the Royal Society of London. B, Biological Sciences.
https://doi.org/https://doi.org/10.1098/rstb.1977.0140

Morgan, P. G. (1915). Art. I—Records of Unconformities from Late Cretaceous to Early Miocene in
New Zealand. Transactions and Proceedings of the Royal Society of New Zealand, 48, 1-520.
http://rsnz.natlib.govt.nz/volume/rsnz_48/rsnz_48 00 _000140.html|

Mota-Vargas, C., & Rojas-Soto, O. R. (2016). Taxonomy and ecological niche modeling: Implications
for the conservation of wood partridges (genus Dendrortyx). Journal for Nature Conservation,
29, 1-13. https://doi.org/10.1016/j.jnc.2015.10.003

Mousazade, M., Ghanbarian, G., Pourghasemi, H. R., Safaeian, R., & Cerda, A. (2019). Maxent Data
Mining Technique and Its Comparison with a Bivariate Statistical Model for Predicting the
Potential Distribution of Astragalus Fasciculifolius Boiss. in Fars, Iran. Sustainability, 11(12),
3452. https://doi.org/10.3390/su11123452

Muller, F. B. (1970). Agronomic use of calcined christmas island iron/aluminium phosphates i. field
trials. New Zealand Journal of Agricultural Research, 13(3), 453—-464.
https://doi.org/10.1080/00288233.1970.10421595

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for obtaining R2 from
generalized linear mixed-effects models. Methods in Ecology and Evolution, 4(2), 133—-142.
https://doi.org/10.1111/j.2041-210x.2012.00261.x

Nathan, S. (2009). West Coast places - Grey Valley. Te Ara - the Encyclopedia of New Zealand.
http://www.teara.govt.nz/en/west-coast-places/page-8

NBA. (2018). Beef Statistics. National Beef Association.
https://www.nationalbeefassociation.com/resources/beef-statistics/

New Zealand Economic and Financial Overview 2016. (2016).
https://www.treasury.govt.nz/sites/default/files/2010-04/nzefo-16.pdf

New Zealand Plant Conservation Network. (2019a). New Zealand'’s Flora.
http://www.nzpcn.org.nz/page.aspx?flora

New Zealand Plant Conservation Network. (2019b). Rumex conglomeratus.
http://www.nzpcn.org.nz/flora_details.aspx?ID=2937

New Zealand Plant Conservation Network. (2019c). Rumex crispus.

115



http://www.nzpcn.org.nz/flora_details.aspx?ID=2948

Nishida, T. (2002). Alien plants invasion of forage crop fields and artificial grasslands - distribution
and routes of invasions. Grassland Science, 48(2), 168-172.
https://www.cabdirect.org/cabdirect/abstract/20023116901

NIWA. (2017a). December 2017 Climate Statistics. https://niwa.co.nz/sites/niwa.co.nz/files/climate-
statistics-december-2017.pdf

NIWA. (2017b). November 2017 Climate Statistics. https://niwa.co.nz/sites/niwa.co.nz/files/Climate-
Statistics-November-2017.pdf

NIWA. (2017c). October 2017 Climate Statistics. https://niwa.co.nz/sites/niwa.co.nz/files/Climate-
Statistics-October-2017.pdf

NIWA. (2018a). April 2018 Climate Statistics. https://niwa.co.nz/sites/niwa.co.nz/files/climate-
statistics-april-2018.pdf

NIWA. (2018b). August 2018 Climate Statistics.
https://niwa.co.nz/sites/niwa.co.nz/files/ClimateStatistics-August2018-NIWA.pdf

NIWA. (2018c). December 2018 Climate Statistics. https://niwa.co.nz/sites/niwa.co.nz/files/Climate-
Statistics-December-2018.pdf

NIWA. (2018d). February 2018 Climate Statistics. https://niwa.co.nz/sites/niwa.co.nz/files/Climate-
Statistics-February-2018.pdf

NIWA. (2018e). January 2018 Climate Statistics. https://niwa.co.nz/sites/niwa.co.nz/files/climate-
statistics-january-2018.pdf

NIWA. (2018f). July 2018 Climate Statistics.
https://niwa.co.nz/sites/niwa.co.nz/files/ClimateStatistics-July2018NIWA. pdf

NIWA. (2018g). June 2018 Climate Statistics.
https://niwa.co.nz/sites/niwa.co.nz/files/ClimateStatistics-June2018.pdf

NIWA. (2018h). March 2018 Climate Statistics. https://niwa.co.nz/sites/niwa.co.nz/files/climate-
statistics-march-2018.pdf

NIWA. (2018i). May 2018 Climate Statistics. https://niwa.co.nz/sites/niwa.co.nz/files/Climate-
Statistics-May-2018.pdf

NIWA. (2018j). New Zealand’s hottest summer on record.
https://niwa.co.nz/sites/niwa.co.nz/files/Climate_Summary_Summer_2018.pdf

NIWA. (2018k). November 2018 Climate Statistics. https://niwa.co.nz/sites/niwa.co.nz/files/Climate-
Statistics-November-2018-1.pdf

NIWA. (2018l). October 2018 Climate Statistics.
https://niwa.co.nz/sites/niwa.co.nz/files/ClimateStatistics-October2018-NIWA.pdf

NIWA. (2018 m). September 2018 Climate Statistics.
https://niwa.co.nz/sites/niwa.co.nz/files/climate-statistics-september-2018.pdf

116



NIWA. (2018n). 2017: A year of weather extremes across New Zealand.
https://niwa.co.nz/sites/niwa.co.nz/files/2017_Annual_Climate_Summary_FINAL2.PDF

NIWA. (2019a). New Zealand’s 3rd-warmest summer on record.
https://niwa.co.nz/sites/niwa.co.nz/files/Climate_Summary_Summer_2018-19-NIWA.pdf

NIWA. (2019b). New Zealand annual mean Climate grids 1981-2010. National Institute of Water and
Atmospheric Research. https://niwa.co.nz/climate/our-services/climate-mapping

NIWA. (2019c). Climate Statistics for January 2019.
https://niwa.co.nz/sites/niwa.co.nz/files/ClimateStatistics-January2019.pdf

NIWA. (2019d). 2018: New Zealand'’s equal-2nd warmest year on record.
https://niwa.co.nz/sites/niwa.co.nz/files/2018 Annual_Climate_Summary-NIWA.pdf

NIWA. (2019e). Climate Statistics for February 2019.
https://niwa.co.nz/sites/niwa.co.nz/files/Climate-Statistics-February-2019.pdf

Northcroft, E. F., & Healy, A. J. (1975). Adventive flora of the Chatham Islands. New Zealand Journal
of Botany, 13(2), 123-129. https://doi.org/10.1080/0028825X.1975.10430314

NSA. (2015). Did You Know? | National Sheep Association. https://www.nationalsheep.org.uk/uk-
sheep-industry/sheep-in-the-uk/did-you-know/

Oliver, R. B. (1909). Art. Xlll.—The Vegetation of the Kermadec Islands. Transactions and Proceedings
of the Royal Society of New Zealand, 42, 118-175.
http://rsnz.natlib.govt.nz/volume/rsnz_42/rsnz_42_00_000920.html

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D., Powell, G. V. N., Underwood, E. C.,
D’amico, J. A., ltoua, I., Strand, H. E., Morrison, J. C., Loucks, C. J., Allnutt, T. F., Ricketts, T. H.,
Kura, Y., Lamoreux, J. F., Wettengel, W. W., Hedao, P., & Kassem, K. R. (2001). Terrestrial
Ecoregions of the World: A New Map of Life on EarthA new global map of terrestrial ecoregions
provides an innovative tool for conserving biodiversity. BioScience, 51(11), 933-938.
https://doi.org/10.1641/0006-3568(2001)051[0933:teotwa]2.0.co;2

Oseland, E., Bish, M., Spinka, C., & Bradley, K. (2020). Examination of commercially available bird
feed for weed seed contaminants. In Invasive Plant Science and Management (Vol. 13, Issue 1,
pp. 14-22). Cambridge University Press. https://doi.org/10.1017/inp.2020.2

Padalia, H., Srivastava, V., & Kushwaha, S. P. S. (2014). Modeling potential invasion range of alien
invasive species, Hyptis suaveolens (L.) Poit. in India: Comparison of MaxEnt and GARP.
Ecological Informatics, 22, 36—43. https://doi.org/10.1016/j.ecoinf.2014.04.002

Paige, K. N., & Whitham, T. G. (1987). Overcompensation in response to mammalian herbivory: the
advantage of being eaten. American Naturalist, 129(3), 407-416.
https://doi.org/10.1086/284645

Palacio, F. X., & Girini, J. M. (2018). Biotic interactions in species distribution models enhance model
performance and shed light on natural history of rare birds: a case study using the straight-
billed reedhaunter Limnoctites rectirostris. Journal of Avian Biology, 49(11), e01743.
https://doi.org/10.1111/jav.01743

Pannell, J. L., Duncan, R. P., & Hulme, P. E. (2019). Transplant experiments predict potential future

117



spread of alien succulents along an elevation gradient. Biological Invasions, 21(7), 2357-2372.
https://doi.org/10.1007/s10530-019-01982-2

Park, N. (2020). Population estimates for the UK, England and Wales, Scotland and Northern Ireland -
Office for National Statistics.
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/population
estimates/bulletins/annualmidyearpopulationestimates/mid2019estimates#tmain-points

Parker, I. M., Rodriguez, J., & Loik, M. E. (2003). An Evolutionary Approach to Understanding the
Biology of Invasions: Local Adaptation and General-Purpose Genotypes in the Weed Verbascum
thapsus. Conservation Biology, 17(1), 59—72. https://doi.org/10.1046/j.1523-
1739.2003.02019.x

Parry, H., Sadler, R., & Kriticos, D. (2013). Practical guidelines for modelling post-entry spread in
invasion ecology. NeoBiota, 18, 41-66. https://doi.org/10.3897/neobiota.18.4305

Partridge, T. R. (1989). Soil seed banks of secondary vegetation on the Port Hills and Banks
Peninsula, Canterbury, New Zealand, and their role in succession. New Zealand Journal of
Botany, 27(3), 421-435. https://doi.org/10.1080/0028825X.1989.10414123

