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Abstract

As a result of the global world we today live in, species are transported outside of their native
range to new areas. Some of these species becomes invasive, which can cause a variety of negative
effects. Traits are often thought to play an important role in invasion success. The purpose with
this thesis was therefore to test if and how traits of the invasion species Pinus contorta varied
depending on the subspecies, and where it is growing (i.e. native or introduced range).

Samples had prior to this thesis been gathered from 3 subspecies of P. contorta in its native range
(USA) and from an unspecified subspecies in plantations and invasion fronts in an introduced
range (Patagonia). Traits of sampled needles, seeds and cones were then used as a basis for
multivariate and univariate analyses to detect significant differences between the sampled
categories. Significant trait differences were found between the three native subspecies: latifolia,
murrayana and contorta. The Patagonian P. contorta was found to be the most similar to the
native subspecies murrayana. Also, the Patagonian P. contorta had traits that differed significantly
from all of the native subspecies. Overall I found no statistical evidence of a lower trait variation
in the introduced P. contorta compared to the native. I further found some trait differences
between the Patagonian P. contorta trees in the plantations and at the invasion front. As a whole
my results indicate that invasive species can differ in traits when comparing the species in the
native and introduced range, thus providing an example of an invasive species displaying a change
in traits compared to their native range. The results can also be used to support several of the
existing hypotheses regarding invasion success.

Keywords: Invasive species, traits, introductions, native, Pinus contorta, Lodgepole pine
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1. Introduction

1.1. Background

Invasive species are a common problem across the globe today. As species
spread, often by humans, they sometimes establish and become invasive
(Williamsson, 1996: Simberloff, 2013). Global trade and shipping have resulted in
an increase in the pace of introductions of non-native species to new areas where
they become invasive (Meyerson & Mooney, 2007). As invasive species enter
new ecosystems, they can cause a variety of negative changes. For example,
invasive species can change habitats, alter carbon and nutrient cycles, and
compete with native species, sometimes reducing native biodiversity (Sullivan et
al. 2007; Ehrenfeld, 2003; Fritts & Rodda, 1998). Apart from the biological
effects there are often also other effects which can be more or less apparent as
well as hard to measure and define, for example monetary costs and losses
(Marbuah et al. 2014). Invasive species ecology is a very active area of research
with many research dimensions (Gurevitch et al. 2011). Substantial research is
focused on why and how some introduced species can become successful outside
of their natural range. Some explanatory ideas are based on external factors
affecting species. For example, the enemy release hypothesis suggests species
escape natural enemies from their native environment when introduced to new
environments, allowing them to perform better (Keane & Crawley, 2002; Mitchell
& Power, 2003). In a study by Mitchell & Power (2003), invasive plants were
found to have fewer infections from pathogens compared to their native
environment, and plants were more invasive when they experienced a higher
degree of enemy release.

Another area of invasive species research is more connected with traits. A “trait’
in the simplest way can be described as a measurable characteristic of an
individual or a part of an individual (Violle et al. 2007). Apart from the individual
level, some scientists choose to also recognize traits as properties of higher levels,
such as traits of populations, species and communities (Drenovsky et al. 2012;
Shipley, 2010). Including more levels can be useful when examining invasion
ecology since invasions and their effects often are concerning higher levels than
only on the individual level. Therefore for this work, all the above-mentioned
levels are accepted in the definition of "traits’. Many ecological theories consider
traits as important parts of the theories, especially those traits that often are
described as functional traits, since they impact the individuals performance and



fitness (Diaz et al. 2016: Reich, 2014; Violle et al. 2007). Plants are affected by
biotic and abiotic conditions and species have evolved different strategies to deal
with these conditions. Consequently, trait variation could be the result of
differences in plant strategies because of trade-offs and differences in allocation
of resources. In a study by Lake & Leishman (2004), invasive plant species were
for example found to overall have a higher specific leaf area (SLA) compared to
the species found in the communities they were invading, which is a trait
indicative of high growth rates. Invasive species thus seem to generally allocate
more resources to growth, which seems to be connected to invasion success.

There are many mechanisms that influence an exotic and invasive plant
population’s traits in their new environments. Traits are properties of a phenotype,
which are influenced by the environment (E), genetics (G), and the interplay
between the two (GXE) (Geber & Griffen, 2003: Barker et al. 2018). At the most
basic level, one genotype can give a variety of phenotypes as a result of
environmental influences (i.e., phenotypic plasticity) (Bradshaw, 1965). Traits can
therefore also be influenced by the environment (E) a plant is grown in (Geber &
Griffen, 2003: Barker et al. 2018), which could potentially cause an invasive or
exotic population to have different traits than its native population since they
grow in different environments. In addition to the environmental influence on
traits, genetics (G) can also determine how traits develop for exotic and invasive
species in their new environments (Prentis et al. 2008: Dlugosch & Parker, 2008).
Genetic diversity is for example known to affect invasion success. Genetic
bottlenecks that often occur when an exotic species initially arrives in a new
environment (also referred to as “founder effects”) usually decreases the genetic
variation within the population. Such events can potentially influence the initial
trait values in a new environment, as well as subsequent evolutionary trajectories
of traits. The degree to which genetic bottlenecks occur depends on the size of the
introduced population (Nei et al. 1975). Invasive species often stem from small
populations that were the initial colonizers, thus invasive populations generally
should be expected to have lower genetic diversity than populations within the
native range (DIugosch & Parker, 2008). Since genetics influence phenotype and
thus trait values (Geber & Griffen, 2003: Barker et al. 2018), one could easily
expect that decreased genetic diversity from “founder effects” to also result in
decreases in trait variation, though Dlugosch & Parker (2008) found few few
studies that support this idea.

In addition to the above-mentioned possible genetical impacts on traits and
invasion success, interplays between environment and genetics (G x E) also offers
some potential explanations (Prentis et al. 2008: Whitney & Gabler, 2008:
Blossey and Notzhold, 1995: Richards et al. 2006). An example of such an
interplay is the rapid selection of certain traits (Prentis et al. 2008). Specific traits
which are often explained as connected to invasion success, have been found to
sometimes undergo rapid changes after arriving in a new environment; a sort of
fast evolution (Whitney & Gabler, 2008). The idea is that by quickly adapting and
evolving to its new environment the introduced species is given the potential to
more easily become invasive. Furthermore, connected to the rapid selection of
specific traits and the enemy release hypothesis is the evolution of increased
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competitive ability hypothesis (EICA), whereby it is predicted that exotic species
quickly evolve to be more competitive in the absence of enemies, which
correspond with a shift in key traits related to growth, reproduction, or defense
(Blossey and Notzhold, 1995). More specifically, it is hypothesized that as an
introduced species is released from enemy pressure, it can result in a decrease of
defense traits while traits associated with growth and reproduction can develop in
an advantageous direction for the species.

