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Abstract 
The spatial quantification of hybridization is of growing interest as southern United States pine forests come under greater influence of 

improved pine genetics in the face of the warmer, drier conditions from climate change. High Performance Liquid Chromatography (HPLC) and 
spatial interpolation using the Inverse Distance Weighted method were conducted using extracted terpenes derived from foliar tissue of shortleaf 
pine (Pinus echinata), loblolly pine (Pinus taeda), and putative hybrids of a sample of 24 individuals (14 overstory and 10 advanced regeneration 
individuals) sampled on a north to south gradient in East Texas. Chromatograms were obtained and 14 peaks representing terpene constituents 
were measured for peak intensity. T-Tests indicated no significant differences for peak intensity between forest strata. Two-way ANOVA tests 
indicated that the site variable was significant for six peaks, the species class variable was significant for five peaks, and the interaction of site and 
species class was significant for one peak. Tukey HSD tests indicated that the comparison of shortleaf pine to shortleaf x loblolly pine was the most 
consistently significant. From spatial interpolation of peak intensities, both north-south and west-east variations in chemical composition were 
realized. A pattern of species differentiation at the population scale and individual responses to environmental stressors is implied. Knowledge of 
spatial patterns of species identity and individual resiliency to environmental stressors is valuable for the sustainable management of forests in the 
face of rapidly changing forest genetic compositions and climatic conditions. 
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Introduction

Hybridization influenced species evolution by facilitating gene 
flow between species, resulting in new genotype combinations 
and increased ecological adaptability [1]. Natural hybridization is 
commonly observed between sympatric pine species that occu-
py environmental gradients [2-4]. Native East Texas loblolly pine 
(Pinus taeda) and shortleaf pine (P. echinata) hybridize to produce 
shortleaf x loblolly pine hybrids [5], which may have historically led 
to improved fitness for southeastern pine forests growing at the 
western edge of their ranges in the warmer and drier climate of the 
region [6]. Contributions of rapid growth from loblolly pine and fire  

 
adaptations from shortleaf pine may have resulted in more resilient 
pine populations. 

Genetically improved loblolly pine has been utilized in inten-
sive silviculture to make commercial forests more productive [7]. 
The increased use of genetically improved loblolly pine has shifted 
the forest composition towards improved loblolly pine dominance, 
while reducing the potential for natural hybrids [8,9]. Because 
widespread usage of genetically improved loblolly pine is fairly re-
cent in relation to the evolutionary history of southeastern pines, 
the incidence of hybridization in the present overstory may be dif-
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ferent than the incidence of hybridization for the younger regener-
ation cohort that became established after the implementation of 
intensive forestry practices. 

The southeastern United States has been predicted to become 
warmer and drier due to the effects of climate change [10,11]. Spe-
cifically, the average temperature in the West Gulf Coastal region is 
projected to increase by 0.5 °C per decade, along with an associated 
decline of annual precipitation by 200 mm over the next 40 years 
[12]. This change in annual temperature and rainfall regime is spec-
ulated to have major implications on forest health [13, 14]. Addi-
tional concerns include species distribution and abundance shifts, 
potential increases in disease incidence, maladaptation to regional 
conditions, and altered trophic interactions [13]. 

Subsequent expansions and declines can have profound im-
pacts on species genetics, including incidents of allele frequency 
gradation and large-scale introgression of genes [15]. The commer-
cial pine forests of the southern United States are of unique risk 
due to the common practice of planting individuals from a small 
number of families that are genetically identical (i.e. clonal forest-
ry) [7]. However, hybridization of local species has been offered as 
one of many approaches for safeguarding forest systems from the 
deleterious effects of climate change [16]. The reduced natural hy-
bridization potential found in the regeneration stage could lead to 
diminished adaptability of the pine forests in East Texas to climate 
change. Thus, methods useful in determining hybridization among 
the southern pines become ever more important precursors of ge-
netic conservation. 

Prior to the usage of Deoxyribonucleic Acid (DNA) as a species 
identification tool, morphology was relied upon for determining 
species identity, taxonomic classification, and phylogenetic history 
[5,17,18]. Being able to morphologically separate and classify spe-
cies can be useful in initial assessments, but complete reliance on 
this methodology can lead to species misidentification, erroneous 
species classification, and incorrect phylogenetic associations with 
other species [19,20]. These shortcomings are especially apparent 
when evolutionarily young species, extensively hybridized species, 
or species with highly variable morphological characteristics are 
considered [21]. Such is the case with the Australes subsection in 
the Pinus genus, containing 22 species found in the southeastern 
United States, Mexico, and the Caribbean; included in the subsec-
tion are shortleaf pine, slash pine, longleaf pine, and loblolly pine 
[22]. Species within Australes are thought to have begun differen-
tiation 7-15 million years ago in the middle of the Miocene epoch 
and are theorized to have been dramatically influenced by rapid 
climate fluctuations such as the Pleistocene Ice Age [23]. The geo-
graphic variability of these species has led, in part, to the difficulty 
researchers have encountered when using DNA analysis to make 
phylogenetic inferences about the southern yellow pines [13]. 

