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Abstract
PHENOTYPIC CHARACTERIZATION OF TABLE MOUNTAIN (PINUS PUNGENS)
AND PITCH PINE (PINUS RIGIDA) HYBRIDS ALONG AN ELEVATIONAL GRADIENT
IN THE BLUE RIDGE MOUNTAINS, VIRGINIA

By Alexander Louis Brown, B.S.

A thesis submitted in partial fulfilment of the requirements for the degree of Master of
Science at Virginia Commonwealth University

Virginia Commonwealth University, 2021
Major Director: Andrew J. Eckert, Ph.D.
Associate Professor, Department of Biology
Hybridization has played a long-standing role in the evolution of both plant and

animal species and allows for the sharing of genetic information between lineages.
Here, potential hybridization of a species endemic to the Appalachian Mountains, Table
Mountain pine (Pinus pungens), and pitch pine (Pinus rigida) was investigated along an
elevational gradient, through the use of phenotypic measurements: cone length, cone
width, and needle length. Phenotypes were used to identify hybrids in a three-tiered
elevational sampling method at two sites in Shenandoah National Park with the use of
linear discriminant analysis. It was found that hybridization between Table Mountain and
pitch pine is relatively rare and varied by site and elevation. It was hypothesized that
this lack of hybridization is due to environmental factors, which was further tested
through use of climate data. The site where hybridization was highest was cooler and
wetter. These factors may impact the pollen release of the focal species, causing
overlap in pollen release timing and female cone receptivity, leading to increased

instances of hybridization.
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Introduction

Hybridization, the production of viable offspring from interspecific mating, has
played a long-standing role in the evolution of plant and animal species, and allows for
the sharing of genetic information among lineages (Whitney et al., 2010). Frequent
hybridization can lead to introgression, the integration of genetic material from one
species to another through repeated back-crossing (Mallet, 2005; Baack & Rieseberg,
2007). This recurrent gene flow can lead to increased diversity in hybrid populations,
and over longer time scales can lead to local adaptation and new hybrid species (Goulet
et al., 2017). Even if only a few individuals within a species are able to successfully
hybridize, they can have large effects on the gene pool. These individuals provide a
pathway for the transfer of genetic material from other species to enter their gene pool
(Mallet, 2005).

Hybridization leads to varied evolutionary consequences such as introgression
through back-crossing, hybrid speciation (i.e., hybrids evolve into a species
reproductively isolated from parental species, e.g., Pinus densata Mast.), and the
transfer of genetic material across species boundaries (Baack & Rieseberg, 2007; Mao
et al., 2009). In some instances, hybrids resulting from these processes may have a
fitness advantage over their parental species due to environmental selection or hybrid
vigor (Buchholz, 1945; Shull, 1952; Whitney et al., 2010; Groszmann et al., 2011).

The ability to detect and study hybridization in pines is commonly observed using
phenotypic traits, as even closely related species of pines usually look different
phenotypically (Zobel, 1969; Smouse & Saylor, 1973; Garrett, 1979; Goulet et al.,

2017). The use of phenotypic measurements to identify hybrids has been used in



previous studies using morphometric approaches with leaf size (Viscosi et al., 2012),
cones and seeds (Mao et al., 2009), and needle size (Xing et al., 2014). Often, hybrid
species tend to have phenotypes that are intermediate between the two parent species
(Mao et al., 2009; Viscosi et al., 2012; Xing et al., 2014). A well-documented example of
this can be seen in the Tibetan Plateau, where a species of pine which resulted from
hybrid speciation, Pinus densata Mast., is phenotypically intermediate when compared
to both parental species (Mao et al., 2009). Within the United States pine hybridization
is widespread, with common examples including shortleaf (Pinus echinata Mill.) and
loblolly pine (Pinus taeda L.) hybrids along the east coast (Tauer et al., 2012), and
ponderosa pine (Pinus ponderosa Doug. ex Laws.) hybrids with other yellow pines
along the west coast (Conkle & Critchfield, 1988).

In this particular study, | looked to identify possible hybridization through the use
of phenotypic measurements between Table Mountain pine (Pinus pungens Lamb.),
and pitch pine (Pinus rigida Mill.), two closely related species located throughout the
eastern United States (Zobel, 1969).

Table Mountain pine is a conifer tree species native to the eastern United States
which has become a target of modern conservation efforts. Its distribution range has
largely declined in recent history, primarily due to fire suppression throughout the 20t
century, resulting in the species becoming endemic to the central and southern portions
of the Appalachian Mountains (Whittaker, 1956; Zobel, 1969; Jetton et al., 2015). Table
Mountain pine is classified as a fire-dependent species because it requires fire to
release its seeds and maintain its population. A key identifiable feature of Table

Mountain pine is the large serotinous cones, which remain closed on the tree even after



reaching maturity and only open due to exposure to extreme heat, which typically
occurs in the form of fires. Due to their serotinous cones and their relatively slow growth
rates compared to other conifers, Table Mountain pine requires specific environmental
conditions to persist. Table Mountain pine persists on dry, steep, exposed western and
southern facing ridges, which are particularly susceptible to fire (Zobel, 1969). Without
the presence of regular fire, Table Mountain pine will likely continue declining in
population size (Sutherland et al., 1995).