Pecchi, M., Marchi, M., Burton, V., Giannetti, F., Moriondo, M., Bernetti, I., Bindi, M., & Chirici, G.
(2019). Species distribution modelling to support forest management. A literature review. In
Ecological Modelling (Vol. 411, p. 108817). Elsevier B.V.
https://doi.org/10.1016/j.ecolmodel.2019.108817

Perrin, D. D. (1959). Photosensitivity diseases in New Zealand. New Zealand Journal of Agricultural
Research, 2(2), 266—273. https://doi.org/10.1080/00288233.1959.10420314

Peters, J., & Lanham, B. (2010). Tetrazolium Testing Handbook Contribution No. 29 To the Handbook
on Seed Testing. www.aosaseed.com

Petitpierre, B., Broennimann, O., Kueffer, C., Daehler, C., & Guisan, A. (2017). Selecting predictors to
maximize the transferability of species distribution models: lessons from cross-continental
plant invasions. Global Ecology and Biogeography, 26(3), 275-287.
https://doi.org/10.1111/geb.12530

Petitpierre, B., Kueffer, C., Broennimann, O., Randin, C., Daehler, C., & Guisan, A. (2012). Climatic
niche shifts are rare among terrestrial plant invaders. Science (New York, N.Y.), 335(6074),
1344-1348. https://doi.org/10.1126/science.1215933

Phillips, S. J., Anderson, R. P., Dudik, M., Schapire, R. E., & Blair, M. E. (2017). Opening the black box:
an open-source release of Maxent. Ecography, 40(7), 887—-893.
https://doi.org/10.1111/ecog.03049

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum entropy modeling of species
geographic distributions. Ecological Modelling, 190, 231-259.
https://doi.org/10.1016/j.ecolmodel.2005.03.026

Phillips, S. J., & Dudik, M. (2008). Modeling of species distributions with Maxent: new extensions and
a comprehensive evaluation. Ecography, 31(2), 161-175. https://doi.org/10.1111/j.0906-
7590.2008.5203.x

Phillips, S. J., Dudik, M., & Schapire, R. E. (2020). Maxent software for modeling species niches and

118



distributions (Version 3.4.1). [Internet].
http://biodiversityinformatics.amnh.org/open_source/maxent/

Pili, A. N., Tingley, R., Sy, E. Y., Diesmos, M. L. L., & Diesmos, A. C. (2020). Niche shifts and
environmental non-equilibrium undermine the usefulness of ecological niche models for
invasion risk assessments. Scientific Reports, 10(1), 1-18. https://doi.org/10.1038/s41598-020-
64568-2

Pimentel, D., McNair, S., Janecka, J., Wightman, J., Simmonds, C., O’Connell, C., Wong, E., Russel, L.,
Zern, J., Aquino, T., & Tsomondo, T. (2001). Economic and environmental threats of alien plant,
animal, and microbe invasions. Agriculture, Ecosystems and Environment, 84(1), 1-20.
https://doi.org/10.1016/50167-8809(00)00178-X

Pino, J., Sans, F. X., & Masalles, R. M. (1998). Population dynamics of Rumex obtusifolius under
contrasting lucerne cropping systems. Weed Research, 38(1), 25-33.

Poll, M., Naylor, B. J., Alexander, J. M., Edwards, P. J., & Dietz, H. (2009). Seedling establishment of
Asteraceae forbs along altitudinal gradients: a comparison of transplant experiments in the
native and introduced ranges. Diversity and Distributions, 15(2), 254—265.
https://doi.org/10.1111/j.1472-4642.2008.00540.x

Popay, A. |., Ritchie, I. M., Sheely, P. J., & Singh, D. D. (1983). Effect of different seed-bed treatments
on the emergence of white clover and weeds. New Zealand Journal of Experimental
Agriculture, 11, 95-100. https://doi.org/10.1080/03015521.1983.10427736

Primack, R. B., & Kang, H. (1989). Measuring Fitness and Natural Selection in Wild Plant Populations.
www.annualreviews.org

Prior, K. M., Robinson, J. M., Meadley Dunphy, S. A., & Frederickson, M. E. (2014). Mutualism
between co-introduced species facilitates invasion and alters plant community structure.
Proceedings of the Royal Society B: Biological Sciences, 282(1800).
https://doi.org/10.1098/rspb.2014.2846

Pysek, P., Jarosik, V., Hulme, P. E., Kiihn, I., Wild, J., Arianoutsou, M., Bacher, S., Chiron, F., Didziulis,
V., Essl, F., Genovesi, P., Gherardi, F., Hejda, M., Kark, S., Lambdon, P. W., Desprez-Loustau, M.-
L., Nentwig, W., Pergl, J., Poboljsaj, K., ... Winter, M. (2010). Disentangling the role of
environmental and human pressures on biological invasions across Europe. Proceedings of the
National Academy of Sciences of the United States of America, 107(27), 12157-12162.
https://doi.org/10.1073/pnas.1002314107

Quinn, J. M., Wilcock, R. J., Monaghan, R. M., McDowell, R. W., & Journeaux, P. R. (2009). Grassland
farming and water quality in New Zealand. Irish Journal of Agri-Environmental Research, 7, 69—
87.

R Core Team. (2013). R: A language and environment for statistical computing. R Foundation for
Statistical Computing. http://www.r-project.org/

Randall, R. P. (2017). A Global Compendium of Weeds (R. P. Randall (Ed.); 3rd ed.). CABI.
Randin, C. F., Dirnbock, T., Dullinger, S., Zimmermann, N. E., Zappa, M., & Guisan, A. (2006). Are

niche-based species distribution models transferable in space? Journal of Biogeography,
33(10), 1689-1703. https://doi.org/10.1111/j.1365-2699.2006.01466.x

119



Rattray, P. V., & Joyce, J. P. (1970). The nutritive value of white clover and perennial ryegrass for
young sheep. New Zealand Journal of Agricultural Research, 13(4), 778-791.
https://doi.org/10.1080/00288233.1970.10430510

Rechinger, E., & Akeroyd, J. (1993). Rumex L. In T. Tutin, N. Burges, A. Chater, J. Edmundson, V.
Heywood, D. Moore, D. Valentine, S. Walters, & D. Webb (Eds.), Flora Europaea Volume 1 (2nd
ed., pp. 99-107). Camrbidge University Press.

Redpath, D., & Rapson, G. (2015). An extreme flood event initiates a decade of stand collapse in
Beilschmiedia tawa forest, Turakina Valley, Rangitikei, New Zealand. New Zealand Journal of
Botany, 53(1), 38-59. https://doi.org/10.1080/0028825X.2014.1000934

Reinhardt, J. R., Russell, M. B., Senay, S., & Lazarus, W. (2020). Assessing the current and potential
future distribution of four invasive forest plants in Minnesota, U.S.A., using mixed sources of
data. Scientific Reports, 10(1), 12738. https://doi.org/10.1038/s41598-020-69539-1

Robert J. Hijmans. (2019). aster: Geographic Data Analysis and Modeling. R package version 2.9-5.
https://doi.org/https://CRAN.R-project.org/package=raster

Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, F., Sanchez, J., & Miiller, M. (2011). pROC: an
open-source package for R and S+ to analyze and compare ROC curves. BMC Bioinformatics,
12(77).

Root, T. L., Price, J. T., Hall, K. R., Schneider, S. H., Rosenzweig, C., & Pounds, J. A. (2003). Fingerprints
of global warming on wild animals and plants. Nature, 421(6918), 57—-60.
https://doi.org/10.1038/nature01333

Roura-Pascual, N., Hui, C., Ikeda, T., Leday, G., Richardson, D. M., Carpintero, S., Espadaler, X.,
Gdémez, C., Guénard, B., Hartley, S., Krushelnycky, P., Lester, P. J., McGeoch, M. A., Menke, S.
B., Pedersen, J. S., Pitt, J. P. W., Reyes, J., Sanders, N. J., Suarez, A. V., ... Worner, S. P. (2011).
Relative roles of climatic suitability and anthropogenic influence in determining the pattern of
spread in a global invader. Proceedings of the National Academy of Sciences of the United
States of America, 108(1), 220-225. https://doi.org/10.1073/PNAS.1011723108

Saunders, J. T., Greer, G., Bourddt, G., Saunders, C., James, T., Rolando, C., Monge, J., & Watt, M. S.
(2017). The economic costs of weeds on productive land in New Zealand. International Journal
of Agricultural Sustainability, 15(4), 380-392. https://doi.org/10.1080/14735903.2017.1334179

Schoener, T. W. (1970). Nonsynchronous Spatial Overlap of Lizards in Patchy Habitats. Ecology,
51(3), 408-418. https://doi.org/10.2307/1935376

Scott, D. (2000). Fertiliser and grazing rejuvenation of fescue tussock grassland. New Zealand Journal
of Agricultural Research, 43(4), 481-490. https://doi.org/10.1080/00288233.2000.9513444

Seawright, E. K., Rister, M. E., Lacewell, R. D., McCorkle, D. A., Sturdivant, A. W., Yang, C., & Goolsby,
J. A. (2009). Economic Implications for the Biological Control of Arundo donax : Rio Grande
Basin. Southwestern Entomologist, 34(4), 377-394. https://doi.org/10.3958/059.034.0403

Seebens, H., Blackburn, T. M., Dyer, E. E., Genovesi, P., Hulme, P. E., Jeschke, J. M., Pagad, S., Pysek,
P., van Kleunen, M., Winter, M., Ansong, M., Arianoutsou, M., Bacher, S., Blasius, B.,
Brockerhoff, E. G., Brundu, G., Capinha, C., Causton, C. E., Celesti-Grapow, L., ... Essl, F. (2018).
Global rise in emerging alien species results from increased accessibility of new source pools.
Proceedings of the National Academy of Sciences of the United States of America, 115(10),

120



E2264-E2273. https://doi.org/10.1073/pnas.1719429115

Shabani, F., Ahmadi, M., Kumar, L., Solhjouy-fard, S., Shafapour Tehrany, M., Shabani, F., Kalantar,
B., & Esmaeili, A. (2020). Invasive weed species’ threats to global biodiversity: Future scenarios
of changes in the number of invasive species in a changing climate. Ecological Indicators, 116,
106436. https://doi.org/10.1016/j.ecolind.2020.106436