Compounding this difficulty is the close interrelatedness of 
the southern yellow pine species and their inclinations to hybrid-
ize. While some species crosses are difficult to achieve, and are not 
known to occur in nature (i.e. shortleaf x slash pine and shortleaf 
x longleaf pine), they have been produced in laboratory settings 
[24,18]. Other species crosses happen readily under certain climat-

ic and site conditions (i.e. loblolly x shortleaf pine, loblolly x long-
leaf pine, loblolly x slash pine, and longleaf x slash pine) [25]. 

Chromatography is a common chemical analysis method that 
has been used for isolating compounds within plants for over a cen-
tury [26], and its usefulness for intraspecies and interspecies iden-
tification has been realized [27]. While a fine scale understanding of 
the genetic identities of individuals is not possible with chromatog-
raphy alone, species signatures based on inheritable compositions 
of compounds is possible, and has been completed for most species 
in the Pinus genus [28,29]. However, few have included compari-
sons of species within the Australes subsection of Pinus.

This study investigates hybridization occurrence of overstory 
and regeneration cohorts utilizing high performance liquid chro-
matography (HPLC) to identify chemical markers useful in differ-
entiating between loblolly, shortleaf, and hybridized pines. These 
signatures were tabulated and displayed in ArcGIS ArcMap 10.6.1 
to produce a map product useful in elucidating where local differ-
ences between loblolly pine and shortleaf pine distribution occur 
in East Texas. As climate change continues to be a pressing concern, 
investigating the spatial relationships of native pine parents and 
hybrids may be of increasing importance for the future sustainabil-
ity of forest resources. The specific objectives were to: 

1.	 Identify chemical markers from chromatogram peaks using 
spectral data for loblolly pine, shortleaf pine, and their hybrid, 
shortleaf x loblolly pine.

2.	 Investigate hybridization frequency by determining if chro-
matogram peaks differed between overstory and advanced 
regeneration strata along a north-south gradient in eastern 
Texas.

3.	 Utilize Geographic Information Systems (GIS) analysis to eluci-
date the geographic variation of species hybridization for lob-
lolly pine and shortleaf pine in East Texas.

Materials and Methods

Study area

Study sites were selected based upon the site containing a ma-
ture overstory and advanced regeneration (sapling-size) individu-
als of loblolly pine, shortleaf pine, or potentially hybrids within the 
West Gulf Coastal Plain. Sampling locations included Atlanta State 
Park, Tyler State Park, and Mission Tejas State Park to provide a 
north to southbound transect of East Texas (Figure 1). Atlanta State 
Park is in extreme northeast Texas, and is dominated by shortleaf 
pine associated with white oak (Quercus alba). Loblolly pine does 
occur within the park in interspersed populations growing in asso-
ciation with sweetgum (Liquidambar styraciflua). Tyler State Park 
is at the western fringe of the Pineywoods ecoregion where it meets 
the Post Oak Savannah ecoregion. Due to this, floristic components 
of both ecoregions can be found with the dominant pine species 
being shortleaf pine, found in association with post oak (Quercus 
stellata). Loblolly pine is found within the park at lower elevations. 
Mission Tejas State Park, the southernmost sampling location, and 
the dominant tree species is loblolly pine, though shortleaf pine is 
found readily.
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Figure 1: Sampling sites in East Texas, USA.

Field Measurements

Mature overstory trees were reproductively capable individuals 
useful in determining vegetative community type (e.g. free-to-grow, 
dominant or co-dominant position). Advanced regeneration was 
classified as individual understory stems less than six meters tall. 
At each site, three variable area sampling units were established, 
separated by at least twice the height of the overstory trees to min-
imize potential spatial autocorrelation. At each unit, three oversto-
ry trees and three advanced regeneration trees were selected for 
collecting branch samples, resulting in a total of 54 trees sampled, 
18 at each of the three sites. Branches were collected with equip-
ment appropriate for tree height (e.g. pole saw or hand clippers for 
sapling-sized individuals; rope saw or portable sampling device 
for taller individuals). Branch samples were placed in brown pa-
per bags and labeled. Global Positioning System (GPS) coordinates 
were recorded for each individual, increment cores were obtained 
from overstory individuals using an increment borer, and individ-
uals were tentatively identified to species or hybrid classes based 
on morphological measurements. A subset of 24 from the 54 total 
individuals sampled were selected for chemical analysis.