Throughout the Appalachian Mountains, Table Mountain pine is also found
growing alongside other native pine species, including pitch pine. Pitch pine is found
widely throughout the eastern United States, and commonly alongside Table Mountain
pine in the Appalachian Mountains (Whittaker, 1956; Callaway et al., 1987). Pitch pine
is typically found on shallow soils, where other species are unable to persist, particularly
along steep slopes or ridges. It occupies warm, dry environments, which can be
observed through its presence on south and west facing slopes. Pitch pine can also be
found throughout a variety of elevational ranges. It is commonly found at lower
elevations in the northern portions of its range, and can be found at increasingly higher
elevations, especially in the Appalachian Mountains, throughout the southern portion of
its range (Little & Garrett, 1990).

There are distinguishable characteristics in needle and cone sizes between
Table Mountain pine and pitch pine. Table Mountain pine is recognized by its two thick
and twisted needles per fascicle, which range from 3-8 cm in length. This species is
also identified by its large-sized cones (4-10 cm long and wide) which have broad,

sharp upward curving spines, and grow in whorls of 3-4 cones. Pitch pine has been



considered one of the more variable pines in terms of phenotypic appearance (Harlow &
Harrar, 1941; Ledig et al., 2015). It can be recognized by its three thin, long (up to 15
cm) needles per fascicle. This species typically has smaller cones than Table Mountain
pine, ranging from 3-8 cm long and wide, which also have a flat base when opened
(Gucker, 2007; Reeves, 2007). Also, pitch pine is not as fire dependent as Table
Mountain pine is, as it can be found with both serotinous as well as non-serotinous
(open) cones.

Table Mountain pine has been observed throughout the elevation range of 305-
1220 m, although its density is greatest at higher elevations, especially in the southern
and middle portions of its natural geographic range (Whittaker, 1956; Zobel, 1969).
Pitch pine, however, tends to be found at lower elevations but will also grow at higher
elevations, thus creating mixed stands with Table Mountain pine (Whittaker, 1956).
Pitch pine can be found in abundance at elevations up to 750-950 m, but decreases in
density and is replaced by Table Mountain pine at these higher elevations (Whittaker,
1956). These distribution patterns can be observed throughout the Appalachian
Mountains, especially those located on the high elevation ridges of Shenandoah
National Park. Here, both of these species grow in direct proximity to one another
(Figure 1).

Table Mountain and pitch pine are found in close spatial proximity, are closely
related evolutionarily, and exhibit little divergence in climatic niche characteristics (Bolte,
2017). These two species should therefore hybridize. This has yet to be shown
conclusively. | hypothesized that there is a hybrid zone at the range where these two

species were found in close proximity, which could be identified using phenotypic



measurements.

Hybridization among species is not a rare occurrence, and occurs at some level
in 25% of plant species (Mallet, 2005). In particular, hybridization can be observed
between many different species of pines, with 95% of species within the genus Pinus
able to successfully produce hybrid offspring in a large scale hybridization study
(Critchfield, 1975). Hybridization among conifer species is common; therefore, when the
ranges of two or more species overlap, especially for closely related species, it often
leads to the development of hybrid zones (Smouse & Saylor, 1973; Garrett, 1979;
Critchfield, 1986; Delgado et al., 2007). For some pine species, hybridization is
geographically extensive, with resulting transitional zones being found outside of the
primary range boundaries for the hybridizing species (Smouse & Saylor, 1973; Xing et
al., 2014). However, the opposite pattern can be observed in some species of pines as
well, which exhibit geographically restricted hybrid zones that are not geographically
extensive (Gao et al., 2012).

Due to Table Mountain pine tending to replace pitch pine at the highest
elevations, while the pitch pine tends to be more dominant at the lower elevations, it is
expected that there will be a hybrid zone, if there is one at all, found between these
species beginning at the middle elevations. This is the area where there will be the most
overlap between elevational ranges, and both species tend to be found in relatively high
abundance here. It has also been shown in other systems that hybrids tend to favor
intermediate environments (Smouse & Saylor, 1973; Garrett, 1979; De La Torre et al.,

2014).



In order to test this, | used phenotypes to identify hybrids in a three-tiered
elevational sampling method at two sites in Shenandoah National Park. A complete lack
of hybridization between these species would imply some sort of extrinsic or intrinsic
barrier to hybridization, which may be related to divergent phenological schedules for
pollen release (Zobel, 1969). If hybrids are found only at intermediate elevations, this
would imply intermediate elevations are more favorable compared to lower and higher
elevations, pointing to extrinsic selection favoring allelic combinations from each
species in intermediate habitats, which has been detected in other conifer hybrids zones
(Hamilton et al., 2013; De La Torre et al., 2014). These findings are of interest from a
conservation standpoint as well. The analyses in this study can help provide insight to
the possible hybridization zones of Table Mountain and pitch pine, which is a pivotal
step in assessing conservation efforts for endemic species, ultimately leading to

improved conservation efforts.
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Figure 1: Geographical range of A: Table Mountain pine (P. pungens) and B: Pitch pine
(P. rigida), throughout the northeastern United States. Sampling site is marked with the
red star. C) Our two sample sites along Brown Mountain trail off of Skyline Drive within

Shenandoah National Park. Collected sample locations are shown in blue circles.
Trailhead Coordinates: (38.292736, -78.658073) Free Union, VA 22940.