Another way that G x E interactions can emerge in introduced populations is
when different genotypes differ in their plastic response to their new environment
(Richards et al. 2006). Some species or genotypes appear to be better able at
quickly responding to a new environment by changing their phenotypical traits.
Such plasticity should not be confused with the fast evolution suggested by the
EICA hypothesis. Phenotypic plasticity could instead be described as the ability
of traits of genotypes to change rather than a process over multiple generations.
Some invasion success may therefore be explained by the possibility for a
genotype to react to a variety of environments by altering its traits. Consequently,
well adapted individuals could have a higher chance of survival and successful
reproduction, thus increasing the invasion potential of the species in a new
environment. Davidson et al. (2001) found that species associated with invasions
often display high phenotypic plasticity, which suggests that phenotypic plasticity
potentially plays an important role in invasions. There are clearly numerous
hypotheses that can explain invasion success, and many of them may act
simultaneously on different scales in time and space (Gurevitch et al. 2011).
Many of these hypotheses suggest that key traits may change upon introduction to
a new range, which may ultimately influence invasion success or failure in those
new environments. By clarifying and increasing the knowledge about what
enables some plant species to successfully invade new areas, more efficient
measures can be taken for management and avoidance of new invasions.

Pines, which are in the genus Pinus, provide many examples of successful
invasions globally. Members of this genus originate from the Northern
Hemisphere, and have been introduced to many parts of the world for production
forestry purposes (Rejméanek & Richardson, 1996: Langdon et al. 2010:
Richardson et al. 2008). As pines have been introduced to the Southern
Hemisphere many of the species have been classified as invasive in the countries
they have been introduced to. Lodgepole pine (Pinus contorta) is an example of a
pine species which is considered as invasive in several places around the world
(Ledgard, 2001: Langdon et al. 2010). Generally, Lodgepole pine is said to
consist of four subspecies: contorta, bolanderi, murrayana and latifolia, which all
originated in western North America (Lotan & Critchfield, 1990). Traits have
been found to differ somewhat between the subspecies, for example regarding
needle and seed size and the level of serotinous adaptation in the cones. However,
the subspecies are overall inter-fertile and ecologically and morphologically
similar in many aspects. The subspecies of Lodgepole pine have been introduced
to many areas around the world, mainly to be used in forestry (Ledgard, 2001:
Langdon et al. 2010). Traits said to be general for the species, such as light seeds,
short time periods as juveniles, and short intervals between the production of high
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amounts of seeds, have been used as possible explanations to why the species is
often considered as invasive, as it often spreads from plantations and colonize
adjacent areas (Rejmanek & Richardson, 1996: Gundale et al. 2014: Ledgard,
2001). The adjacent ecosystems are often significantly affected and altered
(Gundale et al, 2014: Ledgard, 2001). The effects can often lead to ecological and
economical costs and losses to many different stakeholders, for example a
reduced biodiversity as well as the use of control and eradication measures, which
are often associated with invasive species. Therefore more knowledge about
invasive Lodgepole pine could be useful for better mitigation and control
measures.

1.2. Aim and hypothesis

The intention with this thesis is to examine traits of Lodgepole pine which in
many areas of the world is considered as invasive. By evaluating variation in traits
within and between Pinus contorta’s native range (the Pacific Northwest, USA)
and invasive range in Patagonia (Chile and Argentina), I aim to bring forward
new knowledge about the species and its invasiveness. Within the native range, |
aim to determine whether or not there is a difference in traits between three
subspecies, and to determine which native subspecies the introduced and invasive
Lodgepole pine in Patagonia is the most similar to. Further, I aim to assess
whether the range of traits in the introduced range (i.e. Patagonia) differs
compared to the native range. I lastly aim towards exploring if there are trait
differences between plantation trees and invasion front trees (i.e., trees located
furthest away from the plantations) of the introduced P. contorta in Patagonia.

I tested the following hypotheses: 1) I expected that each of the three native
subspecies would exhibit significant trait differences from one another. ii) |
anticipated that traits of the introduced and invasive subspecies in Patagonia
would be most similar to subspecies murrayana. My rationale for this expectation
was that there is some anecdotal evidence that subspecies murrayana has been
introduced to Patagonia', likely because of the climate similarities between
murrayana’s native range, which may also cause trait values to be more similar.
ii1) I expected mean trait values of the introduced and invasive subspecies in
Patagonia to deviate from the native subspecies. The basis for this predication is
the possible “founder effects” and potential influence of different local
environmental conditions (i.e., phenotypic plasticity). IV) I expected the trait
variability (i.e., coefficients of variation) to be lower for introduced and invasive
populations compared to native subspecies. I expected this because introduction
may have resulted in genetic bottlenecks that reduced genetic diversity. V) I
anticipated a difference in traits between the populations of Patagonian
plantations and Patagonian invasion front due to possible effects of i.e. the EICA
hypothesis or environmental differences.

' Martin Andres Nufiez, Professor, National University of Comahue (Argentina), personal communication.
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By testing these hypotheses, I aimed to increase the understanding regarding
invasive species traits and how invasive species can become successful in new
environments.
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2. Material and methods

2.1. Sites and field sampling

Data analyses for this thesis was based on a set of already collected trait data of
Lodgepole pine (Pinus contorta L.). Samples had been collected during 2018 at a
total of 32 sites. Within the native range (USA), 24 sites in total were located,
including 8 sites for each of the 3 subspecies, contorta, murrayana, and latifolia

(Figure 1).

Figure 1.Map of sampled sites of native Pinus contorta in the Pacific North West (USA). Sample
sites for the subspecies are displayed as: blue for subspecies contorta, yellow for murrayana,
green for latifolia (National geographic et al. 2020).
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In the Patagonia region, where P. contorta has been introduced, 8 sites were
sampled in total, including 3 sites in Argentina and 5 sites in Chile (Figure 2). At
these sites, samples were randomly collected from 8 trees within plantations, as
well as 8 trees from “invasion fronts” stemming from these plantations, for
measurement of traits (described below). The “invasion front” consisted of
Lodgepole pine trees furthest away from the plantations at each site.