Shabani, F., Kumar, L., & Solhjouy-fard, S. (2017). Variances in the projections, resulting from
CLIMEX, Boosted Regression Trees and Random Forests techniques. Theoretical and Applied
Climatology, 129(3-4), 801-814. https://doi.org/10.1007/s00704-016-1812-z

Shabani, F., Tehrany, M. S., Solhjouy-fard, S., & Kumar, L. (2018). A comparative modeling study on
nonclimatic and climatic risk assessment on Asian Tiger Mosquito (Aedes albopictus). PeerJ,
2018(3), e4474. https://doi.org/10.7717/peerj.4474

Silva, D. P., Vilela, B., Buzatto, B. A., Moczek, A. P., & Hortal, J. (2016). Contextualized niche shifts
upon independent invasions by the dung beetle Onthophagus taurus. Biological Invasions,
18(11), 3137-3148. https://doi.org/10.1007/s10530-016-1204-4

Smith, A. B., Godsoe, W., Rodriguez-Sanchez, F., Wang, H.-H., & Warren, D. (2019). Niche Estimation
Above and Below the Species Level. Trends in Ecology & Evolution, 34(3), 260-273.
https://doi.org/10.1016/J.TREE.2018.10.012

Smith, A. B., & Santos, M. J. (2020). Testing the ability of species distribution models to infer variable
importance. Ecography, 43, 1-13. https://doi.org/10.1111/ecog.05317

Smith, W. W. (1888). Art. XXI.—On the Birds of Lake Brunner District. Transactions and Proceedings
of the Royal Society of New Zealand, 21, 205-224.
http://rsnz.natlib.govt.nz/volume/rsnz_21/rsnz_21_00_002790.html|

Smith, W. W. (1903). Art. XXV.—Plants naturalised in the County of Ashburton. Transactions and
Proceedings of the Royal Society of New Zealand, 36, 203—225.
http://rsnz.natlib.govt.nz/volume/rsnz_36/rsnz_36_00_001140.html

Sobek-Swant, S., Kluza, D. A., Cuddington, K., & Lyons, D. B. (2012). Potential distribution of emerald
ash borer: What can we learn from ecological niche models using Maxent and GARP? Forest
Ecology and Management, 281, 23-31. https://doi.org/10.1016/j.foreco.2012.06.017

Soberdn, J. (2007). Grinnellian and Eltonian niches and geographic distributions of species. Ecology
Letters, 10, 1115-1123. https://doi.org/10.1111/j.1461-0248.2007.01107..x

Soberédn, J., & Peterson, A. T. (2011). Ecological niche shifts and environmental space anisotropy: a
cautionary note Desplazamientos en el nicho y la anisotropia del espacio ambiental: una nota
precautoria. Revista Mexicana de Biodiversidad, 82, 1348—1355.

Sotka, E. E., Baumgardner, A. W., Bippus, P. M., Destombe, C., Duermit, E. A., Endo, H., Flanagan, B.
A., Kamiya, M., Lees, L. E., Murren, C. J., Nakaoka, M., Shainker, S. J., Strand, A. E., Terada, R.,
Valero, M., Weinberger, F., & Krueger-Hadfield, S. A. (2018). Combining niche shift and
population genetic analyses predicts rapid phenotypic evolution during invasion. Evolutionary
Applications, 11(5), 781-793. https://doi.org/10.1111/eva.12592

Spitters, C. J. T., & Van Den Bergh, J. P. (1982). Competition between crop and weeds: A system
approach. In Holzner W. & Numata M. (Eds.), Biology and ecology of weeds. Geobotany (pp.

121



137-148). Springer. https://doi.org/10.1007/978-94-017-0916-3_12

Srivastava, V, Lafond, V., & Griess, V. C. (2019). Species distribution models (SDM): applications,
benefits and challenges in invasive species management. CAB Reviews: Perspectives in
Agriculture, Veterinary Science, Nutrition and Natural Resources Models, 14(020), 1-13.
https://doi.org/10.1079/PAVSNNR201914020

Srivastava, Vivek, Griess, V. C., & Keena, M. A. (2020). Assessing the Potential Distribution of Asian
Gypsy Moth in Canada: A Comparison of Two Methodological Approaches. Scientific Reports,
10(1), 1-10. https://doi.org/10.1038/s41598-019-57020-7

Srivastava, Vivek, Griess, V. C., & Padalia, H. (2018). Mapping invasion potential using ensemble
modelling. A case study on Yushania maling in the Darjeeling Himalayas. Ecological Modelling,
385, 35-44. https://doi.org/10.1016/j.ecolmodel.2018.07.001

Stanton, J. C., Pearson, R. G., Horning, N, Ersts, P., & Resit Akcakaya, H. (2012). Combining static and
dynamic variables in species distribution models under climate change. Methods in Ecology and
Evolution, 3(2), 349-357. https://doi.org/10.1111/j.2041-210X.2011.00157.x

Starfinger, U., & Karrer, G. (2016). A standard protocol for testing viability with the Triphenyl
Tetrazolium Chloride (TTC) Test. Julius-Kiihn-Archiv, 455, 65—65.
https://doi.org/10.5073/jka.2016.455.18

Stats NZ. (2019). Livestock numbers. https://www.stats.govt.nz/indicators/livestock-numbers

Stats NZ. (2020). Estimated resident population (2018-base): At 30 June 2018 | Stats NZ.
https://www.stats.govt.nz/information-releases/estimated-resident-population-2018-base-at-
30-june-2018

Stats NZ. (2021). Irrigated Land. https://www.stats.govt.nz/indicators/irrigated-land

Suckling, F. E. T. (1975). lll. Results for 1959-69. New Zealand Journal of Experimental Agriculture,
3(4), 351-436. https://doi.org/10.1080/03015521.1975.10425834

Sultan, S. E., Horgan-Kobelski, T., Nichols, L. M., Riggs, C. E., & Waples, R. K. (2013). A resurrection
study reveals rapid adaptive evolution within populations of an invasive plant. Evolutionary
Applications, 6(2), 266—278. https://doi.org/10.1111/j.1752-4571.2012.00287.x

Sultan, S. E., & Matesanz, S. (2015). An ideal weed: Plasticity and invasiveness in Polygonum
cespitosum Phylogenetic analysis of polygonaceae View project.
https://doi.org/10.1111/nyas.12946

Sykes, W. R. (1982). Checklist of dicotyledons naturalised in New Zealand 14. Chenopodiales and
Polygonales. New Zealand Journal of Botany, 20(4), 325-331.
https://doi.org/10.1080/0028825X.1982.10428501

Synes, N. W., & Osborne, P. E. (2011). Choice of predictor variables as a source of uncertainty in
continental-scale species distribution modelling under climate change. Global Ecology and
Biogeography, 20(6), 904-914. https://doi.org/10.1111/j.1466-8238.2010.00635.x

Thompson, G. M. (1922). The naturalisation of animals & plants in New Zealand (G. M. Thompson

(Ed.)). Cambridge University Press. https://www.worldcat.org/title/naturalisation-of-animals-
plants-in-new-zealand/oclc/1049881684

122



Thuiller, W., Guéguen, M., Renaud, J., Karger, D. N., & Zimmermann, N. E. (2019). Uncertainty in
ensembles of global biodiversity scenarios. Nature Communications, 10(1), 1-9.
https://doi.org/10.1038/s41467-019-09519-w

Tingley, R., Vallinoto, M., Sequeira, F., & Kearney, M. R. (2014). Realized niche shift during a global
biological invasion. PNAS, 111(28), 10233-10238. https://doi.org/10.1073/pnas.1405766111

Totterdell, S., & Roberts, E. H. (1979). Effects of low temperatures on the loss of innate dormancy
and the development of induced dormancy in seeds of Rumex obtusifolius L. and Rumex
crispus L. Plant, Cell and Environment, 2(2), 131-137. https://doi.org/10.1111/j.1365-
3040.1979.tb00783.x

Totterdell, S., & Roberts, E. H. (1980). Characteristics of alternating temperatures which stimulate
loss of dormancy in seeds of Rumex obtusifolius L. and Rumex crispus L. Plant, Cell and
Environment, 3(1), 3-12. https://doi.org/10.1111/1365-3040.ep11580392

Townson, W. (1906). Art. XXXV.—On the Vegetation of the Westport District. Transactions and
Proceedings of the Royal Society of New Zealand, 39, 380—433.
http://rsnz.natlib.govt.nz/volume/rsnz_39/rsnz_39 00 _004260.html

Tozer, K. N., Bourdét, G. W., & Edwards, G. R. (2011). What factors lead to poor pasture persistence
and weed ingress?
https://www.grassland.org.nz/publications/nzgrassland_publication_2245.pdf

Troudet, J., Grandcolas, P., Blin, A., Vignes-Lebbe, R., & Legendre, F. (2017). Taxonomic bias in
biodiversity data and societal preferences. Scientific Reports, 7(1), 9132.
https://doi.org/10.1038/s41598-017-09084-6

Turley, N. E., Odell, W. C., Schaefer, H., Everwand, G., Crawley, M. J., & Johnson, M. T. J. (2013).
Contemporary Evolution of Plant Growth Rate Following Experimental Removal of Herbivores.
The American Naturalist, 181(S1), S21-S34. https://doi.org/10.1086/668075

University of Georgia. (2019). EDDMapS Species Distribution Maps. Centre for Invasive Species and
Ecosystem Health. https://www.eddmaps.org/distribution/

Urban, M. C., Bocedi, G., Hendry, A. P., Mihoub, J. B., Pe’er, G., Singer, A., Bridle, J. R., Crozier, L. G.,
De Meester, L., Godsoe, W., Gonzalez, A., Hellmann, J. J., Holt, R. D., Huth, A., Johst, K., Krug, C.
B., Leadley, P. W., Palmer, S. C. F., Pantel, J. H., ... Travis, J. M. J. (2016). Improving the forecast
for biodiversity under climate change. In Science (Vol. 353, Issue 6304). American Association
for the Advancement of Science. https://doi.org/10.1126/science.aad8466

USDA. (2019). Taxon: Rumex crispus L. GRIN. https://npgsweb.ars-
grin.gov/gringlobal/taxon/taxonomydetail?id=32530