Methods

Sampling Locations

All sampling occurred within Shenandoah National Park within the Big Run
watershed. Sampling occurred along Brown Mountain trail (Trailhead coordinates:
38.29259, -78.65797), and its connection to the Rockytop trail (Trailhead coordinates:
38.30655, -78.70374). Two sample sites were used along this trail (Center coordinates:
Site 1: 38.30530, -78.69661; Site 2: 38.29918, -78.66890; Figure 1). Both sites have a
history of regular fire, which has since allowed for the abundant growth of both species
to reach maturity (Lafon et al., 2017). Both species were present along steady
elevational gradients across both sites. Site 1 spanned a lower elevational range than
site 2 and had an aspect more west facing, but both sites had similar slope percentages
(Table 1). Site 1 and site 2 were separated by 1.5 miles with little to none of either
species found in this area. The area between sites was exposed to a large fire in 2016
which has not allowed the full recovery of either Table Mountain or pitch pine here,
providing a geographical barrier between sites (National Park Service, 2017). The study
location and following study design was successfully approved by the National Park

Service. (Permit # SHEN-2020-SCI-0017).

Table 1: Sampling site characteristics.

Site 1 Site 2
Elevation Range (m) 400 — 640 730 — 850
Percent Slope (%) 20-25 20-25
Aspect (0-360°) = 185 — 280 (S-W) =175 - 220 (S-SW)




Study Design

Sample collection occurred in two steps: 1) Pure samples of Table Mountain and
pitch pine needles and cones were collected. 2) Pines were randomly sampled at three
separate elevational ranges along transects (low, mid, high). This design was then
replicated at the two different sites along Brown Mountain trail.

Cone and needle samples from the trees were collected to assess three different
phenotypic traits: needle length, cone length, and cone width. These traits are generally
visually distinguishable between the two species, allowing for each species to be
properly identified in the field, and are traits typically used for taxonomic identification.

Initial sample collection occurred during March-May 2020, where pure samples of
Table Mountain and pitch pine were collected. All sampled tree coordinates and
elevations were recorded while standing at the base of the tree using a GPS locating
device. Approximately 3-4 fascicles of needles and 2-3 opened cones were collected
per sampled tree. Cones were only taken from trees which had at least five or more
cones so not all cones were removed from a tree. This also ensured sampled trees
were reproductively mature. Each needle fascicle was collected from a different side of
the crown to ensure representative needle samples per tree. In order for a cone to be
collected, the cone had to be fully opened, with all scales fully separated from each
other. This was done for 20-25 samples of each species at each site for the initial
sampling. These samples spanned the entire elevational range of the respective site in
order to have baseline phenotypic measurements representative of each species at

each site.



After this initial collection, trees were randomly sampled along a set of elevational
transects during June-August 2020 (61 total samples at site 1, 56 total samples at site
2). This was completed along three transects per site (low, middle, high). The
elevational range for each transect was determined based on the initial pure sample
range of collection. This resulted in transect elevations of the following ranges: Site 1:
420 m, 520 m, 620 m; Site 2: 730 m, 790 m, 850 m.

Pure Samples

Pure samples were identified based on field observations and known species
identification characteristics (Gucker, 2007; Reeves, 2007). Pure Table Mountain pine
samples that were collected had two thick spiral needles per fascicle, along with cones
that had sharp, broad spikes along the scales, and were growing in whorls along the
branches. The opened cones of Table Mountain pine are also not typically flat along the
branch on which they are growing and will grow tightly around the branch.

Pure pitch pine samples were identified by the presence of three needles per
fascicle, typically slender and long (=10cm). Their cones do not typically grow in whorls
along the branches and have flat bottoms when opened. Any samples in the field which
did not have these distinct characteristics or that had any combination of characteristics
between the two species criteria were not collected in the pure samples.

Pure sample were then analyzed using principal component analysis (PCA) to
summarize multivariate differences in their phenotypic measurements and confirm it
was possible to differentiate species (Figure 2). PCA was completed using the stats
ver. 3.6.1 package in R with data scaled and centered (R Core Team, 2019), and 95%

envelopes were used to inspect clusters.
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In order to assess correspondence between taxonomy and groups observed in
the PCAs, analysis of similarity (anosim) from the vegan ver. 2.5-7 package in R was
used (R Core Team, 2019; Oksanen et al., 2020). The Bray-Curtis dissimilarity measure
along with 999 permutations were used, with a significance threshold of 0.05, to test the
hypothesis that taxonomic groups were significantly dissimilar. This test shows the
similarity between groups, or in our case, between species with respect to variation
within the samples. An R value of 1 means that the groups are highly dissimilar, with a
value of 0 meaning the groups are highly similar.