Figure 2. Locations of the sampled sites of introduced Pinus contorta in plantations (National
geographic et al. 2020).

Ground accessible (ca. 4 m height) branches containing both brown (>1 year) and
green (immature) cones were sampled from each tree on the sun exposed side of
the tree (i.e. often the north and south side of the tree in the Southern and
Northern Hemisphere, respectively). From each branch, we removed brown and
green cones, and fully expanded green needles were collected from the needle
whorl from the previous year. For cones, brown cones were collected from the
third year whorl, representing cones fully matured during the previous autumn.
Green cones were collected from the second year whorl, meaning they were only
a few months from opening. After collection, all samples were then dried in an
oven at 70 °C for 48 hours, after which leaf trait variables were measured.
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2.2. Laboratory analyses and calculations prior to
thesis work

Some traits (19 in total) of the collected cones and needles were measured prior to
this thesis work. For each trait variable, multiple measurements were made for
each individual tree at each site, which allowed the average trait values per site to
be calculated. Trait variables were based on needles, seeds and cones. For needle
traits, 20 needle fascicles (consisting of 2 needles) from each tree were weighed
together and then divided by 20 to get average needle mass per fascicle per tree.
Then, 20 needle fascicles were scanned with a flatbed scanner (EPSON Perfection
V800/V850 1.9 V3.93 3.9.3.2), and the resulting image was processed with the
program WhinRizo 2016 to gain average needle length, projected needle area and
surface needle area. Projected area is an area measurement based on the individual
needles length multiplied with the width. WhinRizo calculated the total projected
area for all measured needles of a tree and this sum was then used to calculate the
average needle projected area for each tree. WhinRizo calculated needle surface
area by first calculating the area of two sides by multiplying the length with
height and 2, to get both sides. Then the total area of the two bordering sides were
calculated by multiplying the width with height and then by 2, to get both sides.
The end areas were found as the length was multiplied with the width and 2. All
these areas were then added up to get the surface area of a needle. Surface areas of
all the measured needles for a tree were then summarized and then used to
calculate average surface area per tree with the unit mm?. Samples were ground in
a Wiley Mill using a 1 mm particle size mesh. A portion of this ground sample
was removed for lignin and cellulose analysis, and the remaining sample was
ground to a powder using a ball mill, for analysis of nitrogen, carbon, and
phosphorous content. Ground subsamples of needles were sent to Colorado State
University (USA) for measurements of percentage of nitrogen, carbon, cellulose
and lignin, as well as total phosphorus content (mg kg™).

For cone measurements, up to 20 cones (when available) were individually
measured per tree. Cone measurements included: length, width, and weight.
Length, width and weight were measured for mature cones and cones overall.
Immature cones were measured for weight. Length and width were measured with
a Vernier Caliper. At some sites, not all trees contained 20 cones.

For seed measurements, 20 seeds per tree (if available) were randomly collected
from the sampled cones from each tree. The total number of seeds were then
weighed together and then the weight was divided by the number of seeds,
resulting in an average seed weight per tree. Average seed length, projected area
and surface area were calculated by using the same method as for needles with
WhinRizo.
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2.3. Laboratory analyses and calculations during thesis
work

2.3.1. Laboratory work and calculations for Phenolics

During this thesis work I have measured total phenols from the ground needles of
the sampled trees (320 samples in total). I used a method for total phenols based
on a modified version of the method used by Stern et al. (1996), referred to as the
Prussian Blue Technique. I analyzed the samples in a total of 6 batches. From the
sampled needles that had been ground prior to this thesis work, I weighed 50 mg
from each tree and put the material into test tubes. An extract was then created
where I added 20 ml of 50% methanol to the 50 mg of grounded needles in each
test tube. The extract was then shaken for 1 hour and then frozen until the next
step in the process. Frozen extracts were brought to room temperature, and then
centrifuged at 3000 rpm for 5 minutes. Further I diluted the extracts again with
50% methanol to a concentration of 0.04 mg/ml. Again the extracts were then
stored in a freezer until used in the analyses. I performed the analyses in 6
batches, with a randomized set of samples from each country in each batch.
Extracts for each batch were then brought to room temperature before used in the
analyses. A 20 ppm solution was created, where I added 50% methanol to 20 mg
of Catechin which is a type of phenol, until the volume was 1000 ml. The solution
was then stirred with a magnet on low temperature on a heated magnetic stirrer.
From this solution, I prepared 6 standards each time a new batch was about to be
analyzed. I placed 0, 0.25, 0.5, 1, 2 and 4 ml of the solution into glass tubes where
I further diluted them with 50% Methanol to concentrations of 0, 1, 2, 4, 8, and
16 ppm Catechin, with a total volume of 5 ml for each. Before each batch were
analyzed I also created two new reagents. Reagent 1 was created by adding some
Milli-Q water to 0.5264 grams of K3Fe(CN) in a beaker and then stirred with a
magnet until the solids were dissolved. I then poured the solution into a
volumetric flask and more Milli-Q water was added until the volume of 200 ml
was reached. I created reagent 2 by adding some Milli-Q water to a beaker
containing 9.64 grams of FeNh4(SO)s and then stirring it with a magnet until no
solids were visible. The solution was then poured into a volumetric flask where 1
added 1.7 ml of HCI. I then brought the solution to a volume of 200 ml with Milli-
Q water.

For each batch, I put 5 ml of the sample extractions into glass tubes. In intervals
of 30 seconds for each standard or sample extracts, I added 3 ml of reagent 1,
followed by 3 ml of reagent 2, which was then transferred to a cuvette, and
measured on a spectrophotometer at 720 nm. At 30 seconds after reagent 2 was
added I noted the absorbance of the sample or standard. I first executed the
procedure for the 6 standards and then the prepared sample extractions. The 0
ppm standard was first used to zero the spectrophotometer, allowing comparisons
of absorbance values against a base value. I repeated the procedure in a total of 6
batches.
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I then used the noted absorbance values from the standards and their known
Catechin concentrations to calculate a linear standard curve in Excel. Phenolic
concentration values were then calculated as:

P,=bXa +m (1)

Where P; is phenolic content for tree i(mg phenolics/gram dry litter); b is the
slope of the calculated trendline; a; is the absorption value for tree i; m is the
value where the trendline intersects the y-axis when the absorption value is 0.