USDA, & NRCS. (2019). The PLANTS Database. National Plant Data Team, Greensboro, NC 27401-
4901 USA. http://plants.usda.gov

van Kleunen, M., Bossdorf, O., & Dawson, W. (2018). The Ecology and Evolution of Alien Plants.
https://doi.org/10.1146/annurev-ecolsys-110617

van Kleunen, M., Essl, F., Pergl, J., Brundu, G., Carboni, M., Dullinger, S., Early, R., Gonzalez-Moreno,

P., Groom, Q. J., Hulme, P. E., Kueffer, C., Kihn, I., Maguas, C., Maurel, N., Novoa, A., Parepa,
M., Pysek, P., Seebens, H., Tanner, R,, ... Dehnen-Schmutz, K. (2018). The changing role of

123



ornamental horticulture in alien plant invasions. Biological Reviews, 93(3), 1421-1437.
https://doi.org/10.1111/brv.12402

Veloz, S. D., Williams, J. W., Blois, J. L., He, F., Otto-Bliesner, B., & Liu, Z. (2012). No-analog climates
and shifting realized niches during the late quaternary: Implications for 21st-century
predictions by species distribution models. Global Change Biology, 18(5), 1698—1713.
https://doi.org/10.1111/j.1365-2486.2011.02635.x

Venter, O. E., Sanderson, W., Magrach, A, Allan, J. R., Beher, J., Jones, K. R., Possingham, H. P.,
Laurance, W. F., Wood, P., Fekete, B. M., Levy, M. A., & Watson, J. E. (2018). Last of the Wild
Project, Version 3 (LWP-3): 2009 Human Footprint, 2018 Release.
https://doi.org/10.7927/H46T0JQ4

Vibrans, H. (1998). Native maize field weed communities in south-central Mexico. Weed Research,
38(2), 153-166. https://doi.org/10.1046/j.1365-3180.1998.00082.x

Victorian Biodiversity Atlas. (2019a). 2447402.00. The State of Victoria, Department of Environment,
Land, Water & Planning.

Victorian Biodiversity Atlas. (2019b). 2448526.00. The State of Victoria, Department of Environment,
Land, Water & Planning.

Walker, S., & Lee, W. G. (2000). Alluvial grasslands in south-eastern New Zealand: Vegetation
patterns, long-term and post-pastoral change. Journal of the Royal Society of New Zealand,
30(1), 69-103. https://doi.org/10.1080/03014223.2000.9517610

Wan, J., Oduor, A. M. O., Pouteau, R., Wang, B., Chen, L., Yang, B., Yu, F., & Li, J. (2020). Can
polyploidy confer invasive plants with a wider climatic tolerance? A test using Solidago
canadensis. Ecology and Evolution, 10(12), 5617-5630. https://doi.org/10.1002/ece3.6303

Wan, J. Z,, Chen, L. X,, Gao, S., Song, Y. B., Tang, S. L., Yu, F. H., Li, J. M., & Dong, M. (2019). Ecological
niche shift between diploid and tetraploid plants of Fragaria (Rosaceae) in China. South African
Journal of Botany, 121, 68-75. https://doi.org/10.1016/j.sajb.2018.10.027

Wang, C.-J., Wan, J.-Z., Qu, H., & Zhang, Z.-X. (2017). Climatic niche shift of aquatic plant invaders
between native and invasive ranges: a test using 10 species across different biomes on a global
scale. Knowl. Manag. Aquat. Ecosyst, 418, 27. https://doi.org/10.1051/kmae/2017019

Wang, H. H., Wonkka, C. L., Treglia, M. L., Grant, W. E., Smeins, F. E., & Rogers, W. E. (2019).
Incorporating local-scale variables into distribution models enhances predictability for rare
plant species with biological dependencies. Biodiversity and Conservation, 28(1), 171-182.
https://doi.org/10.1007/s10531-018-1645-4

Wardle, P. (1980). Floristic notes for the region between the Taramakau and Haast Rivers, Westland,
New Zealand. New Zealand Journal of Botany, 18(1), 53-59.
https://doi.org/10.1080/0028825X.1980.10427231

Warren, D. L., Glor, R. E., & Turelli, M. (2008). Environmental niche equivalency versus conservatism:
Quantitative approaches to niche evolution. Evolution, 62(11), 2868—2883.
https://doi.org/10.1111/j.1558-5646.2008.00482.x

Warren, D. L., Glor, R. E., & Turelli, M. (2010). ENMTools: a toolbox for comparative studies of
environmental niche models. Ecography, 33(3), 607—611. https://doi.org/10.1111/j.1600-

124



0587.2009.06142.x

Warren, M., Robertson, M. P., & Greeff, J. M. (2010). A comparative approach to understanding
factors limiting abundance patterns and distributions in a fig tree-fig wasp mutualism.
Ecography, 33(1), 148-158. https://doi.org/10.1111/j.1600-0587.2009.06041.x

Weaver, S. E., & Cavers, P. B. (1980). Reproductive Effort of Two Perennial Weed Species in Different
Habitats. The Journal of Applied Ecology, 17(2), 505. https://doi.org/10.2307/2402345

Webber, B. L., Le Maitre, D. C., & Kriticos, D. J. (2012). Comment on &quot;Climatic niche shifts are
rare among terrestrial plant invaders&quot;. Science (New York, N.Y.), 338(6104), 193; author
reply 193. https://doi.org/10.1126/science.1225980

Weidlich, E. W. A., Flérido, F. G., Sorrini, T. B., & Brancalion, P. H. S. (2020). Controlling invasive plant
species in ecological restoration: A global review. In Journal of Applied Ecology (Vol. 57, Issue 9,
pp. 1806-1817). Blackwell Publishing Ltd. https://doi.org/10.1111/1365-2664.13656

West, A. M., Kumar, S., Brown, C. S., Stohlgren, T. )., & Bromberg, J. (2016). Field validation of an
invasive species Maxent model. Ecological Informatics, 36, 126—134.
https://doi.org/10.1016/j.ecoinf.2016.11.001

Willi, Y., & Van Buskirk, J. (2019). A Practical Guide to the Study of Distribution Limits. The American
Naturalist, 193(6), 773-785. https://doi.org/10.1086/703172

Williams, J. L., Auge, H., & Maron, J. L. (2008). Different gardens, different results: native and
introduced populations exhibit contrasting phenotypes across common gardens. Oecologia,
157, 239-248. https://doi.org/10.1007/s00442-008-1075-1

Williams, J. L., Hufbauer, R. A., & Miller, T. E. X. (2019). How Evolution Modifies the Variability of
Range Expansion. Trends in Ecology & Evolution, 34(10).
https://doi.org/10.1016/j.tree.2019.05.012

Williams, J. W., & Jackson, S. T. (2007). Novel climates, no-analog communities, and ecological
surprises. In Frontiers in Ecology and the Environment (Vol. 5, Issue 9, pp. 475-482). Ecological
Society of America. https://doi.org/10.1890/070037

Wilson, C., Castro, K., Thurston, G., & Sissons, A. (2016). Pathway risk analysis of weed seeds in
imported grain: A Canadian perspective. Neobiota, 30, 49—74. https://agris.fao.org/agris-
search/search.do?recordlD=BG2019209578

Wright, A. E., & Cameron, E. K. (1985). Botanical features of northeastern Great Barrier Island,
Hauraki Gulf, New Zealand. Journal of the Royal Society of New Zealand, 15(3), 251-278.
https://doi.org/10.1080/03036758.1985.10416830

Wright, A. M. (1910). Art. |.—The Chemical Composition of Meat-extract. Transactions and
Proceedings of the Royal Society of New Zealand, 43, 1-680.
http://rsnz.natlib.govt.nz/volume/rsnz_43/rsnz_43_00_000060.html|

You, J., Qin, X., Ranjitkar, S., Lougheed, S. C., Wang, M., Zhou, W., Ouyang, D., Zhou, Y., Xu, J., Zhang,
W., Wang, Y., Yang, J., & Song, Z. (2018). Response to climate change of montane herbaceous
plants in the genus Rhodiola predicted by ecological niche modelling. Scientific Reports, 8(1),
5879. https://doi.org/10.1038/s41598-018-24360-9

125



Younginger, B. S., Sirova, D., Cruzan, M. B., & Ballhorn, D. J. (2017). Is Biomass a Reliable Estimate of
Plant Fitness? Applications in Plant Sciences, 5(2), 1600094.
https://doi.org/10.3732/apps.1600094

Zaller, J. G. (2004). Ecology and non-chemical control of Rumex crispus and R. obtusifolius
(Polygonaceae): A review. In Weed Research. https://doi.org/10.1111/j.1365-
3180.2004.00416.x

Zuquim, G., Costa, F. R. C., Tuomisto, H., Moulatlet, G. M., & Figueiredo, F. O. G. (2020). The
importance of soils in predicting the future of plant habitat suitability in a tropical forest. Plant
and Soil, 450(1-2), 151-170. https://doi.org/10.1007/s11104-018-03915-9

Zurell, D., Jeltsch, F., Dormann, C. F., & Schrdder, B. (2009). Static species distribution models in

dynamically changing systems: How good can predictions really be? Ecography, 32(5), 733-744.
https://doi.org/10.1111/j.1600-0587.2009.05810.x

126



Chapter 2 Supplementary Material

Appendix A

Table A.1  Full list of countries containing occurrences of Rumex obtusifolius, R. crispus, and R.
conglomeratus considered in the analyses. Crosses indicate the species’ presence in
the particular country according to the available datasets.

Country

Rumex
obtusifolius

Rumex
crispus

Rumex
conglomeratus

Native

Albania

X

Andorra

Austria

Azerbaijan

Belarus

Belgium

Bosnia and Herzegovina

Bulgaria

Croatia

Czechia

Denmark

X X | X|X|X|[X|X|X]|X

Estonia

Finland

France

Germany

Great Britain

Greece

Hungary

Ireland

Isle of Man

Israel

Italy

X | X | X |X[X|[X|X|X]|X]|X

Jordan

Latvia

Lithuania

Luxembourg

Macedonia

Moldova

Montenegro

Morocco

Netherlands

Norway

Palestine

X XXX [X[X[X[X|X|X[X[X[X[X[X[X[|X]|X[|[X[X[X[X[X|X|X|X|X|X[X|[X|X|X]|X

XX XX XXX X[X[XXX]|X|X[|X[X[X[X[X[X[X[X|X]|X[|X[|X[|X[|X[X|[X|X|X]|X

X|X|X|X[X|[X|X|X|X]|X
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Poland X X X
Portugal X X X
Romania X X X
Russia X X X
Serbia X X X
Slovakia X X X
Slovenia X X X
Spain X X X
Sweden X X X
Switzerland X X X
Syria X X X
Turkey X X X
Ukraine X X X
Introduced

Australia X X X
Canada X X X
Mexico X X X
New Zealand X X X
United States of America X X X
Japan X X X

Table A.2  List of occurrence records georeferenced from journals expected to contain Rumex
spp. records. Amount of records from each article is recorded.