ImagedJ Analysis

Cone length, cone width, and needle length were measured via ImagedJ image
analysis software (Rasband, 1997). An average was taken of the 2-3 cones and 3-4
fascicles of needles per tree. Photos of sampled cones and needles were taken from a
consistent distance, with a scaled ruler also in the frame. A macro was used to correct
the image type, sharpen the edges, and reduce shadows. Then, a threshold level was
manually adjusted for each image to accurately outline each sample. The Feret’s
diameter (maximum caliper distance) was measured on all cones and needles, and the
MinFeret (minimum caliper distance) was additionally measured on all cones. Feret's
diameter is calculated by measuring the maximum distance between any two points of
the selected object, which equates to the length. MinFeret then calculates the longest
distance between any two points which are perpendicular to the Feret's diameter

measurement, which equates to the width.
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Linear Discriminant Analysis

In order to assess the presence of hybrids at each site, linear discriminant
function analysis (LDA) was used. All LDAs were completed using the MASS ver. 7.3-
51.4 package in R (Ripley & Venables, 2002; R Core Team, 2019). The LDA visual
output charts found in the supplement were completed using JMP Statistical Software
(SAS Institute Inc., 1989). The pure samples of each species were used as training data
for the LDA model, with the randomly sampled trees then used as the prediction data.
This resulted in a prediction probability assignment for each sample. Samples that were
assigned a prediction probability of less than 0.95 were considered hybrids. Samples
assigned with a prediction probability of greater than 0.95 were considered pure
species.
Climate Data

After samples were analyzed for possible hybridization, climate differences were
assessed between sites using publicly available climate data from ClimateNA ver. 6.40
(Wang et al., 2016). Locally downscaled annual and monthly climate data for each
sample coordinate along with its corresponding elevation was downloaded via
ClimateNA (scale-free point location downscaled from 800 x 800 m resolution). Climate
data were then analyzed using PCA via the stats ver. 3.6.1 package in R with data
scaled and centered (R Core Team, 2019). The climatic variable definitions for all

present climate variables can be found in the supplemental section (Table S1).
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Results

Pure Samples

Pure species differed phenotypically at each sample site. Both sites had a high
degree of variation explained by the first principal component (Site 1: 86.72%; Site 2:
76.06%; Figure 2A and 2B). Both site 1 and site 2 also had similar factor loading
values for the phenotypic traits, with relatively equal weights applied to cone width, cone
length, and needle length for the first PC axis (Figure S1A and S2A). For both sites,
cone length and cone width had positive loading values, with needle length having a
negative loading value. The Table Mountain pine cluster was found in the positive
direction, and pitch pine cluster was found in the negative direction on the first PC axis.
This is consistent with typical species’ identifying features (i.e., large cones and short
needles for Table Mountain pine and small cones and long needles for pitch pine).

At site 1, pure species clustered into distinct groupings along the first PC axis. A
similar pattern was observed for site 2, but there was a small area of overlap along the
first PC, indicating more similarity between species at site 2 relative to site 1. Table
Mountain pine tended to have tighter clustering than pitch pine at both sites as well,
which is primarily observable along the second PC axis in both sites. For both sites, the
second PC axis was comprised of negative loadings values of cone length, cone width,
and needle length. The larger range along the second PC axis for pitch pine is
consistent with species characteristics, as pitch pine can be quite variable in terms of
phenotypes.

Analysis of similarity was used to test the hypothesis that groupings along PC1

corresponded to taxonomic identities assigned to each sample. Both sites showed high
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dissimilarity values between species that were also statistically significant (Site 1: R =

0.9752, p = 0.001; Site 2: R=0.7675, p = 0.001). Thus, Table Mountain and pitch pine

pure samples were dissimilar from one another and could be distinguished in

multivariate space using phenotypic measurements.
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Presence of Hybrids

The number of hybrids detected was small and varied by site (Figure 3). The
LDA at site 1 resulted in no hybrids, while at site 2, a few instances of hybridization
were found. At site 1, all samples resulted in a prediction probability that was greater
than 0.95, or less than 0.05, categorizing each as a pure Table Mountain or pitch pine
sample. In fact, most of the samples had a prediction probability of 1 or 0, meaning they
were accurately assigned to a species with full confidence. The full data output from
each site LDA can be found in the supplement (Table S2 and S3). At the low elevations
most of the samples were classified as pitch pine. At the middle elevations there was an
increase in the number samples assigned to Table Mountain pine. At the high
elevations a relatively even number of both species were present, with more Table
Mountain pine predicted. This pattern is expected, as Table Mountain pine tends to
replace pitch pine at upper elevations.

The presence of hybridization was different at site 2. For the most part, samples
at all elevations were accurately assigned to Table Mountain or pitch pine with
probabilities close to 1 or 0 (Table Mountain pine = 1; pitch pine = 0; F1 hybrid = 0.5). In
the high elevation group, all samples were accurately assigned to a species with high
confidence (probability > 0.95 or < 0.05). A relatively equal number of both Table
Mountain and pitch pine samples were found here. In the low elevation sample group,
one sample was classified as a hybrid, with a classification probability of 0.90. The
middle elevation group at site 2 had the highest number of hybrids found, with a total of
6 of the 17 samples classified as hybrids. All hybrids appeared to be advanced

generation hybrids with probabilities of 0.945, 0.84, 0.39, 0.24, 0.12, and 0.09. There
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does not appear to be a directional pattern of hybridization in these species, with 4 of
these hybrids classified closer to pitch pine, and the other 2 classified closer to Table
Mountain pine. Additionally, the elevational distribution of species at this site differed
from site 1. Generally, pitch pine is more dominant at lower elevations, and is then
replaced by Table Mountain pine at upper elevations. At this site however, the opposite
pattern was seen. At the lower elevation points, most of the samples were classified as
Table Mountain pine. There was a relatively even number of both species found at the
middle elevation, and at the higher elevation is where the model identified more pitch
pines. This was an interesting finding, and suggests that pitch pine was at least as
prevalent, if not more prevalent, at the highest elevation points at site 2.