2.3.2. Trait calculations and data preparation

As a basis for further trait measurements and calculations I used the previously
collected samples as well as the dataset of previously measured traits of the
samples. Calculations of traits were performed in MS Excel and R (R Core Team,
2019). I calculated the trait Specific Leaf Area (SLA) as:

SA;

SLA; = ———
NW;x1000

2)

with SLA; being specific leaf area for tree i (mm?/mg); SA; is the average surface
area for tree i; NW; is the average needle weight for tree i multiplied with 1000
to get the weight in milligrams. I calculated averages for height, width and weight
of all sampled cones per tree. For these calculations I ignored classifications of
mature or immature for each cone.

Prior to statistical analyses, | examined the dataset of the measured and calculated
trait variables for the 320 sampled trees to identify extreme values. For each trait
variable I defined extreme values as either: values smaller than the first quartile
value subtracted with three times the interquartile range value between quartile 1
and 3, or values larger than the third quartile value added with three times the
interquartile range value between quartile 1 and 3 (Prins et al. 2012). Such
extreme values were likely due to measurement or data entry errors, and were
therefore removed prior to further data treatment and analyses. To enable an
evaluation of possible differences in traits between subspecies, a mean site value
was calculated for each site and trait variable. The site mean value was based on
the values of the 8 sampled trees at each site. I also used the standardized
measure: coefficient of variation (CV) to examine possible differences in trait
variation. CV was calculated for each trait and site as:

CVi=2 (3)

Wi
Where CV; is the coefficient of variation ratio of the studied trait variable for site
i; 0; is the standard deviation for the studied trait variable based on the 8 trees at
site i; y; is the mean value for the studied trait variable based on the 8 trees at site
i. I used the CV value to represent the variation of the studied trait variable
between the 8 trees sampled at each site.

18



2.4. Statistical analyses

For the statistical analyses I used: RStudio (R Core Team, 2019) for Univariate
Statistical analyses and Primer package version 7 (Clarke & Gorley, 2015) for
multivariate data analyses. In the analyses I used 22 trait variables. I created
figures in R, MS Excel and Powerpoint.

All analyses on individual sites were considered to be the unit of replication,
which includes 8 replicates for each of the North American subspecies, and 8
paired replicates for each of the Patagonia Lodgepole pine types (plantation or
invasion front). To test if there was a difference in traits between the three native
subspecies and Patagonia Lodgepole pine plantations, I used non-parametric
multivariate analyses of variances (PERMANOVA) with Bray-Curtis distances
applied to the data set (Anderson, 2001). One PERMANOV A was performed on
the mean trait values, and a seccond PERMANOVA was performed on the mean
coefficient of variance values, with each of the four tree types serving as fixed
factors (i.e. subspecies contorta, latifolia and murrayana, and Patagonia P.
contorta plantations). To test for differences in traits of the introduced plantation
trees and the invasive trees, I performed PERMANOV As for mean trait and CV
values as described above; however, because of the paired sampling design in
Patagonia, I also included site as a random factor in these analyses. The paired
sampling design between the two Patagonian categories was also the cause to why
only Patagonian plantations were compared against the native subspecies. To
graphically display PERMANOVA analysis of mean trait values and mean CV
values, I performed two Canonical Analysis of Principal coordinates (CAP), one
for mean trait values, and another for mean CV values. These CAP analyses
included all five P. contorta categories (Native subspecies contorta, latifolia,
murrayana, and Patagonian plantations and invasion fronts), which allowed
visualization of all categories relative to one another based on their mean trait or
CV values.

When PERMANOVA tests indicated significant differences, I performed post-hoc
univariate analyses to determine which specific trait variables were significantly
different (Figure 3). This included one-way ANOVAs for each trait across the
four P. contorta categories (i.e. subspecies Contorta, Latifolia and Murrayana,
and Patagonia P. contorta plantations), and paired z-tests for each variable
between the two Patagonia P. contorta tree types (i.e. plantation or invaders). For
all univariate analysis, I tested for assumption of normality using Shapiro-Wilk
tests on the residuals of a linear model of the data, and Levene’s tests for the
assumption of homogeneity of variance. If the data did not meet the assumptions,
either a log- or BoxCox-transformation was done. When assumptions were met,
one-way ANOVA or ¢-tests were performed. When data could not be transformed
to meet parametric assumptions, Welch’s One way ANOVA tests or Kruskal-
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Wallis tests were used. If there was a difference between the groups, further post-
hoc pairwise analyses were performed to examine which group differed from
which. ANOV As were followed by Tukey's post-hoc tests, Welch’s One Way
ANOVAs were followed by Games-Howell post-hoc tests, and Kruskal Wallis
tests were followed using Dunn’s post-hoc tests.

LTukey's post hoc L

post-hoc

Games-Howell \\

Significant
differences
(p<0.05)
-Shapiro wilk test Boxcox or log
-Levene’s test transformation
|
| | |
Welch’s One way Kruskal Wallis
One way ANOVA ANOVA o

Dunn’s post-hoc

Figure 3. Description of workflow if PERMANOVA indicated significant differences(p-value <
0.05) in mean trait values or CV values between the native subspecies and Patagonian Pinus
contorta plantations.

Tests for detecting differences in trait values and trait variability (means and
coefficient of variation) between the plantations and the invasion front in
Patagonia were performed with a paired t-test or the non-parametric Wilcoxon
signed-rank tests (Figure 4). Plantation values and invasion front values were
paired with site as the pairing factor. Assumption of normality of the differences
between the paired observations was tested with Shapiro-Wilk test. Data were
log-transformed if the normality assumption was not met. A paired t-test was
performed on the trait variables that met the normality assumption. For the trait
variables that did not meet the normality assumption, even when transformed, I
instead applied the non-parametric Wilcoxon signed-rank test. For all performed
statistical analyses I have considered a p-value < 0.05 as evidence of significance.
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Significant differences
(p <0.05)

Shapiro wilk test ___ log
transformation

Wilcoxon signed-

Two sided t-test rank test

Figure 4. Description of workflow if PERMANOVA indicated significant differences(p-value <
0.05) in mean trait values or CV values between the plantations and invasion fronts trees of Pinus
contorta in Patagonia .