Number of Records
Rumex Rumex Rumex
obtusifolius crispus conglomeratus Reference
(Allan, 1925)
(Allan & Dalrymple, 1926)
(Allen et al., 1997)
(Allen et al., 1992)
(J. B. Armstrong, 1879)
(J. F. Armstrong, 1871)
(Aston, 1915)
(Aston, 1911)
(Bagnall, 1975)
(Bagnall & Ogle, 1981)
(Blackwell et al., 2011)
(Boerema et al., 1980)
(Bourdot et al., 2019)
(Brownell, 2004)
(Buchanan, 1876)
(Burrows, 1986)
(Campbell, 1984)
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(Carse, 1910)

(Thomas. F. Cheeseman, 1871)

(T. F. Cheeseman, 1879)

(T. F. Cheeseman, 1882)

(T. F. Cheeseman, 1896)

(Clark & Harris, 1985)

(Claydon et al., 2003)

(Copson & Leaman, 1981)

(Croker, 1955)

(Crumpton, 1978)

(Crush et al., 2006)

(Darwin & Keynes, 1835)

(Dickinson et al., 1998)

(Dingley, 1959)

(Druce & Williams, 1989)

(Duguid, 1990)

(Elliott & Lynch, 1958)

(Esler, 1978a)

(Esler, 1978b)

(Esler, 1980)

(Esler, 1987)

(Esler, 1988b)

(Esler, 1988a)

(Esler & Astridge, 1987)

(Fineran, 1973)

(Fletcher, 2001)

(Gerard et al., 2007)

(Gillham, 1960c)

(Gillham, 1960a)

(Gillham, 1960b)

(Healy, 1959)

(Heginbotham & Esler, 1985)

(Hubbard & Wilson, 1988)

(Hughes, 1985)

(Hutton, 1871)

Oolr|kR|O|R|R|OR|O|RINVV|R|RIR|LRIN|IRIR|IRRIR|D|RIR|R|O|dM|O|IR|IRIR|R|R|[R|K

olo|lo|lr|[kr|kR|R|[kr|kr|lOlO|W|R|O|lO|R|W|lOo|d|O|R|R|R|FR|IO|O|R|O|R|O|O|R|R|O|FR |k

(P. Johnson, 2004)

=
~N

[EEN
(o]

(P. N. Johnson, 1982)

(P. Johnson & Rogers, 2003)

(Kirk, 1868)

(Kirk, 1869)

(Kirk, 1870)

(Kirk, 1872)

(Kirk, 1877b)

(Kirk, 1877a)

(Kirk, 1895)

R R, (R(R(NRN|D

R O0O|0O(O|N (R | OO

OO0 |lO|NVN|O|O|NMNN|(PR|IO|O|O|FR|(R|O|IO|O|O|O|O|R|O|O|R|WO|d|O|Pr|O/O|O|CO|O|IVN/O|jO|O|O|O|Rr|O|O|O

(W. G. Lee et al., 1986)
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(William G. Lee et al., 1983)

(F.Y. Liuetal., 1997)

(Macmillan, 1979)

(Madden & Healy, 1959)

(Mark et al., 1989)

(Meurk, 1982)

(Miller et al., 1994)

(Morgan, 1915)

(Muller, 1970)

(Northcroft & Healy, 1975)

(Oliver, 1909)

(Partridge, 1989)

(Perrin, 1959)

(Popay et al., 1983)

(Rattray & Joyce, 1970)

(Redpath & Rapson, 2015)

(Scott, 2000)

(W. W. Smith, 1888)

(W. W. Smith, 1903)

(Suckling, 1975)

(Sykes, 1982)

(Townson, 1906)

(Walker & Lee, 2000)

(Wardle, 1980)

(A. E. Wright & Cameron, 1985)
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(A. M. Wright, 1910)
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Table A.3  Journals involved in the New Zealand focussed literature search of occurrence
records. All articles related to the term “Rumex” were searched. The number of
articles containing useful records from each journal are below. ‘Other’ refers to 3
reports with records that were discovered whilst georeferencing other records.

Journal Total Articles Searched Articles Containing Records
New Zealand Journal of Crop and

Horticultural Science 33 1
New Zealand Journal of Experiment

Agriculture 33 2
New Zealand Journal of Botany 120 28
New Zealand Journal of Agricultural

Research 92 16
Transactions and Proceedings of the

Royal Society of New Zealand 113 31
Journal of the Royal Society of New

Zealand 25 7
Other 3 3
Total 419 88

Table A.4 Number of occurrences and respective data sources for each species. GBIF: Global

Biodiversity Information Facility; AFE: Atlas Florae Europaea; ALA: Atlas of Living
Australia; EDDMapS: Early Detection and Distribution Mapping System; LIT: New
Zealand records derived from literature (see Tables A.2 and A.3 for details); SELF:

Records personally collected by the authors.

Number of Records
Database Rume)'< ' Ru'mex Rumex
obtusifolius crispus conglomeratus
GBIF 332376 317364 85931
AFE 1997 2649 1670
ALA 758 9401 3416
EDDMapS 1642 7294 37
LIT 152 89 31
SELF 227 214 46
Total 337152 337011 91131
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Table A.5 Pairwise comparisons of niche overlap (D), niche similarity, niche expansion, and niche unfilling between the native range and three
introduced ranges. This differs from the initial comparisons in Table 2.2 by including Japan in the native range of Rumex obtusifolius and R.

crispus.
Species Region N Niche Niche Niche Niche Niche
Overlap (D) Similarity Expansion Unfilling Pioneering
(p-value)
Rumex obtusifolius Eastern Australia 275 0.260 0.01 0.066 0.400 0.052
Western North America 242 0.163 0.01 0.265 0.504 0.554
New Zealand 345 0.121 0.04 0.366 0.020 0.342
Rumex crispus Eastern Australia 4035 0.336 0.01 0.018 0.470 0.009
Western North America 823 0.103 0.04 0.248 0.291 0.369
New Zealand 271 0.169 0.03 0.306 0.054 0.351
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Table A.6 Results from pairwise comparisons between all assessed ranges of Rumex species,
measuring overlap (D) and niche similarity. These values are only representative of
niche dynamics in analogue climate space. Results in the upper right section of the
table are the results from range 1 projected onto range 2, and result in the lower left
section of the table are the opposite. Range 1 (columns) and range 2 (rows) are
indicated by superscript numbers. Values of specified niche metrics are presented
below, all metrics vary from 0-1; niche similarity is displayed as a p-value.

Rumex obtusifolius

D Native? Eastern Western North | New Zealand*
Australia® America?

Native?

Eastern Australia? 0.32

Western North 0.08 0.14

America?

New Zealand? 0.11 0.13 0.14

Similarity

Native? 0.01 0.07 0.06

Eastern Australia? 0.01 0.01 0.03

Western North 0.07 0.01 0.03

America?

New Zealand? 0.06 0.02 0.01

Rumex crispus

D Native! Eastern Western North | New Zealand!
Australia® America?

Native?

Eastern Australia® 0.33

Western North 0.15 0.11

America?®

New Zealand? 0.16 0.31 0.15

Similarity

Native? 0.01 0.01 0.07

Eastern Australia® 0.01 0.04 0.01

Western North 0.01 0.01 0.05

America?

New Zealand? 0.07 0.01 0.08

Rumex conglomeratus

D Native! Eastern Western North | New Zealand*
Australia® Americal

Native?

Eastern Australia? 0.20

Western North 0.17 0.21

America?

New Zealand? 0.15 0.33 0.16

Similarity

Native? 0.01 0.04 0.06
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Eastern Australia® 0.01 0.04 0.01
Western North 0.04 0.01 0.08
America?

New Zealand? 0.06 0.01 0.11
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Chapter 3 Supplementary Material

Appendix B

Table B.1 Number of occurrence points from each source that were used in species distribution
models. Figures in brackets are number of records prior to spatial rarefication. Record
sources were classified as follows: GBIF — records downloaded from the Global
Biodiversity Information Facility; Literature — records obtained from a literature
search of floristic inventories in NZ; Personal — records collected by the research team
across NZ. Note that a literature search was not conducted in GB as there was already
an abundance of occurrence data.

Country Species .Source

GBIF Literature Personal

R. obtusifolius 11440 (19897) - 44 (65)

GB R. crispus 6513 (13056) - 27 (49)

R. conglomeratus 1446 (2108) - 16 (21)
R. obtusifolius 50 (100) 5(5) 216 (216)
NZ R. crispus 32(32) 3(5) 185 (193)

R. conglomeratus 9(9) 2(2) 33 (40)
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Table B.2  Key for the classification system of land classes used. The original 38 available land

classes were aggregated into 7 land class types. Land classes with an asterisk do not
have data for NZ.