To assess the observed patterns of hybrid occurrence differing between sites,
pure samples from each site were used to predict the pure samples of the other site.
When site 1 pure data was used as training data for an LDA to predict the site 2 pure
data, it was found that 3 samples of the site 2 pure samples were incorrectly predicted,
and another 4 samples were predicted as hybrids (Table S4). Of those 4 predicted
hybrid samples, it was found that 1 sample of pitch pine was predicted with a low
probability (0.72), and 3 samples of Table Mountain pine were incorrectly predicted as
pitch pine. In addition, another 3 Table Mountain pine samples were predicted as
hybrids (probabilities of 0.88, 0.72, 0.61). The reverse of this was tested as well. When
site 2 pure data was used as training data to predict site 1 pure samples, 3 of the pitch
pine samples were found to be predicted as hybrids (probabilities of 0.86, 0.78, 0.59)
(Table S5). All Table Mountain pine samples were accurately predicted in this instance.

Overall, these findings in combination with the PCA of the pure data for both sites and

16



the analysis of similarity findings, suggest that the site 2 pure samples tend to be more
phenotypically similar between species than site 1 samples, but that this similarity is

unlikely to produce artifactual detection of hybrids.
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Climate Analysis

Annual climate data extracted from ClimateNA for each sample’s coordinates
from both sites were analyzed using PCA (Figure 4). The first PC axis explains nearly
all variation in the data (99.7%). Site 1 and site 2 data clustered separately from each
other, with the majority of clustering explained by the first PC. The first PC was primarily
determined by the annual climate factors: degree days above 5°C (DD5), mean annual
precipitation (MAP), degree days below 18°C (DD _18), and degree days above 10°C
and below 40°C (DD1040) (Figure S3A). The second PC axis was largely determined
by the climatic moisture deficit (CMD), reference evaporation (Eref), and mean annual
precipitation (MAP) (Figure S3B). Many of the site 2 samples, along with the samples
which were classified as hybrids according to the LDA, tended to be found in the area of
PC space defined by increasing degree days below 18°C (DD_18), mean annual
precipitation (MAP), and May to September precipitation (MSP), meaning site 2 is
exposed to colder and wetter annual conditions than site 1.

A similar PCA analysis was conducted using monthly climate data and can be
found in the supplemental section (Figure S4). In this case, the first PC axis explained
nearly all the variation in the data (99.75%). The first PC axis was largely determined by
an aggregation of monthly precipitation values, with the months of May, July, and
October contributing the highest loading values (Figure S5A). The samples from site 2
tended to be clustered towards the increasing precipitation values for all months
compared to site 1 samples. Some of samples which were classified as hybrids were
located in the portion of PC space defined by increasing precipitation for the months of

September and October, while others were located towards the increasing loading
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values for the months of January and May precipitation. Seasonal precipitation did not
appear to predict the occurrence of hybrids, although increased annual precipitation at
site 2 relative to site 1 may partially explain the increase in hybridization found at this

site.
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Figure 4: Principal component analysis (PCA) of annual climatic variables (ClimateNA)
for each sample coordinate location. Variable definitions are located in Table S1, along
with loadings values in Figure S3.
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Discussion

Hybridization

Hybridization between Table Mountain and pitch pine was relatively rare and
varied by location and elevation. The few instances of hybridization found appeared to
be site and environment dependent and were all classified as being more consistent
with advanced generation hybrids. Recent hybrids (e.g., F1 hybrids) were not found, as
samples with prediction probabilities that were close to 0.5 were not found. If recent
hybrids were present it would be expected this would have been the case as first
generation hybrids often have phenotypic characteristics intermediate between the
parental phenotypes (Zobel, 1969; Smouse & Saylor, 1973; Thompson et al., 2021).
This pattern is common in hybrid zones for long-lived plants (Field et al., 2011), where
advanced generation hybrids, including extensive introgression, is common (Hodges et
al., 1996; Lexer et al., 2004). The data was consistent with rare hybridization events,
likely including extensive back-crossing, under certain site conditions. There was also
no directionality to these events, with hybrids almost equally likely to be more like either
parent species. Taken together, these results are most consistent with site-dependent,
rare hybridization events.

As time since divergence from a common ancestor increases between species,
so does hybrid incompatibility (Orr & Turelli, 2001). It is possible that post-zygotic
barriers have remained present and are preventing the hybridization of the focal
species. However, post-zygotic barriers seem unlikely, as they are rarely identified in
pines when experimentally crossed (Critchfield, 1975). Furthermore, Table Mountain

and pitch pine are sister species, recently diverged from a common ancestor
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(approximately 1.5 million years ago), which is relatively recent in terms of the timescale
which barriers to gene flow typically evolve (Hernandez-Ledn et al., 2013). Many
examples of pines which actively hybridize have much deeper divergence times and are
often less phylogenetically clustered (Critchfield, 1975; Hernandez-Leon et al., 2013).
The lack of extensive hybridization between Table Mountain and pitch pine is thus likely
due to environmental factors contributing to the establishment of pre-zygotic barriers
and that when these factors vary or change, so does the existence of the barrier, which
was implied by Zobel (1969).
Environmental Factors

