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Abstract: Longleaf pine forests are currently being restored in the southern U.S. To aid in the
deployment of longleaf pine under current and future climate conditions, we tested the hypothesis
that genetic variability in foliar carbon isotope composition (5'2C) exists in this species. Foliar §'3C,
height and diameter were measured at ages of 5 and 6 years, and needle length, specific leaf weight
(SLW) and foliar N concentration were measured at an age of 6 years in 16 longleaf pine families
representing a large portion of the species’ range. Families were grown in common garden tests in
North Carolina and Mississippi and grouped for analysis into six provenances based on climate, soils,
and discontinuities in the species’ range. No genetic by environment interactions were observed.
Greater foliar 5'3C was observed in trees from the provenance consisting of the Piedmont and
Montane Uplands than from the provenances representing the western and eastern Gulf Coastal
Plains. Foliar '>C was not significantly correlated to height at age 6, suggesting that it may be
possible to select for improved foliar §'>C without sacrificing growth. These results represent a first
step in identifying potential genetic variation in leaf water use efficiency and drought tolerance of
longleaf pine.
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1. Introduction

The severe reduction in the extant of longleaf pine (Pinus palustris Mill.) forests in the southern
U.S. has resulted in increased interest in restoring this ecosystem throughout its natural range for a
variety of forest products and ecosystems services, including potential mitigation of climate change
impacts on southern forests [1-3]. Longleaf pine has the ability to grow on sites with low water holding
capacity and low soil nutrition relative to the other pines in the southern U.S., and is more resistant
to wind and pest damage [4]. Proper deployment of seed source to site would assist in longleaf
pine reforestation efforts, as well as assist in planting seedlings better adapted to future climate
conditions [5]. However, in comparison to some other southern U.S. pines, studies of geographic
variation in longleaf pine are rare and have generally not been extensive and intensive in sampling [6,7].
Wells & Wakeley [8] demonstrated that significant geographic variation in survival, initiation of height
growth from the grass stage, growth characteristics, and disease resistance exists in longleaf pine.
Considering the resurgence of interest in artificially regenerating longleaf pine by federal and state
agencies and private landowners, there is a need for a better understanding of potential genetic
adaptation to climate in an important conifer that is being restored throughout the southern U.S.
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Although local seed sources are often assumed to be better adapted to local conditions, local sources
may not be suitable under future climate conditions [9].

The isotopic ratio of 13C to 12C in plant tissue relative to a geologic standard is expressed as foliar
carbon isotopic composition (§13C). The §13C in leaf tissues of C3 plants provides a long-term index
of the ratio of internal to ambient partial pressure of CO, within the leaf, or C;/C,, and C;/C, is
determined by the time-integrated ratio of net photosynthesis to stomatal conductance, or intrinsic
leaf water use efficiency (WUE), during leaf formation [10,11]. Genetic variation in foliar 5'*C has
been reported for a variety of conifers including Pinus pinaster Ait. [12], Pseudotsuga menziesii (Mirb.)
Franco [13], Pinus radiata D. Don [14], Pinus ponderosa C. Lawson [15], and Picea mariana Mill. [16].
In some cases, genetic variation in foliar §°C was related to improved drought tolerance [17].
Increased WUE during drought may limit soil and plant water depletion, maintain cell and tissue turgor,
and prolong survival [17]. Gonzalez-Benecke & Martin [18] reported genotype differences in foliar
§13C and stomatal control of water loss under water-limited conditions in loblolly pine (Pinus taeda L.),
another important southern conifer, and suggested that variation in foliar §*C among genotypes
may improve genetic deployment programs for loblolly pine under future climate change scenarios.
Likewise, based on negative correlations between 3rd-year height and foliar stable carbon isotope
discrimination at the parental, full-sib family and clonal levels, Baltunis et al. [19] also suggested that
foliar 5'3C could be used as a selection trait to improve WUE and guide deployment decisions in
loblolly pine. Common garden experiments with tree seedlings have found geographic variation in
phenotypic traits corresponding to gradients in climate [20], and such provenance tests have been
used to predict growth responses of trees to climate change [21,22]. For example, Farjat et al. [23] used
height data from range-wide loblolly pine provenance tests to map optimal seed source deployment
under different climatic change scenarios.

Given longleaf pine’s wide geographic and site amplitude [24], we hypothesized that genetic
variation in foliar §'*C also exists in this species. Furthermore, based on work with loblolly pine that
demonstrated significant genotype by site interactions for foliar stable carbon isotope discrimination
and height [19], we hypothesized that the genetic by environment interaction would be significant
for growth and foliar §*C. We tested this by measuring these traits over 2 years at two common
gardens that represent variation in temperature and precipitation. Because longleaf pine is found on
dry sites throughout its range and no information on genetic variation in WUE exists for longleaf
pine, we had no a priori expectation of provenance ranking in foliar 8°*C. Foliar 5°*C was positively
related to genotype height in loblolly pine [25]. We, therefore, expected that foliar *C in longleaf
pine would be positively related to tree height. Because needle length can also be positively related
to tree growth [26], we tested the hypothesis that provenances with greater growth would also have
greater needle length. As variation in specific leaf weight (SLW) may influence mesophyll conductance
and variation in foliar N may influence net photosynthetic rates, both of which may affect C;/C, [27],
provenance variation in these variables was also measured.