 Tentative species class identification for each sample was de-
termined by measuring needle length from fascicle base to needle 
tip for six randomly selected needles from six different branches 
for each individual sampled as described in [18]. The three species 
classes of shortleaf pine (average needle length < 9.3 cm), loblolly 
pine (average needle length > 11.4 cm), and shortleaf x loblolly pine 
(average needle length between 9.3 and 11.4 cm) were created to 
facilitate analysis.

Laboratory analysis

Pine needles were obtained by cutting the needles from the 
branch at the fascicle using stainless steel scissors, and stored in a 
freezer at 5°C, pending analysis. The needles were air dried at 21°C 
to a consistent moisture content, quantified as needle weights re-
maining within 0.01 g over two consecutive days. This drying meth-
od was conducted to reduce the potential for terpene volatilization 
from high temperature drying. Dried needles were ground into 
powder using a 900-Watt household blender and extracted with 
95% ethanol in a Dionex ASE 200 Accelerated Solvent Extraction 
System for 30 minutes using instrument settings of 65°C, 10,342 ki-
lopascal (kPa), 30 minutes static time, 100% volume flush, 120-sec-
ond purge, and 1 cycle. The extracted solution was then diluted 
with HPLC grade acetonitrile at a rate of 50 μL solution to 1000 
μL solvent to protect UV detection lamp integrity. Diluted samples 
were fractioned sequentially with HPLC grade ultra-pure water 
(60% of solvent solution) containing an added 0.04% 12 molarity 
hydrochloric acid by volume to increase peak sharpness and ace-
tonitrile (40% of solvent solution). The diluted samples were car-
ried by fractioned solvents (mobile phase) and were analyzed using 
Agilent ODS columns (Zorbax SB-C18, 4.6 x 250 mm, 3.5 µm) in a 
complete Jasco 4000 HPLC system using the instrument settings of 
0.7 ml per minute solvent flow rate, injection volume of 20 μL, and a 
complete run time of 45 minutes. The diode array detector module 
of the HPLC system with a setting of 254 µm. System pressure was 
maintained within range of 8.1 to 8.5 megapascal (MPa), and col-
umn temperature was maintained at 40°C. Fractions were analyzed 
for stability for identification of loblolly pine, shortleaf pine, and 
hybridized pine from solutions via acquired chromatograms. 
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Chromatograms were obtained for the 24 individual subsa-
mple of to evaluate method efficacy. These chromatograms were 
compared to a genetically improved loblolly pine control sample 
obtained from ArborGen, and a genetically improved shortleaf pine 
control from International Forest Company. Control samples were 
obtained as prepared foliar samples, therefore only needle mea-
surements and average needles per fascicle could be recorded. 

Data analysis

Samples from Atlanta State Park, Tyler State Park, and Mission 
Tejas State Park were codified as ASP, TSP, and MTSP, respectively. 
The plot number and cohort of the individual were recorded as P1, 
P2, and P3 for plots 1-3, O1, O2, and O3 for overstory trees 1-3, and 
U1, U2, and U3 for advanced regeneration trees 1-3 (e.g. TSP P1O1 
is the first overstory individual sampled at plot one of Tyler State 
Park). 

Chromatograms from the Jasco 4000 HPLC system located in 
the Chemistry Laboratory at Stephen F. Austin State University 
were displayed in the Igor Pro software (Wavemetrics, Inc., Lake 
Oswego, OR), and were analyzed for peak retention time and peak 
intensity. Peak intensity was quantified with the measuring tool 
within Igor Pro, with peaks greater than 1,000 μm being considered 
a compound absorption event. Peaks below 1,000 μm were consid-
ered equipment noise. At each measured peak node, the retention 
time was recorded from the x-axis of the chromatogram display. 

All statistical analyses were conducted using SAS 9.4 (Statistical 
Analysis Software, SAS Institute, Cary, NC) and significance was de-
termined at p-value <0.05. To determine if differences occurred for 
peak intensities between the overstory and advanced regeneration 
strata sampled, a t-test was conducted for each site using the group-
ing of peak intensities as continuous variables. Two-way analysis 
of variance (ANOVA) tests was conducted for each peak to test the 
effects of the two factors of site and species class for the dependent 
variable of peak intensity. ANOVA results were then examined with 
multiple comparisons analysis to compare the difference among 
species means and among site locations by using post-hoc Tukey 
HSD tests. Simple linear regression for each peak was then used to 
determine if a relationship between needle length and peak inten-
sity was present, with peak intensity as the dependent variable, and 
needle length as the independent variable.