Boxplots for all five categories were created to display the results of the pairwise
comparisons on mean and CV values of the four P. contorta categories and the
pairwise comparison between Patagonian P. conforta plantations and invasion
fronts.
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3. Results

3.1. Mean trait values

Among the four P. contorta categories (native subspecies contorta, latifolia and
murrayana, and Patagonia P. contorta plantations) the non-parametric
multivariate analysis of variances (PERMANOVA) indicated a significant
difference (p < 0.05) in mean trait values between the categories (Table 1). The
PERMANOVA found the native contorta to be the native subspecies least similar
to the Patagonian plantations (PP) which can also be seen in the CAP diagram
which graphically displays the results found by the PERMANOVAs (Figure 5).
PERMANOVA pairwise comparisons indicated murrayana to be the native
subspecies with the least trait differences to PP, even though latifolia also was
indicated to be almost as similar. Displayed in the CAP diagram are also the
relative high similarities found by the PERMANOVA in traits of native
subspecies latifolia and murrayana, as they are displayed more clustered to each
other relative to PP and contorta. The two Patagonian categories, invasion front
and plantations, are displayed overlapping and clustered together, indicating a
strong association of the data between the categories, even though the Patagonian
invasion (PI) category was not included in the PERMANOVA with the other four
categories.
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Figure 5. Results of Canonical Analysis of Principal coordinates on mean trait values for sites of
the five Pinus contorta categories. PP represents Patagonian plantation sites, PI represents
Patagonian invasion front sites, C represents sites with native subspecies contorta, L represents
sites with native subspecies latifolia and M represents sites with native subspecies murrayana. &
values on the axes signalize the strength of the association between the data cloud of mean trait
values and the hypothesis of differences between the five categories.

Follow up univariate post-hoc analyses showed that 21 of the 22 tested trait
variables were significantly different between the categories (Table 1).
Phosphorus content was the only trait variable that did not show a significant
difference between the categories. Needle weight had the highest F-value (89.72)
out of the significant trait variables.

Table 1. Results of multivariate and univariate analyses of mean trait values for subspecies contorta,
latifolia and murrayana, and Patagonia Pinus contorta plantations.* indicates ANOVA was
performed on transformed values.® represents a Pseudo-F-value, ® represents F-value, ¢ represents
a chi-square value. Significant p-values are in bold (p-value < 0.05). SLA stands for specific leaf
area.

Means Analyse Test p-value
method statistic
value
Main
categories
Native
subspecies and
the Patagonian PERMANOVA 15.404% 0.001
plantation
subspecies
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TRAITS

Needles
Weight ANOVA 89.72b <0.001
Length ANOVA* 18.3b <0.001
Projected area ANOVA* 66.21° <0.001
Surface area ANOVA* 66.21° <0.001
Carbon content ANOVA 8.882° <0.001
Cellulose Welch’s One  33.964° <0.001
content way ANOVA
Lignin content ANOVA 23.57° <0.001
Nitrogen ANOVA 3.612° 0.0254
content
Phosphorus ANOVA 2.131° 0.119
content
Phenolic ANOVA 14.73b <0.001
content
SLA ANOVA 23.88P <0.001
Seeds
Weight Welch’s One  15.595° <0.001
Way ANOVA
Length Kruskal-Wallis  10.629°¢ 0.014
rank sum test
Projected area ANOVA* 8.142° <0.001
Surface area ANOVA* 8.333" <0.001
Cones
Mature cone ANOVA 9.757% <0.001
width
Mature cone ANOVA 8.47° <0.001
length
Mature cone ANOVA 29.77° <0.001
weight
Immature cone ANOVA* 26.06° <0.001
weight
Cone width ANOVA 15.95° <0.001
Cone length ANOVA 7.748° <0.001
Cone weight ANOVA* 41.98° <0.001

The pairwise comparisons after the univariate analyses on mean values of the four
categories showed that the native subspecies contorta was significantly different
from the other two native subspecies for 7 variables, all connected to needle traits
(Figure 6). In total, contorta was significantly different from murrayana for 10
trait variables and from /atifolia for 7 variables. The native subspecies latifolia
and murrayana were only significantly different from each other regarding one
trait variable, which was cellulose content. The Patagonian plantation category
was different from all three native subspecies for 9 trait variables, with for
example a higher phenolic content, lower SLA and heavier cones (mature,
immature and cones overall). Overall the traits of the Patagonian plantations were
most different from the native contorta, with 19 traits being significantly
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different, supporting the pattern shown in the CAP diagram where contorta sites
were furthest away from Patagonian plantation sites (Figure 5). Comparing
Patagonian plantation to the category latifolia showed a significant difference in
18 of the displayed trait variables. Patagonian plantation and murrayana had 10
significantly different trait variables.
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Figure 6. Trait variables with significant difference (p value < 0.05 from univariate analyses)
between categories based on mean values of sites. The letter C represents the box for native
subspecies contorta, L represents the box for native subspecies latifolia, M represents the box for
native subspecies murrayana, PP represents the box for Patagonian P. contorta plantation, PI
represents the box for Patagonian Pinus contorta invasion front. Lower case letters display results
of pairwise comparison between the first four categories and uppercase letters display the result of
the pairwise comparison between the two Patagonian categories. A shared letter indicates no
significant difference between the compared categories. SLA stands for specific leaf area.
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Mean trait values of the two Patagonian Lodgepole pine categories, invasion front
and plantation, differed significantly from each other, as revealed by the
PERMANOVA, even though they are displayed as relatively tightly clustered by
the CAP analysis (Table 2: Figure 5). From the post-hoc analyses with paired t-
tests and Wilcoxon signed rank it was shown that the two categories were
significantly different for Carbon content, Nitrogen content, Phenolic content and
SLA. Generally the invasion front trees showed higher values for these variables
than the plantation trees (Figure 6).

Table 2. Results of multivariate and univariate analyses of mean trait values for Patagonia Pinus
contorta plantations and Patagonia P. contorta invasion fronts. “ represents a Pseudo-F-value, ®
represents an absolute t-value, © represents a v-value. Significant p-values are in bold (p-
value<0.05). SLA stands for specific leaf area.