New Land Class | Original land class
No Data No land class data available

Water bodies*
Tree cover, broadleaved, evergreen >15%
Tree cover, broadleaved, deciduous >15%
Tree cover, needle leaved, evergreen >15%
Tree cover, needle leaved, deciduous >15%
Tree cover mixed leaf type
Tree cover, flooded, fresh or brackish water*
Tree cover, flooded, saline water

Forest Tree or shrub cover
Tree cover, needle leaved deciduous closed >40%
Tree cover, needle leaved, deciduous, open 15-40%
Tree cover, broadleaved, deciduous, closed >40%
Mosaic tree and shrub >50% / herbaceous cover <50%
Tree cover, broadleaved, deciduous, open 15-40%*
Tree cover, needeleaved, evergreen, closed >40%*
Tree cover, needleleaved, evergreen, open 15-40%*
Cropland, rainfed

Cropland Cropland, irrigated or post flooding*
Mosaic cropland >50% / natural veg <50%
Grassland Grassland
Herbaceous Cover
Shrubland
Mosaic natural vegetation >50% / cropland <50%
Herb/Shrub -

Cover Mosaic herbaceous cover >50% / tree and shrub <50%
Shrub or herbaceous cover, flooded, fresh/saline/brackish water
Shrubland deciduous
Shrubland evergreen*

Urban Urban areas
Bare areas
Permanent snow and ice
Sparse vegetation (tree, shrub, herbaceous cover) <15%
Lichens and mosses*

Bare/ Sparse

Areas Sparse Herbaceous cover <15%
Unconsolidated bare areas
Sparse Shrub
Sparse tree*
Consolidated bare areas*
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Table B.3

Comparisons of climate, land use, and human variables between the native (GB) and
introduced (NZ) range. Land class groups were aggregated from the original 38 land
class variables (Table B.2). Land class groups are presented as a proportion of total
surface area for either the native or introduced range. “No Data” refers to areas
within a region with no assessed land use type; this includes large water bodies.
Climatic averages are based on data from 1981-2010. Some variable names were
shortened: Mean Temp. Warm Month = Mean Temperature of the Warmest Month;
Mean Temp Cold Month = Mean Temperature of the Coldest Month; Mean Precip.
Wet Month = Mean Precipitation of the Wettest Month. Human related variables,
which vary over shorter timescales than other variables, are primarily displayed from
the years used in the analysis (2009 for human density, 2006 for livestock data). For
human related variables, more up to date figures are displayed in brackets: human
density in 2020 for GB (Park, 2020) and 2018 for NZ (Stats Nz, 2020); cattle densities in
2017 for NZ (Stats NZ, 2019) and 2018 for GB (NBA, 2018); and sheep densities in 2020
for NZ (Beef + Lamb New Zealand, 2020) and 2015 for GB (NSA, 2015).

Land Class Group

Proportion of total Surface Area

GB NZ
Bare/ Sparse Areas 0.03 0.04
Cropland 0.02 0.11
Forest 0.09 0.27
Grassland 0.35 0.42
Herb/Shrub Cover 0.45 0.01
Urban 0.06 0.01
No Data 0.06 0.14

Average 1981-2010

Climate
GB NZ
Mean Temp. Warm Month 12.4°C 15.0°C
Mean Temp. Cold Month 5.2°C 6.2°C
Mean Precip. Wet Month 1167mm 1834mm
Median Sunshine Hours 1374 1825
Population Density per km?
Human
GB NZ
Human 256 (275) 16 (18)
Cattle 42 (40) 36 (38)
Sheep 144 (151) 150 (100)
Average Length of Waterways per km?
Hydrology
GB Nz
Hydrology 0.09km 0.15km
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Table B.4 Pearson correlation values between all variables included in models. Grey cells (top right of the table) show values of correlations between GB variables;
white cells (bottom left of the table) show values of correlations between NZ variables. Values greater than |0.7]| are highlighted. Variable names are
abbreviated similar to other figures where: “Max Temp” = Mean temperature of the warmest month, “Min Temp” = Mean temperature of the coldest
month, “Precip” = Mean precipitation of the wettest month, “Sun Hours” = Median sunshine hours, “Shrub/Herb” = Proportion of Herb or Shrubland,
“Human” = Human Footprint, and “Hydro” = Hydrological.

. M Mi h
Variables ax n Precip Sun Cropland Shrub/ Forest Bare Grassland | Urban Cattle Sheep Human Hydro
Temp Temp Hours Herb
Max Temp -0.71 0.88 0.40 0.05 -0.23 -0.66 0.02 0.38 0.18 -0.02 0.14 0.07
Min Temp | 0.84 -0.49 0.81 0.26 -0.09 -0.25 -0.58 0.05 0.40 0.16 0.01 0.18 -0.04
Precip -0.52 -0.39 -0.22 0.28 0.57 0.10 -0.29 -0.12 0.08 -0.12 0.02
Sun Hours | 0.65 0.40 0.39 0.04 -0.25 -0.53 0.04 0.27 0.21 0.00 0.14 -0.06
Cropland 0.08 -0.02 -0.12 0.20 0.00 -0.02 0.11 0.04 0.25 -0.03 -0.23 0.19
Shrub/Herb | -0.12 -0.06 0.09 -0.04 0.01 0.01 -0.05 -0.01 0.14 -0.37 -0.54 0.34
Forest -0.13 -0.03 0.34 -0.07 -0.12 0.01 -0.01 0.08 0.03 -0.28 0.19
Bare -0.43 -0.36 0.24 -0.24 -0.04 -0.01 -0.01 -0.01 -0.04 -0.19 -0.17 0.00
Grassland 0.14 -0.08 -0.38 0.17 0.10 -0.23 -0.54 0.69 0.63 -0.48 0.41
Urban 0.10 0.10 -0.07 0.08 0.01 -0.03 -0.07 -0.03 -0.04 -0.19 -0.11 0.17
Cattle 0.36 0.30 -0.21 0.21 0.03 -0.05 -0.13 -0.10 0.14 0.38 -0.40 0.36
Sheep 0.07 -0.15 -0.47 0.10 0.11 -0.10 -0.40 -0.06 0.54 0.01 0.12
Human 0.30 0.41 -0.19 0.01 -0.08 -0.21 -0.33 -0.15 -0.33 0.02 0.00
Hydro -0.10 -0.23 0.24 0.01 0.07 0.15 0.24 0.04 0.26 -0.01 0.05
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Table B.5 Prevalence of training and testing records in each model type. All models utilised a 30% random testing percentage, meaning that models were trained

using 70% of available records.

Country
Species GB NZ
Training Testing Training Testing
Rumex 1023 439 31 13
conglomeratus

crispus
Rumex

44 1 1

obtusifolius 8039 3445 90 8
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Figure B.1 Maps of GB (top row) and NZ (bottom row) displaying Rumex spp. occurrence data (centre column) and sample bias layers (left and right columns). Panels on the
left side display the sample bias layer we used in our models which were made from combined occurrence data for Rumex obtusifolius, R. crispus, and R.
conglomeratus. The central column displays the distribution of the occurrence data used to generate the sample bias layer in the left column. The right column
displays sample bias layers calculated using data for all plants available on GBIF for GB and NZ. The sample bias layers shown on the left more accurately account
for the sample bias shown in NZ. Note that areas of intense sample bias on the bottom right map occur around cities, namely Auckland, Christchurch, and
Wellington, which are partially hidden behind the outline of the country. The scale varies from 0.01-1 where 1 (red) displays the most intensely sampled areas
and 0.01 (white) indicates little to no sampling has occurred.
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Figure B.2 Area under the receiver operating curve (AUC) scores for species’ distribution models of Rumex spp. in both GB and NZ. AUC
varies from 0-1, where 1 represents completely accurate predictions, 0 represents completely inaccurate predictions, and 0.5
indicates model predictions are no better than chance alone. Models were run using a combination of either only climate or non-
climate variables, or a combination of both climate and non-climate variables. Error bars represent 95% confidence intervals. Note
that some error bars are jittered for better visualisation.

147



A) Climate-Only Model
Rumex obtusifolius Rumex crispus Rumex conglomeratus

1.0
08
06
04
02
00

1.0
08
06
04
0.2
0.0

148




B) Non-Climate-Only Model
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C) Combined Model
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Figure B.3 Average predictions of environmental suitability from 100 MaxEnt replicate runs for each species (columns) and country (rows).
Models were run for both GB (top row) and NZ (bottom row). A) Predictions for models computed with only climatic variables. B)
Predictions for models computed with only non-climatic variables. C) Predictions for models computed with both climatic and non-
climatic variables. 150
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Figure B.4 Average response curves of MaxEnt models created using only the corresponding variables. These plots reflect the dependence of predicted suitability
both on the selected variable and on dependencies induced by correlations between the selected variable and other variables. Response curves are shown
for: Rumex obtusifolius GB (A) and NZ (D) models; R. crispus GB (B) and NZ (E) models; and R. conglomeratus GB (C) and NZ (F) models. The red line shows
the response curve of the average model, and the blue error bars show the variation in response curves between the 100 replicate MaxEnt models. For all
plots variable names are abbreviated where: “herb_shrub” = Proportion of Herb or Shrubland, “human” = Human Footprint, “hydro” = Hydrological,
“maxtemp” = Mean temperature of the warmest month, “mintemp” = Mean temperature of the coldest month, “precip” = Mean precipitation of the
wettest month, “sunhrs” = Median sunshine hours. lllogical values such as the lower bound of GB cattle density being “-1” represent an arbitrary value
denoting no information was available for that cell.
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B) Non-Climate Only Model Projections
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C) Combined Model Projections
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Figure B.5 Plots show projected predictions of habitat suitability for models trained in GB and projected onto NZ. These predictions are the average
prediction of 100 replicated MaxEnt runs utilising bootstrapping. A) Models trained using only climatic variables. B) Models trained using

only non-climatic variables. C) Models trained using both climatic and non-climatic variables.
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Appendix C
Chapter 4 Supplementary Material
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Principal component analysis (PCA) showing available climates for all locations in the
native range (blue), NZ (red), and the UK (black). The top two principal components
explain >99% of the variation across 17 WorldClim variables for the native range and
NZ. The white triangle denotes the location of our Southland field site in analogue
space, i.e. where climates for the native range and NZ overlap. The white circle
denotes the location of our Westland field site in non-analogue space. PC1 broadly
corresponds to a temperature gradient, and PC2 to a precipitation gradient. The
climates of the UK broadly overlap the available analogue climate space between the
native range and NZ.
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Figure C.2 Block design at each site. Each block was roughly 12m long and 9m wide, created using 18m
rolls of weed cloth secured together by a combination of plastic and metal pegs. Each block
had space for 360 individual plants, spaced 0.5m apart. 32 germination trays were arranged
around the outside of the block, with 12 trays along each length and 4 trays along each width.
Germination trays each contained seeds from 2 populations separated by weed cloth. Each
population in a germination trays had seeds from 5 individuals, with 10 seeds from each
individual, arranged along colour code sections of the tray for easy identification. The same
colour codes were used for individual plants within the block by placing painted bamboo
stakes at each potential plant location. To place trays and plants within the block, holes were
cut into the weed cloth at the specific location. Holes for individual plants were only cut when
transplanting the seedling to avoid reducing the integrity of the weed cloth and inviting
unwanted weeds to germinate. Regular maintenance was required at blocks to repair
stretches of weed cloth that were damaged.
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Top - Principal component analysis (PCA) showing available climates for all locations in
the native range (blue), NZ (red). The top two principal components explain >99% of
the variation across 17 WorldClim variables for the native range and NZ. The black
triangle (Southland) and circle (Westland) indicate the climates experienced by our
field sites during the years the experiment was conducted. The field sites experienced
the expected climates with Southland being in analogue climate space and Westland
being in non-analogue climate space. Bottom — PCA loadings indicate that this
environmental space is driven primarily by two variables. PC1 is explained almost
entirely by Temperature Seasonality, whereas PC2 is explained predominantly by
precipitation.
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Table C.1 Number of plants at each life stage used in our analysis. Note that whilst a
germination value was recorded for all germination trays, not all seeds germinated.
Survival was recorded post transplantation, meaning that if an individual had a
germinated rate of 0 it was not included in measurements of survival.
Germination Uk Nz
Southland Westland Southland Westland
R. conglomeratus 180 180 180 180
R. crispus 180 180 180 180
R. obtusifolius 180 180 180 180
Survival Uk Nz
Southland Westland Southland Westland
R. conglomeratus 130 119 96 86
R. crispus 96 138 88 84
R. obtusifolius 133 134 99 138
Fecundity Uk NZ
Southland Westland Southland Westland
R. conglomeratus 31 59 29 44
R. crispus 21 51 15 31
R. obtusifolius 20 40 11 33