The GPS coordinates recorded during field sampling were en-
tered into ArcGIS ArcMap 10.6.1 for georeferencing each observa-
tion. The peak intensities representing chemical signature tags for 
each individual were entered into a database to create map prod-
ucts displaying threshold points in species occurrence, and hybrid-
ization level by forest strata across the natural ranges of the species 
in East Texas. Spatial interpolation was conducted for each peak 
using the inverse distance weighted (IDW) method to spatially in-
terpolate chromatogram peak intensity at a broader scale (Power = 
2, 12 points used). 

Results

Needles were found to have needle lengths ranging from 7.9 
cm to 18.5 cm. From these measurements, six samples were deter-
mined to be putative shortleaf pines, seven samples were deter-
mined to be putative loblolly pines, and 11 were determined to be 
putative shortleaf x loblolly pine hybrids (Table 1).

The optimal time frame for analyzing chromatogram peak val-
ues was between 0 – 25 minutes (Figure 2); shorter, minor peaks 
detected outside of this range were classified as erroneous noise as 
their intensities were minute (< 1,000 μm). For species differentia-
tion. a total of 14 peaks with intensity values ≥ 1,000 μm were used 
at retention times of 3.50, 3.83, 4.03, 4.35, 4.72, 4.92, 5.11, 5.44, 
5.73, 8.64, 10.04, 14.39, 16.14, and 18.60 minutes, and are hereafter 
labeled as Peak Retention time (e.g. Peak3.83). Due to similarity in 
peak width, e peak intensity was used as the basis for chromato-
gram quantification and comparison; not every chromatogram con-
tained all 14 peaks. Due to peaks representing compound absorp-
tion, peak presence was considered as a detection of characterizing 
compound. Between Peak3.50 and Peak5.44 there was consistency in 
samples expressing absorption, although differences were noted 
(Table 2). Following Peak5.44, subsequent peaks are characterized 
by sporadic absorption. 

Descriptive statistics were calculated, with an overall peak in-
tensity standard deviation of 40,787.32 μm, overall coefficient of 
variation of 1.76 μm, and an overall standard error of 2,549.21 μm 
(Table 3). T-test results found no statistical differences in total peak 
intensities between the overstory and advanced regeneration stra-
ta for any study site (Atlanta State Park, p = 0.08; Tyler State Park, 
p = 0.9; Mission Tejas State Park, p = 0.2). Therefore, ANOVA was 
completed with overstory and advanced regeneration pooled.

Table 1: Needle lengths in centimeters (cm) and putative identification for pine samples (n= 24) collected from Tyler State Park (TSP), Mission Tejas 
State Park (MTSP), and Atlanta State Park (ASP) in East Texas.

Sample Needle Length (cm) Putative Identification

TSP P3U1 7.9 Shortleaf pine

TSP P1O3 8.1 Shortleaf pine

Shortleaf Control 8.2 Shortleaf pine

TSP P3O2 8.4 Shortleaf pine

TSP P1O1 8.6 Shortleaf pine

MTSP P1O3 9.1 Shortleaf pine

MTSP P1U2 9.1 Shortleaf pine
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MTSP P3O2 9.3 Shortleaf x loblolly pine

TSP P2U3 9.4 Shortleaf x loblolly pine

TSP P3U2 9.4 Shortleaf x loblolly pine

ASP P2O1 9.5 Shortleaf x loblolly pine

MTSP P2U2 9.9 Shortleaf x loblolly pine

MTSP P3O3 9.9 Shortleaf x loblolly pine

ASP P2O3 9.9 Shortleaf x loblolly pine

TSP P1U2 10.2 Shortleaf x loblolly pine

ASP P2U2 10.7 Shortleaf x loblolly pine

TSP P1O2 11.2 Shortleaf x loblolly pine

MTSP P2U1 11.4 Shortleaf x loblolly pine

ASP P2O2 11.7 Loblolly pine 

TSP P2U1 12.7 Loblolly pine

ASP P3O2 12.7 Loblolly pine

ASP P1O3 13.9 Loblolly pine

ASP P3O3 13.9 Loblolly pine

ASP P3O1 16.5 Loblolly pine

Loblolly Control 17.2 Loblolly pine

ASP P1U12 18.5 Loblolly Pine

Table 2: Peak intensity values in micrometers (μm) for 14 peaks identified among sampled East Texas pines from Atlanta State Park (ASP), Tyler State Park (TSP), 
and Mission Tejas State Park (MTSP) (n = 24) compared to control samples.