Table Mountain pine typically releases pollen in mid-April, beginning slightly
earlier than pitch pine (Zobel, 1969). Pitch pine typically releases pollen towards the end
of April into early May (Zobel, 1969; Cho et al., 2003; Gucker, 2007). The early release
of pollen from Table Mountain pine has been suggested as a primary factor in the lack
of extensive hybridization between these species (Zobel, 1969). However, pollen
release timing can be variable from year to year, hard to predict, and can even be
variable across populations of trees (Whittet et al., 2017). | used historical climate data
at the coordinate points from the collected samples in order to quantify environmental
trends that may be impacting pollen release timing between Table Mountain and pitch
pine. | was able to determine that site 2, where there appeared to be signs of
hybridization, had greater annual precipitation as well as cooler temperatures relative to
site 1. Temperature has been shown to play a significant role in determining the timing
of pollen release in trees, while precipitation also plays a role (Fuhrmann et al., 2016).

This can be seen in other pine populations which were exposed to warmer
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temperatures, where trees shed pollen earlier than those which were exposed to cooler
temperatures (Whittet et al., 2017). In addition, increased pollen concentrations are also
associated with increased temperatures, and increased precipitation in the months
leading up to pollen release (Fuhrmann et al., 2016).

It is possible that the cooler temperatures at site 2 are causing a delay in the
typically early pollen release of Table Mountain pine, aligning it more with the timing of
pitch pine pollen release, thus allowing greater chances for hybridization. For example,
a delay in pollen release from Table Mountain pine could lead to longer periods of time
when both species are actively shedding and receiving pollen, as pitch pine pollen
receptivity and pollen release typically begin later than Table Mountain. As the climate
continues to shift, the pollen release timings of these two species will likely change as
well, which would then impact chances of further gene exchange. Thus, changing
climates, especially changes to patterns of annual variation, could result in pulses of
hybridization that vary wildly from year to year. An in-depth analysis of pollen release
timing across multiple years would be needed to further test this idea.

Conservation

When assessing the conservation of endemic species, standing levels of gene
diversity play an important role in the determination of the genetic future of a species
(Ellstrand, 1992). Understanding the possible effects of hybridization in species such as
this is highly important in terms of conservation practices, as hybridization leads to
increased levels of genetic diversity, increased adaptation capabilities in changing
environments, and increased genetic variation for fitness (Kremer et al., 2012; Aitken &

Whitlock, 2013). However, hybridization can also have negative effects within
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conservation contexts. For instance, concerns can arise when invasive species
hybridize with local species, causing adverse effects on the local pure species (Huxel,
1999). This can become particularly problematic if hybridization occurs between a
species that is rare, and one that is widespread, and can result in hybridization among a
previously isolated (potentially protected) species (Rhymer & Simberloff, 1996).

Table Mountain pine’s serotinous cones have persisted throughout its species
history due to repeated fire (Zobel, 1969; Radeloff et al., 2004). Currently, contemporary
fire suppression potentially makes this adaptation disadvantageous. Fire reduction has
been shown to increase rates of hybridization in a similar system, including a fire-
adapted (P. echinata Mill.) and less fire-adapted (P. taeda L.) pine species (Tauer et al.,
2012; Stewart et al., 2015). This is of concern due to the loss of genetic integrity in
these species, with increased instances such as this eventually leading to a loss in the
amount of genetic diversity seen among species. In general, | did not observe patterns
of converging phenotype similarities between the two species in either direction,
showing that hybridization continues to be relatively rare. However, this could change
as climate continues to change.

Conclusion

Table Mountain and pitch pine are found in close spatial proximity, are closely
related evolutionarily, and exhibit little divergence in climatic niche characteristics (Bolte,
2017). Therefore, these two species should be hybridizing to some degree. | found that
hybridization between these two species is relatively rare, with environmental factors
driving this rarity. Historical climate data showed that the site which had signs of

hybridization was found to be colder and wetter, on average. These environmental
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factors may be impacting the pollen release timing of both species, leading to increased
instances of hybridization. Moving forward, in order to properly assess and make the
most informed conservation decisions with regards to endemic species, the possibility of

introgression through ongoing hybridization between species should be considered.
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Figure S1: Loadings plots for site 1 pure sample PCA variables from Figure 2A.
A: PC1 axis; B: PC2 axis.
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Figure S4: Principal component analysis (PCA) of monthly climatic variables
(ClimateNA) for each sample coordinate location. Variable definitions are located in
Table S1, along with loadings values in Figure S5.
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Table S1: Climatic variable definitions.

Annual Variables

Monthly Variables

CMD
cMi
DD_0
DD_18
DD1040
DD18
DD5
Eref
MAP
MSP
PAS

Hargreaves climatic moisture deficit
Climate moisture index
Degree-days below 0°C
Degree-days below 18°C
Degree-days above 10°C and below 40°C
Degree-days above 18°C
Degree-days above 5°C

Hargreaves reference evaporation
Mean annual precipitation

May to September precipitation
Precipitation as snow

PPTO1 - PPT12
RADO1 - RAD12
TaveOl — Tavel2
TMX01 - TMX12
TMNO1 -TMN12

January — December precipitation

January — December solar radiation

January — December mean temperatures

January — December maximum mean temperatures
January — December minimum mean temperatures
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Table S2: Linear discriminant analysis output from site 1. The Prob(Pred) values are on a scale from 0 to 1 and are
respective to the species that is labeled in the Predicted column.