Means Analysis method  Test statistic  p-
value value

MAIN CATEGORIES
Plantation vs Invasive in PERMANOVA 3.1442 0.005
Patagonia
TRAITS

Needles
Weight Paired t-test 1.341° 0.222
Length Paired t-test 0.238° 0.819
Projected area Paired t-test 0.016° 0.988
Surface area Paired t-test 0.095° 0.927
Carbon content Wilcoxon signed 33¢ 0.039

rank test
Cellulose content Paired t-test 1.610° 0.151
Lignin content Paired t-test 1.892° 0.100
Nitrogen content Paired t-test 2.446° 0.044
Phosphorus content Paired t-test 0.152° 0.883
Phenolic content Paired t-test 4.035° 0.005
SLA Wilcoxon signed 36° 0.008
rank test

Seeds
Weight Paired t-test 0.343° 0.742
Length Paired t-test 0.380P 0.716
Projected area Paired t-test 1.438° 0.194
Surface area Paired t-test 1.438° 0.194

Cones
Mature cone width Paired t-test 0.244° 0.814
Mature cone length Paired t-test 0.569° 0.587
Mature cone weight Paired t-test 0.585° 0.577
Immature cone weight Paired t-test 0.132° 0.899
Cone width Paired t-test 1.166° 0.282
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Cone length Paired t-test 0.554° 0.597
Cone weight Paired t-test 0.109° 0.916

3.2. Trait variation values

A significant difference in trait CV values between the four categories was
revealed by the PERMANOVA (Table 3). A difference between the categories
can also be seen in the CAP diagram based on the pattern of clustering of the
observations for each category (Figure 7). Pairwise comparisons from the
PERMANOVA on CV values indicated all four categories except for latifolia and
murrayana to be different from each other in the variation of traits (Figure 5). The
two Patagonian categories (though PI was not included in the PERMANOVA
with native subspecies) appear relatively similar in trait variation compared to the
other categories, as they are displayed as fairly tightly clustered.
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Figure 7. Results of the CAP analysis on coefficient of variation (CV) values for sites of the five
Pinus contorta categories. PP represents Patagonian plantation sites, PI represents Patagonian
invasion front sites and C, L and M represents sites with native subspecies contorta, latifolia and
murrayana, respectively. 5 values on the axes signalize the strength of the association between the
data cloud of CV values and the hypothesis of differences between the five categories.

Of the 22 trait variables, 12 showed a significant difference in trait
variation between the categories as shown by the post-hoc analyses (Table 3).
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Needles, seeds and cones all had some trait variables that between the categories
were significantly different. The number of trait variables with a significant
difference based on CV values were fewer compared to the analyses based on
mean values (Table 1). A significant difference between the four categories was
discovered for the traits: Needle length, Needle projected area, Needle surface
area, Needle cellulose content, Needle phenolic content, Seed projected area, Seed
surface area, Mature cone width, Immature cone weight, Cone width, Cone length
and Cone weight (Table 3).

Table 3. Results of the multivariate and univariate analyses of coefficient of variation values for
subspecies contorta, latifolia and murrayana, and Patagonia Pinus contorta plantations. * indicates
ANOVA was performed on transformed values.® represents a Pseudo-F-value, ® represents F-value,
¢ represents a chi-square value. Significant p-values are in bold (p-value < 0.05). SLA stands for
specific leaf area.

Coefficient Analysis Test p-
of method statistic  value
variation value

MAIN CATEGORIES

Native subspecies and the

Patagonian plantation PERMANOVA 3266*  0.001
subspecies
TRAITS

Needles
Weight ANOVA* 2.054> 0.129
Length ANOVA 3.136°  0.041
Projected area ANOVA 3.932°  0.019
Surface area ANOVA 3.932°  0.019
Carbon content ANOVA* 2.021°  0.134
Cellulose content ANOVA* 6.992°  0.001
Lignin content ANOVA* 0.375>  0.772
Nitrogen content ANOVA* 1.006°  0.405
Phosphorus content ANOVA 1.067°  0.379
Phenolic content ANOVA* 4.021°*  0.017
SLA Kruskal-Wallis  3.5597¢ 0.313

rank sum test

Seeds
Weight ANOVA 2.889°  0.056
Length ANOVA 1.833>  0.168
Projected area ANOVA* 5.746°  0.004
Surface area ANOVA* 5.978°  0.003

Cones
Mature cone width ANOVA* 3.242°  0.037
Mature cone length ANOVA* 2.685°  0.066
Mature cone weight Kruskal-Wallis ~ 7.543¢  0.056

rank sum test
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Immature cone weight ANOVA* 4.983*  0.007

Cone width Kruskal-Wallis  16.707° <0.001
rank sum test

Cone length ANOVA* 2963  0.049

Cone weight ANOVA* 3.54 0.027

Pairwise comparisons, after the univariate analyses on CV values for the four
categories, showed that the category native subspecies contorta differed
significantly from /latifolia and murrayana for 5 trait variables each (Figure 8).
For those variables contorta generally displayed higher CV values. Murrayana
had significantly lower CV values than latifolia for seed projected area and seed
surface area, which also were the only two trait variables with a significant
difference between the two categories. Based on the boxplot display, Patagonian
plantations visually appear to have lower CV values compared to the native
subspecies; however, this was not supported by the post-hoc pairwise analysis,
since the Patagonian plantation category was not significantly different from at
least one other category or more for all of the studied trait variables. The
Patagonia plantation category statistically differed from contorta for 5 trait
variables, latifolia for 2 trait variables and from murrayana for 3 trait variables.
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Figure 8. Trait variables with significant differences (p value < 0.05 from univariate analyses)
between categories based on CV values for sites. The letter C represents the box for native
subspecies contorta, L represents the box for native subspecies latifolia, M represents the box for
native subspecies murrayana, PP represents the box for Patagonian Pinus contorta plantation, PI
represents the box for Patagonian P. contorta invasion front. Lower case letters display results of
pairwise comparison between the first four categories and uppercase letters display the results of
the pairwise comparison between the two Patagonian categories. A shared letter indicates no
significant difference between the compared categories. SLA stands for specific leaf area.

31



No significant difference was observed using the multivariate analysis (i.e.
PERMANOVA) of CV values between the two Patagonian categories Patagonian
plantation and Patagonian Invasion front (Table 4). None of the following post-
hoc analyses showed a significant difference between the two categories for any
trait variable, supporting the result of the PERMANOVA.

Table 4. Results of multivariate analysis and univariate analysis of coefficient of variation values
for Patagonia Pinus contorta plantations and Patagonia P. contorta invasion fronts. * indicates t-
test was performed on transformed values ° represents a Pseudo-F-value, ® represents an absolute
t-value. Significant p-values are in bold(p-value<0.05). SLA stands for specific leaf area.