Sample Peak3.50 
(μm) 

Peak3.83 
(μm) 

Peak4.03 
(μm) 

Peak4.35 
(μm) 

Peak4.72 
(μm)

Peak4.92 
(μm)

Peak5.11 
(μm)

Peak5.44 
(μm)

Peak5.73 
(μm)

Peak8.64 
(μm)

Peak10.04 
(μm)

Peak14.39 
(μm)

Peak16.14 
(μm)

Peak18.60 
(μm)

Short-
leaf 

Control
13,518 14,197 8,129 6,920 2,777 13,518 14,197 8,129 6,920 2,777 2,027 - 3,722 8,320

Loblolly 
Control 21,953 16,697 15,016 13,945 6,196 21,953 16,697 15,016 13,945 6,196 2,921 2,362 7,654 21,054

ASP 
P1O3 15,091 13,505 10,017 8,319 2,704 15,091 13,505 10,017 8,319 2,704 - - - 8,349

ASP 
P1U2 6,872 4,796 3,428 - - 6,872 4,796 3,428 - - - - - 3,278

ASP 
P2O1 27,028 28,072 18,683 15,967 4,768 27,028 28,072 18,683 15,967 4,768 4,235 - 2,510 11,829

ASP 
P2O2 63,375 60,954 42,974 33,493 10,815 63,375 60,954 42,974 33,493 10,815 8,286 - 3,482 26,566

ASP 
P2O3 6,051 6,546 4,714 3,709 1,532 6,051 6,546 4,714 3,709 1,532 - - - 1,436

ASP 
P2U2 16,133 14,217 12,873 9,278 3,502 16,133 14,217 12,873 9,278 3,502 2,316 1,002 2,647 3,956

ASP 
P3O1 9,473 8,029 6,867 9,459 1,916 9,473 8,029 6,867 9,459 1,916 - - - 2,613

ASP 
P3O2 247,340 65,340 36,593 25,824 9,583 247,340 65,340 36,593 25,824 9,583 11,956 - 9,920 -

ASP 
P3O3 23,650 26,727 14,768 - 3,916 23,650 26,727 14,768 - 3,916 - - - 9,156

MTSP 
P1O3 12,234 13,086 7,774 6,812 - 12,234 13,086 7,774 6,812 - - - - -

MTSP 
P1U2 7,466 8,335 5,630 4,302 - 7,466 8,335 5,630 4,302 - - - 4,942 -

MTSP 
P2U1 3,919 6,040 3,378 3,378 - 3,919 6,040 3,378 3,378 - - - - -
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MTSP 
P2U2 4,731 5,866 3,562 3,986 - 4,731 5,866 3,562 3,986 - - 4,977 3,072 -

MTSP 
P3O2 6,059 7,745 - 4,261 - 6,059 7,745 - 4,261 - - - - 3,934

MTSP 
P3O3 7,607 10,927 6,317 5,645 - 7,607 10,927 6,317 5,645 - - 3,453 2,810 2,624

TSP 
P1O1 11,751 7,336 6,292 6,609 2,035 11,751 7,336 6,292 6,609 2,035 - - 2,246 5,259

TSP 
P1O2 8,406 14,240 7,925 8,286 - 8,406 14,240 7,925 8,286 - - - - -

TSP 
P1O3 4,121 6,732 3,333 6,798 - 4,121 6,732 3,333 6,798 - - - - -

TSP 
P1U2 2,476 3,788 2,035 - - 2,476 3,788 2,035 - - - - - -

TSP 
P2U1 13,144 7,243 2,035 - - 13,144 7,243 2,035 - - - - - -

TSP 
P2U3 10,343 7,726 5,353 3,989 1,388 10,343 7,726 5,353 3,989 1,388 - - - 2,197

TSP 
P3O2 12,989 13,271 - 11,954 - 12,989 13,271 - 11,954 - - 3,416 2,708 2,037

TSP 
P3U1 28,015 14,277 10,168 11,680 2,202 28,015 14,277 10,168 11,680 2,202 - - 2,941 10,782

TSP 
P3U2 25,155 13,907 12,134 7,291 2,620 25,155 13,907 12,134 7,291 2,620 - - 3,518 6,739

Table 3: Summary statistics for chromatogram peak intensity values recorded for 24 East Texas pines.