Sample ID Low/Mid/High Actual SqDist(Actual)  Prob(Actual) -Log(Prob) Predicted  Prob(Pred)
PPP_001 - Pitch 8.94667 1 0 Pitch 1
PPP_002 - Pitch 1.0019 1 0 Pitch 1
PPP_003 - Pitch 0.37696 1 0 Pitch 1
PPP_004 - Pitch 0.19502 1 0 Pitch 1
PPP_005 - Pitch 0.66996 1 0 Pitch 1
PPP_006 - Pitch 2.52983 1 0 Pitch 1
PPP_007 - Pitch 1.59979 1 0 Pitch 1
PPP_008 - Pitch 1.46951 1 0 Pitch 1
PPP_009 - Pitch 1.32854 1 0 Pitch 1
PPP_010 - Pitch 0.36586 1 0 Pitch 1
PPP_011 - Pitch 3.40049 0.9996 0 Pitch 0.9996
PPP_012 - Pitch 2.41498 1 0 Pitch 1
PPP_013 - Pitch 0.73457 1 0 Pitch 1
PPP_014 - Pitch 0.64359 1 0 Pitch 1
PPP_015 - Pitch 7.54299 0.9706 0.03 Pitch 0.9706
PPP_016 - Pitch 6.71453 1 0 Pitch 1
PPP_017 - Pitch 1.98947 1 0 Pitch 1
PPP_018 - Pitch 3.44405 1 0 Pitch 1
PPP_019 - Pitch 1.12792 1 0 Pitch 1
PPP_020 - Pitch 5.58356 1 0 Pitch 1
PPP_021 - Pitch 3.06165 1 0 Pitch 1
PPP_022 - Pitch 0.86273 1 0 Pitch 1
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Table S3: Linear discriminant analysis output from Site 2. The Prob(Pred) values are on a scale from 0 to 1 and are
respective to the species that is labeled in the Predicted column.

Sample ID Low/Mid/High Training/Test Data Actual SgDist(Actual) Prob(Actual) -Log(Prob) Predicted Prob(Pred)
PPP_2_001 - Trained Data (Pure Samples)  Pitch 0.296919 1 0 Pitch 1
PPP_2_002 - Trained Data (Pure Samples)  Pitch 0.245529 0.9999 0 Pitch 0.9999
PPP_2_003 - Trained Data (Pure Samples)  Pitch 4.656726 0.9617 0.039 Pitch 0.9617
PPP_2_004 - Trained Data (Pure Samples)  Pitch 4.468687 1 0 Pitch 1
PPP_2_005 - Trained Data (Pure Samples)  Pitch 9.433665 1 0 Pitch 1
PPP_2_006 - Trained Data (Pure Samples)  Pitch 5.054485 0.9672 0.033 Pitch 0.9672
PPP_2_007 - Trained Data (Pure Samples)  Pitch 7.270038 0.9999 0 Pitch 0.9999
PPP_2_008 - Trained Data (Pure Samples)  Pitch 5.553804 1 0 Pitch 1
PPP_2_009 - Trained Data (Pure Samples)  Pitch 5.218662 1 0 Pitch 1
PPP_2 010 - Trained Data (Pure Samples)  Pitch 0.556584 1 0 Pitch 1
PPP_2 011 - Trained Data (Pure Samples)  Pitch 1.802749 1 0 Pitch 1
PPP_2 012 - Trained Data (Pure Samples)  Pitch 1.551719 0.9996 0 Pitch 0.9996
PPP_2 013 - Trained Data (Pure Samples)  Pitch 0.006481 1 0 Pitch 1
PPP_2 014 - Trained Data (Pure Samples)  Pitch 1.558321 0.9999 0 Pitch 0.9999
PPP_2 015 - Trained Data (Pure Samples)  Pitch 5.126154 1 0 Pitch 1
PPP_2 016 - Trained Data (Pure Samples)  Pitch 0.755371 1 0 Pitch 1
PPP_2_017 - Trained Data (Pure Samples)  Pitch 5.833862 0.5466 0.604 Pitch 0.5466
PPP_2 018 - Trained Data (Pure Samples)  Pitch 4.684069 1 0 Pitch 1
PPP_2 019 - Trained Data (Pure Samples)  Pitch 0.073452 1 0 Pitch 1
PPP_2_020 - Trained Data (Pure Samples)  Pitch 0.895429 0.9995 0.001 Pitch 0.9995

PTMP_2_001 - Trained Data (Pure Samples) TMP 0.978258 0.9995 0.001 TMP 0.9995

PTMP_2_002 - Trained Data (Pure Samples) TMP 3.644404 0.9994 0.001 TMP 0.9994
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Table S4: Linear discriminant analysis output using Site 1 pure samples as training data and Site 2 pure samples as

testing data.