Coefficient Analysis Test p-
of method statistic  value
variation value
MAIN CATEGORIES
Plantation vs Invasive in PERMANOVA 1.076* 0.401
Patagonia
TRAITS
Needles
Weight Paired t-test 1.406°  0.203
Length Paired t-test 0.188°  0.856
Projected area Paired t-test 0.126°  0.903
Surface area Paired t-test 0.093>  0.929
Carbon content Paired t-test* 1.275>  0.243
Cellulose content Paired t-test 0.438°  0.675
Lignin content Paired t-test 1.736°  0.126
Nitrogen content Paired t-test 0.739°  0.484
Phosphorus content Paired t-test 0.547°  0.602
Phenolic content Paired t-test 0.489°  0.64
SLA Paired t-test 1.770°  0.120
Seeds
Weight Paired t-test 0.704>  0.504
Length Paired t-test 1.465°  0.186
Projected area Paired t-test 0.653>  0.535
Surface area Paired t-test 0.653>  0.535
Cones
Mature cone width Paired t-test 1.116°*  0.301
Mature cone length Paired t-test 1.973°  0.089
Mature cone weight Paired t-test 1.849*  0.107
Immature cone weight Paired t-test 0.160° 0.877
Cone width Paired t-test 1.756°  0.123
Cone length Paired t-test 1.761°>  0.122
Cone weight Paired t-test 1.774*  0.119
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4. Discussion

4.1. Native subspecies

For this thesis, I hypothesized that the three subspecies would have significant
trait differences within their native range. Regarding needle traits, I found
significant differences between subspecies contorta compared to subspecies
latifolia and murrayana (Figure 6). In comparison, the needles for subspecies
contorta were lighter, shorter, had a smaller projected area and surface area, a
lower carbon content, a higher lignin content and also the highest SLA. Previous
descriptions of the needles of subspecies contorta, described the needles to be
short and relatively narrow compared to latifolia and murrayana (Lotan &
Critchfield, 1990; Critchfield, 1957), which my data support. Also my observation
of generally smaller projected areas and surface areas is consistent with these
previous studies, since the two variables are based on measurements of needle
length and width. Any significant differences in needle traits between /atifolia and
murrayana could only be detected for cellulose content, contradicting previous
descriptions of the subspecies latifolia having long and relatively wide needles
and the murrayana generally having medium short and very wide needles (Lotan
& Critchfield, 1990). According to Wheeler et al. (1983) there are also differences
in seed size between the subspecies, which in this study could not be
distinguished statistically. For mature cones the results show that murrayana has
significantly longer and wider cones than contorta, which corresponds with cone
descriptions of Wheeler et al. (1983) and Koch (1996). I could not distinguish the
same pattern for cones overall and I found no significant difference in weight
between either of the subspecies for the three cone classifications even though a
weak visual pattern of heavier cones for murrayana can be detected from the
boxplots. Previous descriptions of cone and seed traits of the different subspecies
sometimes contradict each other which implies that such traits of the subspecies
can vary (Lotan & Critchfield, 1990: Critchfield, 1957: Wheeler et al. 1983:Koch,
1996). Therefore, I believe cone traits might not offer the best basis for
distinguishing the subspecies from each other, since there appears to be a lot of
within subspecies variation in cone traits.

Overall, the finding that several trait variables differed significantly when
comparing contorta relative to the other native subspecies supports my hypothesis
of trait differences between the native subspecies. Contradictory to my hypothesis
is the result that only one trait variable was significantly different between the
subspecies murrayana and latifolia. A possible explanation could be the mixing
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of the two subspecies in the area we sampled, which was described by Lotan &
Critchfield (1990). Since the subspecies are also known to be inter-fertile, another
possible explanation could be that the samples used for analyses in this thesis
actually came from hybrids of the subspecies. Hence, it appears that there are
some trait differences between the three native subspecies examined in this thesis
but the pattern between at least two of the subspecies was not as strong as [
expected.

4.2. Patagonian P. contorta in comparison to native
subspecies

The second hypothesis for this thesis was regarding expectations of the
Patagonian P. contorta traits to be most similar to the subspecies murrayana. The
PERMANOVA analysis on mean trait values partly supports this hypothesis as
the site observations of the Patagonian P. contorta plantations (PP) observations
were the least similar to the contorta observations (Figure 5). It also indicated PP
was somewhat more similar to murrayana than latifolia. Despite the similarities
to the native subspecies, we also observed clear differences between all four
categories. The results of the univariate analyses and pairwise comparisons
supported my first interpretations of the PERMANOVA visualized in the CAP
diagram, with PP having the least significant trait differences to murrayana
(Figure 6). Thus even though Langdon et al. (2010) states that latifolia may have
also been commonly introduced to the region, my results however suggest
murrayana is most likely the main subspecies introduced to Patagonia, at least at
the sites sampled for this study.

My third hypothesis predicted that introduced P. contorta in Patagonia would
display trait values that were different from the three native subspecies. In support
of this hypothesis, PP had several traits that were significantly different from all
the native subspecies (Figure 6). Possible explanation for these differences could
be phenotypic plasticity to differences in the environment in the two regions
(Fitter & Hay, 2002). It is well known that environmental factors, such as climate
or soils, influence plant growth and physiology (E), and thus also their traits.
Patagonian P. contorta might therefore experience other limitations and
availability of resources than the native subspecies in the Pacific northwest which
in turn resulted in differences in the measured traits. P. contorta is also a species
often associated with invasions (Ledgard, 2001: Langdon et al. 2010) and invasive
species often have a high phenotypic plasticity (Davidson et al. 2001). The noted
differences in traits could thus be the result of a high ability of the genotypes to
respond to the experienced environment in Patagonia and influence the
phenotype, basically a combination of genetic and environmental influence (G x
E). Another explanation to the difference in traits could be due to only genetic
influence (G), i.e., genetic differences between the native subspecies and PP, due
to founder effects (i.e., the founding population had uncommon trait values). All
the above-mentioned ideas could be applied to explain and be supported by my
results.
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For my fourth hypothesis, I expected the introduced P. contorta population to
have a lower variability of traits than the native subspecies (due to a population
bottleneck), which I evaluated by examining traits coefficients of variation (CVs).
Based on the pairwise comparisons I found that the CVs of the PP group overall
did not significantly differ from the native subspecies (Figure 8). For each studied
trait variable, PP was never statistically different from all of the native
subspecies. These results stand in contrast to the stated hypothesis, even though it
appears from the boxplots that the PP category often trends towards lower trait
variation compared to the native subspecies. Warwick et al. (1987) also compared
variation of traits but in grass of native and introduced Apera spica-venti. In their
study, they similarly found that the variation of most traits did not significantly
differ between native and introduced groups, and for the traits where the variation
did differ significantly, that there was no consistent pattern of the introductions
always having lower variation. Additionally Dlugosch & Parker (2008) reviewed
previously published literature and came to the conclusion that invasions
generally do not display a lower variation in traits controlled by multiple genes
compared to their native populations even though they often experience losses of
genetic diversity, which could support my results. Analyses of CV values in this
thesis thus indicate that although the Patagonian P. contorta might have
experienced a genetic bottleneck when introduced to Patagonia, it appears as the
variation of traits are not significantly affected by this.