Peak (μm) n Mean (μm) Standard Deviation (μm) Coefficent of Variation (μm) Standard Error (μm)

Peak3.50 11 96,885.27 109,999.76 1.14 33,166.18

Peak3.83 13 42,849,07 24,903.52 0.58 6,430.06

Peak.4.03 24 43,096.19 57,227.74 1.33 11,223.28

Peak04.35 23 15,822.16 16,909.08 1.07 3,381.82

Peak34.72 24 36,161.81 34,832.62 0.96 6,831.24

Peak04.92 24 23,419.23 47,322.41 2.02 9,280.69

Peak5.11 24 15,369.19 15,275.46 0.99 2,995.76

Peak5.44 22 10,416.58 10,096.87 0.97 2,061.02

Peak5.73 20 9,632.05 7,408.38 0.77 1,579.47

Peak8.64 12 3,996.71 2,944.51 0.74 786.95

Peak10.04 4 5,290.17 3,990.70 0.75 1,629.20

Peak14.39 4 3,042.00 1,472.84 0.48 658.67

Peak16.14 11 4,013.23 2,274.06 0.57 630.71

Peak18.60 15 7,654.65 6,944.26 0.91 1,684.23

ANOVA indicated that five identified peaks within the acquired 
chromatograms had statistically significant differences in peak in-
tensity among the variable species class (Table 4). Peak5.11, Peak5.44, 
Peak5.73, Peak8.64, and Peak10.04 indicated statistically significant dif-
ferences among species class; for these peaks, the intensity value is 
significantly affected by species class effects. For the site variable, 
Peak3.83, Peak4.03, Peak5.44, Peak5.73, Peak8.64, and Peak10. indicated sta-
tistically significant differences in peak intensity among sites. While 
overlapping significance of species class and site factors occur for 
Peak5.44, Peak5.73, Peak8.64, and Peak10.04, the interaction of site and 
species class factors was not significant for these peaks. The only 

significant interaction between site and species class factors was 
found at Peak4.72. 

Tukey HSD tests indicated that the primary significant pairwise 
comparison between species was among shortleaf pine and short-
leaf x loblolly pine for Peak4.03, Peak4.35, Peak5.11, Peak5.44, Peak5.73, 
Peak8.64, and Peak10.04 (Table 5). The only other significant compar-
ison was at Peak5.73, where the comparison of shortleaf x loblolly 
pine to loblolly pine was significant. The mean difference for the 
shortleaf pine to loblolly pine comparison was consistently the low-
est value, indicating the least significance.
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Table 4: ANOVA results for all peaks by site, species, and site x species interaction.