Sample ID Training/Test Data Actual SqgDist(Actual) Prob(Actual) -Log(Prob) Predicted Prob(Pred)
PPP_001 Training Data (Pure Site 1 Samples) Pitch 8.94667 1 0 Pitch 1
PPP_002 Training Data (Pure Site 1 Samples) Pitch 1.0019 1 0 Pitch 1
PPP_003 Training Data (Pure Site 1 Samples) Pitch 0.37696 1 0 Pitch 1
PPP_004 Training Data (Pure Site 1 Samples) Pitch 0.19502 1 0 Pitch 1
PPP_005 Training Data (Pure Site 1 Samples) Pitch 0.66996 1 0 Pitch 1
PPP_006 Training Data (Pure Site 1 Samples) Pitch 2.52983 1 0 Pitch 1
PPP_007 Training Data (Pure Site 1 Samples) Pitch 1.59979 1 0 Pitch 1
PPP_008 Training Data (Pure Site 1 Samples) Pitch 1.46951 1 0 Pitch 1
PPP_009 Training Data (Pure Site 1 Samples) Pitch 1.32854 1 0 Pitch 1
PPP_010 Training Data (Pure Site 1 Samples) Pitch 0.36586 1 0 Pitch 1
PPP_011 Training Data (Pure Site 1 Samples) Pitch 3.40049 0.9996 0 Pitch 0.9996
PPP_012 Training Data (Pure Site 1 Samples) Pitch 2.41498 1 0 Pitch 1
PPP_013 Training Data (Pure Site 1 Samples) Pitch 0.73457 1 0 Pitch 1
PPP_014 Training Data (Pure Site 1 Samples) Pitch 0.64359 1 0 Pitch 1
PPP_015 Training Data (Pure Site 1 Samples) Pitch 7.54299 0.9706 0.0 Pitch 0.9706
PPP_016 Training Data (Pure Site 1 Samples) Pitch 6.71453 1 0 Pitch 1
PPP_017 Training Data (Pure Site 1 Samples) Pitch 1.98947 1 0 Pitch 1
PPP_018 Training Data (Pure Site 1 Samples) Pitch 3.44405 1 0 Pitch 1
PPP_019 Training Data (Pure Site 1 Samples) Pitch 1.12792 1 0 Pitch 1
PPP_020 Training Data (Pure Site 1 Samples) Pitch 5.58356 1 0 Pitch 1
PPP_021 Training Data (Pure Site 1 Samples) Pitch 3.06165 1 0 Pitch 1
PPP_022 Training Data (Pure Site 1 Samples) Pitch 0.86273 1 0 Pitch 1
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Table S5: Linear discriminant analysis output using Site 2 pure samples as training data and Site 1 pure samples as
testing data.

Sample ID Training/Test Data Actual SqDist(Actual) Prob(Actual) -Log(Prob) Predicted Prob(Pred)
PPP_2_001 Training Data (Pure Site 2 Samples) Pitch 0.296919 1 Pitch 1
PPP_2_002 Training Data (Pure Site 2 Samples) Pitch 0.245529 0.9999 0 Pitch 0.9999
PPP_2_003 Training Data (Pure Site 2 Samples) Pitch 4.656726 0.9617 0.039 Pitch 0.9617
PPP_2_004 Training Data (Pure Site 2 Samples) Pitch 4.468687 1 0 Pitch 1
PPP_2_005 Training Data (Pure Site 2 Samples) Pitch 9.433665 1 0 Pitch 1
PPP_2_006 Training Data (Pure Site 2 Samples) Pitch 5.054485 0.9672 0.033 Pitch 0.9672
PPP_2_007 Training Data (Pure Site 2 Samples) Pitch 7.270038 0.9999 0 Pitch 0.9999
PPP_2_008 Training Data (Pure Site 2 Samples) Pitch 5.553804 1 0 Pitch 1
PPP_2_009 Training Data (Pure Site 2 Samples) Pitch 5.218662 1 0 Pitch 1
PPP_2_010 Training Data (Pure Site 2 Samples) Pitch 0.556584 1 0 Pitch 1
PPP_2_011 Training Data (Pure Site 2 Samples) Pitch 1.802749 1 0 Pitch 1
PPP_2_012 Training Data (Pure Site 2 Samples) Pitch 1.551719 0.9996 0 Pitch 0.9996
PPP_2_013 Training Data (Pure Site 2 Samples) Pitch 0.006481 1 0 Pitch 1
PPP_2_014 Training Data (Pure Site 2 Samples) Pitch 1.558321 0.9999 0 Pitch 0.9999
PPP_2_015 Training Data (Pure Site 2 Samples) Pitch 5.126154 1 0 Pitch 1
PPP_2_016 Training Data (Pure Site 2 Samples) Pitch 0.755371 1 0 Pitch 1
PPP_2_017 Training Data (Pure Site 2 Samples) Pitch 5.833862 0.5466 0.604 Pitch 0.5466
PPP_2_018 Training Data (Pure Site 2 Samples) Pitch 4.684069 1 0 Pitch 1
PPP_2_019 Training Data (Pure Site 2 Samples) Pitch 0.073452 1 0 Pitch 1
PPP_2_020 Training Data (Pure Site 2 Samples) Pitch 0.895429 0.9995 0.001 Pitch 0.9995
PTMP_2_001 Training Data (Pure Site 2 Samples) TMP 0.978258 0.9995 0.001 TMP 0.9995
PTMP_2_002 Training Data (Pure Site 2 Samples) TMP 3.644404 0.9994 0.001 TMP 0.9994
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