For my fifth hypothesis, I expected to find differences in traits between
plantations and invasion fronts of the Patagonian P. contorta. Plantation trees
represent the first generation of P. contorta in Patagonia, while the trees at the
invasion front (i.e. the P. contorta trees located furthest away from the
plantations) most likely are of later generations. I found significant trait
differences in four traits between the PP and PI (Table 2: Figure 6). As concluded
by Whitney & Gabler (2008) a fast evolution often occurs in traits frequently
associated with invasion success of invading species which could offer an
explanation to the noted differences. They mention fast growth to be a trait
associated with successful invasion, where fast evolution has been known to
occur. Since a high SLA is often associated with high growth rates (Poorter &
Remkes, 1990), SLA is thus a representative growth trait. Therefore, the
significantly higher SLA of PI compared to PP I observed is consistent with this
pattern, and might suggest support for the EICA hypothesis (i.e. rapid evolution of
growth instead of defense). However, the EICA hypothesis also suggests that
enemy release should result in rapid evolution of growth versus defense traits.
Based on these hypotheses as described by Mitchell & Power (2003) and
Bossdorf et al. (2005) one would expect PI to have invested less resources into
defense traits and more into growth traits compared to the PP and the native
subspecies, if the introduced population experienced a release of enemies in
Patagonia compared to the native range. Foliar phenolics are often associated with
plant defense against enemies (Lattanzio et al. 2006) and thus represent a defense
trait. My findings of PI having higher phenolic values than PP, and PP in turn
having significantly higher values than the native subspecies, is thus not
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compatible with one of the main predictions of the EICA hypothesis, i.e. that
defense should decline in introduced and invading plant populations. In addition I
also found an overall lower SLA in Patagonia, as PP has significantly lower SLA
levels than the native subspecies (Figure 6). Poorter (1989) stated that selection on
plants growing in poor environments often favors traits that ensure long leaf
survival, such as a build up of phenolics, but these traits are often also associated
with a lower SLA. The noted trends of phenolics and SLA might therefore also
be the result of a selection formed by a less favorable environment in Patagonia
compared to the native range. What needs to be considered when discussing
selection and hypotheses connected to evolution though, is that trees are long-
lived and slow-growing compared to many other plants, i.e grasses. Most likely
there are thus only a few generations between the trees in the plantation and the
trees at the invasion fronts. The invasion front trees might even stem from long-
dispersed seeds of the plantation trees, resulting in a difference of only one
generation. When comparing PI and PP there are therefore probably not many
generations between them, consequently giving little time for evolutionary
processes. It is thus difficult to believe evolution alone could explain the noted
trait differences.

Another explanation to the observed trait differences between PP and PI is instead
connected to the age of the trees. The plantation trees are older than the invasion
front trees, since the latter stem from the plantation trees. It is known that
ontogeny can influence traits and Barton & Koricheva (2010) for example found
that trees in the seedling stage often had higher levels of substances associated
with plant defense than trees in later life stages. Environmental dissimilarities
between the plantations and the invasion fronts might likewise offer an
explanation for trait differences. The PI and PP trees are experiencing differences
in their environments (i.e., inter and intraspecific competition), and these contrasts
might cause trait differentiation. Overall, the difference in age between the two
studied Patagonian categories and the environmental differences could thus offer
potential explanations, possibly even more credible than evolution, for the noted
trait differences.

4.3. Conclusion

Based on the results presented in this thesis I conclude that there are some trait
differences between the three subspecies of P. contorta, contorta, latifolia and
murrayana within their native range. Contorta is the most different from the other
two native subspecies and I found almost no difference between the subspecies
latifolia and murrayana since they were only significantly different from each
other for one of all of the studied traits. The mean trait values of the Patagonian P.
contorta were most similar to the native subspecies murrayana, thus suggesting
that murrayana is the main subspecies introduced to Patagonia, in support for my
hypotheses. At the same time, there are also obvious trait differences between the
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native subspecies and the Patagonian P. contorta. This implies that P. contorta
has experienced some sort of genetic or phenotypic mechanism causing its traits
to differentiate from other native subspecies. It is difficult though to identify any
one particular mechanism that could have acted alone, or in combination with
others in both time and space, without performing detailed genetic analysis of the
populations. I also found no evidence of lower trait variation in the introduced
range compared to the native range of P. contorta, which suggests genetic
bottlenecks during introduction have not constrained traits in the new range.
There are some trait differences between plantation and invasion front trees of
Patagonian P. contorta, which may suggest some rapid evolution (i.e. change in
gene frequency) may have occurred during invasion. However, these differences
might also be the result of ontogenic or environmental differences between the
plantations and invasions fronts.

Overall these results provide an example of how an invasive species can vary in
traits. What needs to be considered though is that I have only compared
Patagonian P. contorta to the native range, which can be considered as a
weakness in the study. Since P. contorta has also been introduced to many other
parts of the world (Ledgard, 2001: Langdon et al. 2010), such as New Zealand
and Northern Europe, there is a need and opportunity for further research to
determine if the patterns described in this study can be seen in other places as
well. It could also be interesting to further investigate the environmental
differences between the native and invasive range to better understand their
potential influence on traits. By investigating these above mentioned suggestions,
we may be able to further increase our understanding of P. contorta invasion, and
what enables it and other species to become successful invaders. Additional
research on the combination of genetics and traits of invasive species could also
aid in specifying what specific mechanisms influence traits and their impact on
successful invasions.
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