Peak Source Sum of Squares (μm) Mean Square (μm) F Value Pr>F

Peak3.50 Site 31,128,115,071 15,564,057,535 1.97 0.1705

  Species 7,933,206,896 3,966,603,448 0.5 0.6145

  Site*Species 14,817,585,704 7,408,792,852 0.94 0.4114

Peak3.83 Site 7,100,738,728 3,550,369,364 9.1 0.0021

  Species 2,102,434,374 1,051,217,187 2.7 0.0962

  Site*Species 935,763,551 467,881,776 1.2 0.3255

Peak.4.03 Site 16,338,191,415 8,169,095,707 4.08 0.0356

  Species 13,321,164,914 6,660,582,457 3.33 0.0602

  Site*Species 9,153,880,304 4,576,940,152 2.29 0.1319

Peak04.35 Site 1,130,135,312 565,067,656 2.87 0.0841

  Species 1,189,690,883 594,845,442 3.03 0.0752

  Site*Species 889,385,911 444,692,955 2.26 0.1346

Peak34.72 Site 2,932,114,306 1,466,057,153 1.9 0.1795

  Species 2,662,903,072 1,331,451,536 1.73 0.2073

  Site*Species 5,649,605,663 2,824,802,832 3.67 0.0474

Peak04.92 Site 5,274,950,967 2,637,475,484 1.25 0.3115

  Species 6,913,504,644 3,456,752,322 1.64 0.2235

  Site*Species 4,938,913,020 2,469,456,510 1.17 0.334

Peak5.11 Site 902,337,464 451,168,732 3.23 0.0649

  Species 1,061,514,950 530,757,475 3.8 0.0434

  Site*Species 822,925,227 411,462,614 2.94 0.0799

Peak5.44 Site 542,441,671 271,220,836 4.8 0.0223

  Species 477,673,084 238,836,542 4.22 0.0324

  Site*Species 242,140,434 121,070,217 2.14 0.1481

Peak5.73 Site 250,361,569 125,180,785 3.84 0.042

  Species 432,971,256 216,485,628 6.64 0.0074

  Site*Species 164,486,669 82,243,334 2.52 0.1097

Peak8.64 Site 66,122,563 33,061,281 8.84 0.0023

  Species 33,072,096 16,536,048 4.42 0.0284

  Site*Species 14,676,761 7,338,381 1.96 0.171

Peak10.04 Site 34,098,721 17,049,360 3.52 0.0527

  Species 42,549,337 21,274,668 4.39 0.0291

  Site*Species 22,123,806 11,061,903 2.28 0.1326

Peak14.39 Site 3,442,388 1,721,194 1.23 0.316

  Species 4,173,611 2,086,806 1.5 0.2521

  Site*Species 8,410,791 4,205,395 3.01 0.0758

Peak16.14 Site 1,926,532 963,266 0.17 0.845

  Species 23,223,289 11,611,644 2.05 0.1592

  Site*Species 4,162,482 2.081,241 0.37 0.6977

Peak18.60 Site 144,109,543 72,054,771 2.66 0.0988

  Species 91,207,731 45,603,866 1.68 0.22153

  Site*Species 74,942,489 37,471,244 1.38 0.2776
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Table 5: Pairwise comparisons of shortleaf pine (A), shortleaf x loblolly pine (B), and loblolly pine (C) using mean difference between groups obtained 
from Tukey HSD post-hoc test. *Denotes significance.

Comparisons

Peak A-B (Mean Difference) B-C (Mean Difference) A-C (Mean Difference)

Peak3.50 39,073 30,454 8,618

Peak3.83 23,263 16,052 7,211

Peak4.03 *61,309 51,202 10,108

Peak4.35 *17,084 15,791 1,293

Peak4.72 32,308 30,163 2,145

Peak4.92 41,097 39,443 1,654

Peak5.11 *17,151 15,545 1,606

Peak5.44 *11,343 10,586 757

Peak5.73 *7,266 *11,437 4,171

Peak8.64 *2,960 2,523 437

Peak10.04 *3,319 3,497 178

Peak14.39 864 1,204 340

Peak16.14 1,652 3,113 1,462

Peak18.60 4,658 3,692 966

Results from the simple linear regression found no detectable 
correlation between average needle length and peak intensity for 
any peak node, with all R2 values <0.07. These results indicate that a 
direct comparison of tentative species identity from average needle 
length measurements and identification through peak intensity is 
not appropriate for these individuals.

Using GIS, nine classes of intensity values were used for dis-
playing the spatially interpolated surface for each of the 14 peaks. 

All surfaces produced are presented with the color ramp of green 
representing lowest values and red representing highest values. 
From these surfaces, a gradient of peak intensity values was dis-
played (Figures 2a-2z). Peak intensity was generally shown to be 
highest at the northeast, with values decreasing when moving to-
ward the southwest, where 79% of peaks displayed this trend. An 
exception to this pattern is shown in Peak3.50, Peak14.39, and Peak16.14, 
which had an inverse expression of the prevailing trend. 

Figure 2a: Chromatogram for the shortleaf pine control sample sourced from IFCO displaying peak intensity (μm) over time (minutes).
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Figure 2b: Chromatogram for the loblolly pine control sourced from ArborGen displaying peak intensity (μm) over time (minutes).

Figure 2c: Chromatogram for MTSP P1O3 from Mission Tejas State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2d: Chromatogram for MTSP P1U2 from Mission Tejas State Park, Texas displaying peak intensity (μm) over time (minutes).
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Figure 2e: Chromatogram for MTSP P2U1 from Mission Tejas State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2f: Chromatogram for MTSP P2U2 from Mission Tejas State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2g: Chromatogram for MTSP P3O2 from Mission Tejas State Park, Texas displaying peak intensity (μm) over time (minutes).
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Figure 2h: Chromatogram for MTSP P3O3 from Mission Tejas State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2i: Chromatogram for TSP P1O1 from Tyler State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2j: Chromatogram for TSP P1O2 from Tyler State Park, Texas displaying peak intensity (μm) over time (minutes).
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Figure 2k: Chromatogram for TSP P1O3 from Tyler State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2l: Chromatogram for TSP P1U2 from Tyler State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2m: Chromatogram for TSP P2U1 from Tyler State Park, Texas displaying peak intensity (μm) over time (minutes).
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Figure 2n: Chromatogram for TSP P2U3 from Tyler State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2o: Chromatogram for TSP P3O2 from Tyler State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2p: Chromatogram for TSP P3U1 from Tyler State Park, Texas displaying peak intensity (μm) over time (minutes).
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Figure 2q: Chromatogram for TSP P3U2 from Tyler State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2r: Chromatogram for ASP P1O3 from Atlanta State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2s: Chromatogram for ASP P1U2 from Atlanta State Park, Texas displaying peak intensity (μm) over time (minutes).
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Figure 2t: Chromatogram for ASP P2O1 from Atlanta State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2u: Chromatogram for ASP P2O2 from Atlanta State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2v: Chromatogram for ASP P2O3 from Atlanta State Park, Texas displaying peak intensity (μm) over time (minutes).
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Figure 2w: Chromatogram for ASP P2U2 from Atlanta State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2x: Chromatogram for ASP P3O1 from Atlanta State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 2y: Chromatogram for ASP P3O2 from Atlanta State Park, Texas displaying peak intensity (μm) over time (minutes).
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Figure 2z: Chromatogram for ASP P3O3 from Atlanta State Park, Texas displaying peak intensity (μm) over time (minutes).