Table C.2 Marginal and conditional are R? values for generalized mixed-effects models of Rumex
spp. germination, survival, and total seed produced (Fecundity). Marginal R? (R%g.mm(m))
provides the variance explained only by fixed effects and conditional R? (R%g.mm(q)
provides the variance explained by the entire model.

R. conglomeratus R. crispus R. obtusifolius
R2Gimmm) R2Gimmc) R2Gimmm) R%Gimmc) R2Gimmm) R2Gimme)
Germination 0.058 0.271 0.051 0.321 0.027 0.166
Survival 0.034 0.066 0.054 0.054 0.017 0.141
Fecundity 0.131 0.663 0.071 0.151 0.042 0.346
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Figure C.4 Coefficient plots showing the effect size of differences between individuals from each
site, provenance, and interaction between site and provenance (where applicable).
When non-significant, the site by provenance interaction term was removed from
models. Plots for germination (A-C), survival (D-F), and total seed produced (G-I) are
shown for the three species R. conglomeratus, R. crispus, and R. obtusifolius. Empty
dots show non-significant effects, i.e. where the 95% confidence interval overlaps 0,
and filled dots show significant effects.
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Figure C.5 Cook’s D plot (top) showing the influential observations in Rumex crispus survival data.
Coefficient plot (bottom) shows that both provenance and site are significant factors,
i.e. the 95% confidence intervals do not overlap 0. When influential observations are
removed (Figure 4.3E), differences attributed to provenance become non-significant.

The influential observations are 3 data points attributed to a single maternal line,

collected in Canterbury NZ. All seeds harvested from this individual that germinated
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Appendix D

Additional Experiments

Due to the nature of large-scale field experiments, there were additional aspects of the common
garden experiment we presented in Chapter 4 which were not included in main text. This appendix is
intended to lay out the reasons behind initiating these experiments, why they were not included in
the main text, and whether our results would be changed if they were included. The additional

experiments consist of:

An additional common garden which was removed from Chapter 4
A supplemental field germination experiment

An additional lab based germination experiment

H w N

An analysis of seed viability

Below we present the results of these additional experiments, and discuss some additional insights

which were not included in the main text.

D.1 Lincoln Field Site

The large-scale common garden experiment we presented in Chapter 4 initially had a third field site
located at Lincoln University, Canterbury. The Lincoln site was similar in set up to the other two sites,
located in grazed pasture close by to known Rumex spp. populations that we collected seed from.
The site was treated with glyphosate two weeks prior to laying down weed cloth and planting seeds.
Lincoln is located closer to the analogue climate limit from the native range than the Southland field
site (Figure D.1). The intention was to use these three field sites to see how Rumex spp. performed
along a climatic gradient; from analogue (Southland), to the range limit between analogue and non-
analogue (Lincoln), to non-analogue climate space (Westland). Unfortunately due to circumstances
beyond our control the Lincoln field site failed to thrive, however we maintained the site for the full

length of the experiment and still harvested the data at the end of the experiment.

Lincoln suffered through an extremely hot and dry summer during the first growing season (NIWA,
2018j, 2018n). This led to extremely low germination at Lincoln, particularly for R. conglomeratus.
After transplanting in November 2017 plants received supplemental watering to reduce transplant

shock (Doust, 1981). Despite this, survival after transplanting was low. We therefore decided to
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implement additional supplemental watering across the field site throughout the summer to alleviate
the unusually dry conditions. On top of this, on 3/11/18 a flock of sheep was released onto the
Lincoln field site after students unhooked a locked gate after hours and failed to re-secure it. The
sheep decimated the germination experiment running at Lincoln (see section 2 below) by trampling
all germination trays, and consumed all leaves of Rumex spp. inside the plots within browsing height
(Figure D.2). All sheep damage was recorded on a subjective scale, from none, to minor, and major,
as this would likely impact future survival and seed production of affected plants (Hendrix, 1990;
McNaughton, 1983; Paige & Whitham, 1987; Turley et al., 2013). Additionally, the introduction of
unwanted fertiliser to the experiment could also affect both survival and seed production (Fan &
Harris, 1996; Harris, 1971; Kotodziejek, 2019). Due to the lack of initial data from Lincoln, and the
uncertainty introduced to the remaining data through damage, we decided to exclude the Lincoln

site from our analysis.
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Figure D.1 Principal component analysis (PCA) showing available climates for all locations in the
native range (blue), NZ (red), and the UK (black). The top two principal components
explain >99% of the variation across 17 WorldClim variables for the native range and
NZ. The white square and triangle denote the locations of our Lincoln and Southland
field sites respectively, both in analogue space; i.e. where climates for the native
range and NZ overlap. The white circle denotes the location of our Westland field site
in non-analogue space. PC1 broadly corresponds to a temperature gradient, and PC2
to a precipitation gradient. The climates of the UK broadly overlap the available
analogue climate space between the native range and NZ.
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Figure D.2 A Rumex crispus individual with evidence of sheep browsing. The
white line roughly shows the height at which browsing occurred. All
foliage and flowers were removed from stems within browsing
height of the sheep. The browsing height is estimated to be roughly
1.5m. This unexpected herbivory could affect plant survival and
seed production thereby affecting the results of the experiment.

If we assume that the above issues do not significantly affect performance of the affected individuals
and include the Lincoln site in our analysis we receive the following results. We still find little
evidence that individuals from the NZ provenance have adapted to non-analogue climates (Figure
D.3). Our results regarding germination were more heavily impacted by including Lincoln in the
analysis than the other life stages due to the unusually low germination recorded at Lincoln.

Patterns of germination provided no evidence that NZ individuals outperformed those from the UK
(Figure D.3A-C). For all species, individuals from the UK provenance had significantly higher

germination than those from the NZ provenance (R. conglomeratus: p < 0.001; R. crispus: p < 0.001;
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R. obtusifolius: p = 0.010). The difference in germination rates from seeds from each provenance
could be because the seeds from UK individuals were stored under dry conditions for 6 months
longer than the seeds from NZ individuals. This could have led to a mismatch of seed dormancy
leading to seeds from NZ individuals struggling to exit dormancy and germinate (Benvenuti et al.,
2001). Whilst there is evidence that low temperature stratification of Rumex spp. seeds prior to
planting may help match the dormancy cycles of seeds stored for different lengths of time (Fani et
al., 2013; Totterdell & Roberts, 1979, 1980) the evidence is mixed (Cavers & Harper, 1966). An
alternative explanation may be explained by Bufford & Hulme (unpublished) who investigated the
effects of both seed size and local adaptation using the same field sites. Their preliminary results
indicate that individuals from the UK provenance have a higher mean individual seed mass than
individuals from the NZ provenance, which may give those individuals a higher probability of
successfully germinating (Houssard & Escarré, 1991; Martinkova et al., 1999). Individuals of all
species planted at Lincoln had significantly lower germination compared to both Westland and
Southland (R. conglomeratus: p < 0.001; R. crispus: p < 0.001; R. obtusifolius: p < 0.001). This is
unsurprising as the Lincoln site was disproportionately hotter and drier than normal compared to the
other two field sites in late 2017 (NIWA, 2018j, 2018n). When including Lincoln, differences in
germination rate between Westland and Southland for R. crispus are no longer significant (Figure
D.3B), however patterns remain consistent with our results in Chapter 4 for the other two species
(Figure D.3A,C). Interestingly, the performance of each provenance now depended on the site
examined for R. crispus (Site x Provenance interaction: p < 0.001; Figure D.3B). This is likely due to
the significantly greater performance of R. crispus individuals from the UK provenance compared to

individuals from the NZ provenance at Lincoln (Figure D.3B).

Survival data also showed no evidence that individuals from NZ were better adapted to non-analogue
climates. Patterns of survival were largely consistent with those presented in Chapter 4. There was
no difference in survival between provenances for R. conglomeratus (p = 0.985; Figure D.3D),
however individuals of R. crispus and R. obtusifolius from the UK provenance had significantly higher
survival when data from Lincoln were included (R. crispus: p = 0.033; R. obtusifolius: p = 0.028; Figure
D.3E,F). Again, higher survival after transplanting of individuals from the UK provenance could be
explained by the increased mean individual seed mass of seeds from the UK (Houssard & Escarré,
1991; Martinkova et al., 1999). Differences in survival between sites were consistent with the results
in Chapter 4. Rumex conglomeratus had significantly lower survival at Southland (p = 0.018), R.
crispus had significantly greater survival at Westland (p < 0.001), and R. obtusifolius showed no

difference in survival between sites (p = 0.295).
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Similar to the results of Chapter 4, evidence that individuals from the introduced provenance were
better adapted to non-analogue climates was mixed. Rumex conglomeratus individuals from the non-
analogue provenance had significantly greater seed production than those from the native
provenance. This could be a resource allocation trade-off in which the native provenance produces
fewer but larger seeds (Houssard & Escarré, 1991; Maun & Cavers, 1971). When data from Lincoln
are included in the analysis we see that the amount of seed produced by each provenance of R.
conglomeratus now depends on the site examined (Site x Provenance interaction: p = 0.026; Figure
D.3G). Individuals of R. conglomeratus from the native provenance produced significantly fewer
seeds at Lincoln than at Southland and Westland, likely because R. conglomeratus struggled to thrive
in the dry conditions at the Lincoln site. Rumex crispus and R. obtusifolius however showed no
evidence that individuals from NZ were better adapted to climates in the introduced range, with no
significant differences in seed production between provenances (R. crispus: p = 0.198; R. obtusifolius:
p =0.067). Interestingly, R. crispus showed significantly greater seed production at Lincoln than at
Southland and Westland (p < 0.001; Figure D.3H), however R. obtusifolius showed no differences in
seed production between sites (p = 0.083; Figure D.31). This seems consistent with our results of
Chapter 4 where we discussed the difficulty of finding wild R. crispus populations in non-analogue

climates, which is a potential explanation for its reduced seed production in Westland (Figure D.3H).