Figure 3: Spatial interpolation surface for the various peaks using IDW.
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Figure 4: 

Figure 5: 
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Figure 6: 

Figure 7: 
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Figure 8: 

Figure 9: 
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Figure 10: 

Figure 11: 
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Figure 12: 

Discussion

Peak5.11, Peak5.44, Peak5.73, Peak8.64, and Peak10.04 were of special 
interest due to the significant differences in peak intensities among 
species classes. Peak5.73 showed the greatest differences between 
species and was near ubiquitous among samples except for TSP 
P1U2, TSP P2U1, ASP P3O1, and ASP P1U2, representing north-
ern portions of East Texas. Also noteworthy is the distribution of 
Peak8.64, represented in Tyler State Park and Atlanta State Park sam-
ples exclusively. Furthermore, Peak10.04 was only expressed by the 
controls and four individual trees from Atlanta State Park. This pat-
tern of peak expression in relation to geography indicates that the 
presence of compounds could be tied to site effects, especially for 
more northern and western sites with increased aridity. The link 
between genomics and terpene composition in relation to adapt-
ability is not well understood, but the effects of environmental 
stressors on terpene concentration is well documented for pines 
[30-34]. 

Separation of samples by species identity was confounded by 
site variation and the small sample size. Due to the interplay of site 
effects and terpene concentration, individual-level comparisons of 
genetic identity are difficult to determine through terpene compo-
sition and concentration analysis alone. The pattern of expression 
appears to be more valuable than relative intensity. There was no 
clear relationship between peak intensity and putative species 
identification from needle length, therefore hybridization could not 

be directly quantified among the entire sample group. Detectable 
differences in species composition were also not realized between 
overstory and advanced regeneration strata due to both groups 
having similar peak distribution and intensities. The sample size 
presented in this study is relatively small for quantification of spe-
cies identity, and these species have large geographic distributions, 
prolific occurrences, and high genetic diversities. Therefore, it is 
likely that a greater number of peaks would be useful for quantifi-
cation when a larger subset of the population is analyzed. While a 
clear pattern indicating a relationship between compound intensi-
ty and putative species identity was not realized (e.g. intensity in-
creasing as needle length increases), the data help to reinforce the 
notion that pine oil chemical constituents, namely terpenes, vary 
in concentration with geographic variation [35]. The results of the 
GIS analysis support this further, as clusters of higher intensity val-
ues were arranged by location rather than species identity. Perhaps 
with an increased sample size including a greater number of sites, 
differences could be quantified between not only sites, but also be-
tween the identities of species from these sites.

The identities of the compounds were not quantified, a process 
that could further help determine species differences. The use of 
a mass spectrometry system to identify the compounds represent-
ed by chromatogram peaks could be implemented to further refine 
analysis as well.
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Conclusion

The use of chromatography in conjunction with GIS analysis 
shows promise for determining the identity of southern pine spe-
cies in East Texas. From peak presence and intensity analysis, it is 
clear that at the broad, regional level, different populations have 
different concentrations of inheritable terpenes, and thus can be 
used to supplement morphological measurements. However, hy-
bridization was not able to be quantified at the individual or pop-
ulation scale using the sample size covered in this study. 	
Statistically significant differences between the peak intensities at 
the species class level indicated that separation could be possible, 
but assigning a chemical signature to a species or hybrid proved 
difficult. This may be attributed to the influence of site effects or un-
equal species class representation. Increasing the sample size and 
geographic area sampled, along with peak identification through 
mass spectrometry, could help in establishing a clear north-south 
hybridization matrix through more accurate chromatogram assign-
ment. Further investigation of the specific peaks and their relation 
to species identity once compounds are identified is warranted. 
Also, creating more precise GIS products through a greater num-
ber of points for spatial interpolation would further improve upon 
the results of subsequent research, and aid in determining species 
identities at a finer scale.

Species identification through chromatography is coarser than 
that of more detailed DNA analysis methods, but chromatography 
analysis can be used to provide population level information with 
the added benefit of being able to quickly assess population re-
sponses to environmental stressors. Due to this, further study of 
the role terpenes play in southern pine site adaption is warrant-
ed, and could have important implications for quickly assessing 
population resilience towards more frequent drought and insect 
outbreak brought on by climate change. The increasing northward 
concentrations of the compounds signified by peak intensities po-
tentially represent population response to stress from lower soil 
nutrient availability or increased aridity, thus further investigation 
of their role as defensive compounds is necessary.
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