Despite some results changing with the inclusion of data from the Lincoln field site our conclusion
remains that we find little to no evidence that plants from the introduced range have adapted to
have increased performance in non-analogue climates. This is in line with the conclusion we
presented in Chapter 4. Individuals grown at Lincoln had the lowest chance of germinating and the
greatest mass of seeds produced, but these patterns were consistent with our previous analysis
indicating individuals from the native range typically outperformed, or performed similarly, to
individuals from the introduced range. The one exception was the amount of seed produced by R.
conglomeratus, which we noted in Chapter 4 as being the only case that could indicate adaptation to
increased performance in individuals from the introduced range. Whilst the data from the Lincoln
field site are understandably flawed, we are reassured by the fact that our conclusions remain
consistent regardless of whether these data are included or not. Finally, the climates experienced at

all field sites were as expected (Figure D.4)
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Figure D.3 Coefficient plots showing the effect size of differences between individuals from each

site, provenance, and interaction between site and provenance (where applicable).
When non-significant, the site by provenance interaction term was removed from

models. Plots for germination (A-C), survival (D-F), and total seed produced (G-1) are

shown for the three species R. conglomeratus, R. crispus, and R. obtusifolius. Thick,
inner, error bars show 1 standard deviation, and thinner, outer, error bars show 2

standard deviations from the mean. Significance is determined by Wald’s Chi Squared
tests, explained in the main text, but can be roughly assumed where error bars do not

overlap 0.
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Figure D.4 Principal component analysis (PCA) showing available climates for all locations in the
native range (blue) and NZ (red). The top two principal components explain >99% of
the variation across 17 WorldClim variables for the native range and NZ. The black
square and triangle denote the actual climates experienced over the course of the
experiment at our Lincoln and Southland field sites respectively, both in analogue
space; i.e. where climates for the native range and NZ overlap. The black circle
denotes the climates experienced at our Westland field site in non-analogue space.
PC1 broadly corresponds to a temperature gradient, and PC2 to a precipitation
gradient.
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D.2 Additional Field Germination Experiment

As overall germination from the field experiment was low it was decided that some additional steps
should be undertaken to better capture the true germination rate of these species between analogue
and non-analogue climate space. This decision was partly based on the poor germination seen at the
Lincoln field site prior to our decision to exclude it from Chapter 4. One such step was to repeat the
germination portion of the field experiment at two field sites, Lincoln and Westland. Furthermore,
we decided to focus on the two species in which germination was lowest, R. crispus and R.
conglomeratus. With this additional germination experiment, utilising information we gained from
the initial plantings, we hoped to more accurately capture the germination rates of Rumex spp.

within and beyond analogue climate space.

To better capture the effects of climate, rather than soil properties at each site, on germination we
replaced the soil in germination trays with screened topsoil. Following the same methodology as in
Chapter 4, we planted 10 seeds from each individual plant and recorded how many seedlings

germinated. Planting took place at both sites in late May 2018.

Unfortunately, germination was again poor at both field sites and was heavily impacted to the point
that the data was unusable. The year 2018 was again unusually hot and dry (NIWA, 2019a, 2019d),
leading to poor germination at both field sites. On top of this, when sheep damaged the Lincoln field
site (see section 1 above) all germination trays were significantly affected. Germination trays were
trampled, both killing seedlings and displacing soil leading to the mixing of seeds from different
individuals and populations. Due to the issues raised here, we were unable to determine germination

rates based on this experiment.

D.3 Additional Lab Germination Experiment

Due to the poor germination experienced in the initial (Chapter 4) and additional (Appendix D
Section 2) germination experiments we decided to investigate germination in an incubator setting.
We again focussed on two species, R. crispus and R. conglomeratus. With this additional experiment
we hoped to get a better estimation of germination potential under optimal conditions.
Twenty-five seeds were used from 2 individuals of each population of R. crispus and R.
conglomeratus. Seeds were placed in sealed clear plastic containers in incubation chambers for 31
days. Watering occurred every 3 days until saturation, and any germinants were recorded and
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removed. Incubation chambers were set to a 16/8 hour light/darkness cycle at 20°C, which was
determined to be the optimal conditions for germination of Rumex species (Benvenuti et al., 2001;

Cavers & Harper, 1964).

For R. crispus the majority of seeds germinants emerged within 7 days, and no further germination
occurred after 21 days. For R. conglomeratus the majority of germinants also emerged within 7 days,
however germination continued until the end of the experiment (31 days). Unfortunately overall
germination was low, with both species experiencing <50% germination on average. This was
characterised by low germination for the majority of individuals, as well as 2 individuals of R. crispus

and 8 individuals of R. conglomeratus showing no germinants at all.

We knew that these experiments were not accurate portrayals of the germination potential of our
Rumex spp. seed stock as other experiments utilising the same seed stock informally reported much
greater germination. At this stage | decided to informally test the germination from 30 individuals,
split between each provenance. | collected 10-15 filled seeds from each individual in our dry storage.
| planted ~5 in soil, and placed the remaining 10 in petri dishes on the windowsill of my office. |
provided the seeds with ample water, similar to the incubator germination experiment. After 2
weeks, | noted almost 100% germination of each individual. This could potentially mean that some
aspect of the incubation chamber was not conducive to germination of Rumex seeds, however we

failed to specifically identify why germination was lower than expected.

D.4 Seed Viability Experiment

As some individuals of the incubator germination experiment (see section 3 above) experienced no
germinants at all, we decided to specifically test the proportion of viable seeds used in this
experiment. This would provide evidence that the seeds we planted were not only viable, but also
determine whether differences in germination could be attributed to differences in dormancy
between batches collected from the UK and batches from NZ.

Professor John Hampton suggested using the tetrazolium chloride test. Tetrazolium chloride (TTC) is
a solution which can detect living tissue within seeds (Malone, 1967). The general process involved
soaking seeds in water, cutting them in half, and exposing them to TTC for ~24 hours (Peters &
Lanham, 2010). The TTC solution reacts with dehydrogenase enzymes in living tissue, which reduce
the tetrazolium chloride to formazan, a reddish, water-insoluble compound (Dufour & Colon, 1992).
This reaction only happens in or near living cells that are releasing hydrogen as they respire, so

staining indicates the seed is likely alive and viable.
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This test of seed viability is often thought of as a rapid evaluation of seed viability prior to conducting
thorough germination tests (De Barros Franca-Neto & Krzyzanowski, 2019), however in practise often
yields results very similar to the more thorough germination tests (Malone, 1967). Where it falls
short however, is that it provides no information on seed dormancy which could affect germination
(De Barros Franca-Neto & Krzyzanowski, 2019) and can give false positive readings by reacting to
living tissue from fungal infections (Dufour & Colon, 1992). Furthermore, TTC is light sensitive and
hence must be kept in the dark (Ghaly & Mahmoud, 2007). Whilst there are no standardised
methods for performing TTC testing on Rumex spp. we followed guidance from Starfinger & Karrer

(2016) who developed the protocol for testing the viability of ragweed species.

Seeds which did not germinate in the incubator germination experiment (see section 3 above) were
tested for viability. We selected all seeds which did not germinate, or up to 10 seeds when >10 did
not germinate from an individual. These seeds were imbibed in water for 24 hours. Seeds were then
cut in half vertically using a scalpel and the largest portion was submerged in TTC solution. Seeds
were left in TTC solution for a minimum of 24 hours under total darkness at room temperature.
Seeds were then inspected under a microscope for signs of reddening. No Rumex spp. seeds were
stained by the tetrazolium chloride solution, indicating either no viable seeds or an issue with the
solution. After consulting Professor John Hampton, | attempted an assortment of treatments on
remaining seed to determine whether TTC solution could affect Rumex spp. seeds. These treatments
included: cutting seeds along different planes, scarification of the seed cuticle rather than cutting,
and submersion in TTC for longer periods of time (up to a few weeks). None of these changes
seemed to result in the staining of any seeds. | then germinated a subset of the remaining seeds in a
petri dish to determine that the seeds were in fact viable, and determined that the TTC solution must

be the issue.

As TTC appeared to have no effect on Rumex spp. | contacted the Chair of the Tetrazolium
Committee of the International Seed Testing Association (ISTA), Stefanie Kramer (ISTA, 2020).
Although none of the committee members initially had an explanation for the lack of staining of
Rumex spp. seeds, they investigated this effect on my behalf by subjecting wild Rumex spp. seeds to
different TTC treatments. They successfully received staining of Rumex spp. seeds when using a TTC
solution prepared with a buffer rather than water (personal communication, October 22, 2020).
When prepared using water it appears that Rumex spp. seeds cannot tolerate the pH of the TTC
solution, killing the seeds and leaving no living tissue for the TTC solution to stain. Peters & Lanham
(2010) provide a detailed set of instructions for preparing TTC with a buffer solution including which

solutions to use and how to adjust the pH of the solution.
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| am very grateful for the helpful responses from both Stefanie Kramer and Jose Franga-Neto in
helping to resolve this conundrum. Unfortunately | did not have the opportunity to repeat this
experiment using a buffered TTC solution, but this seems to be the only record of how to use this

solution to effectively test the viability of Rumex spp. seeds.
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