2. Materials and Methods

Eight provenance tests were planted across the range of longleaf pine. Two longleaf pine
provenance tests were selected for sampling: one in North Carolina (NC) and one in Mississippi
(MS). These two tests were selected to provide variation in climate and test genetic by environment
interactions. Up to 151 seed collections (mostly open-pollinated families from seed orchard trees)
originating from southern Alabama, northern Alabama, Georgia, Florida, Louisiana, Mississippi,
North Carolina, Texas, and Virginia were planted at all provenance tests. Seeds were collected from
seed orchards across the region (where progeny had not been tested or only minimally tested) as well
as some bulk (multiple tree) collections from natural stands. Seeds were sown in 164 cm? containers
at North Carolina State University Horticulture Field Laboratory mist house in Raleigh, NC from
25 May-7 June 2010 and then moved outdoors to a seedling pad in June/July 2010. At each provenance
test location, seedlings were planted on a 3.6 m by 1.8 m spacing.
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In order to examine range-wide patterns, 16 different families (Table 1) selected from across the
species’ range were selected for study and grouped into six provenances (Figure 1) based on climate,
soils, and discontinuity of the range (e.g., west/east of the Mississippi River and north/south of the
Piedmont physiographic province) [28].

Table 1. Provenance physiographic province, origin and number of longleaf pine families studied per
provenance, and mean minimum temperature at the family origin.

Provenance Latitude,

Provenance Physiographic Family Origin Longitude Numl.)e'r of Mean M1n1n21u;n
ST Families Temperature ~ (°C)
Province (Degrees)

. 31.3432,

1 WGCP Sabine Co., TX 938518 1 12.9
. 31.1083,

Vernon Parish, LA —93.1842 2 12.1
31.1720,

2 EGCP Perry Co., MS —88.9923 1 11.6
. 31.1261,

Escambia Co., AL _871616 1 11.7
30.3311,

3 SCP Baker Co., FL 800846 1 14.2
30.1478,

Wakulla Co., FL 843756 2 13.2
. 32.8479,

4 P, MU Chilton Co., AL _86.7188 1 10.3
. 32.9986,

Bibb Co., AL _87.1264 2 9.4
33.6746,

Cleburne Co., AL 855188 1 10.0
33.0612,

5 EGCP, ACP Burke Co., GA 820080 2 11.2
35.3686,

6 ACP, FS Harnett Co., NC 788693 1 111
34.6143,

Bladen Co., NC 785630 1 9.9

1 WGCP, Western Gulf Coastal Plain; EGCP, Eastern Gulf Coastal Plain; SCP, Southern Coastal Plain; P, Piedmont;
MU, Montane Uplands; ACP, Atlantic Coastal Plain; FS, Fall-line Sandhills [29]. 2 30-year (1980-2010) means [30].

N 0 500 1,000 Km

Figure 1. Location of the six provenances and two provenance test locations, and the origin of longleaf
pine families within the natural range of longleaf pine.
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2.1. MS and NC Provenance Tests

Atboth provenance test locations, the experimental design was a randomized complete block with
10 replicates and 2-tree plots. Sixteen families common to the two test sites were sampled from four
blocks at each site (Table 1, Figure 1). A family consisted of a seed from one open-pollinated mother
tree and in some cases different mother trees were from the same location (Table 1). The numbers of
families and blocks were based on survival within and across sites. The selection of the four blocks
was based on whether the block contained live individuals of all of the 16 families. All sample trees
were out of the grass stage at the time of sampling. Longleaf pine seedlings have a juvenile grass stage
with delayed height growth that may last for several years.

The MS test is located in the Gulf Coastal Plain on the USDA Forest Service Harrison Experimental
Forest, near Saucier MS (30.609988, —89.055431). Thirty-year (1984-2013) average annual precipitation
for Harrison Experimental Forest is 1700 mm [31]. Soils are well-drained, fine sandy loams in the Poarch
series and the Saucier-Susghehanna complex. The site was clear-cut a few years prior to planting and
bush-hogged immediately prior to planting. Seedlings were hand planted on 15-16 December 2010.
Herbicide was sprayed over the top of the trees in June 2013. All test seedlings were protected from
herbicide contact. The planting was bush-hogged between rows two times a year from 2011 through
2013. The site was burned on 2 April 2014. Weather data collected during the 2-year study period were
also from the Harrison Experimental Forest and the Palmer Drought Severity Index (PDSI) data were
from MS PDSI Climate Division 10 [31,32].

The NC test is located in Scotland County, NC (34.822999, —79.567006) on North Carolina Forest
Service land. Soil at the site is a Norfolk loamy sand. Thirty-year (1984-2013) average annual
precipitation for Laurinburg, NC (12 km from the site) is 1149 mm [33]. Prior to planting, the site
was a fallow field. Seedlings were hand-planted on 11 March 2011. The site was mowed periodically.
Weather data collected during the 2-year study period were also from Laurinburg, NC, and PDSI data
were from NC PDSI Climate Division 5 [33,34].

2.2. Measurements

In 2014, four fascicles from the first flush were collected from the top one third of the canopy from
each cardinal direction of one tree of a given family in the 2-tree plot (in total, 64 trees per test site).
Since branching was not observed across all sample trees, needles were collected from the main stem.
Foliage was collected the week of 17 November at both sites. In 2015, fascicles were collected from up
to four unshaded branches located a minimum of 1 m above the soil during the last week of November
(MS) and the first week of December (NC). Needle lengths and SLW were measured on all collected
needles. Needle lengths and diameters were measured and total needle area per fascicle determined
following Samuelson et al. [35]. Foliage was oven-dried at 70 °C to a constant weight and the ratio
of dry weight to total area was used to calculate SLW. Dried needles were then pooled by tree and
ground to a fine homogeneous powder using a ball mill grinder (Spex 8000, SPEX SamplePrep LCC,
Metuchme, NJ, USA). The '3C:!2C ratio was measured using a continuous flow mass spectrometer
(Thermo Finnigan Plus XL, Thermo Fisher Scientific, Waltham, MA, USA) and foliar nitrogen (N)
concentration was measured using a Carlo-Erba analyzer (NA 1500 Series I, Carlo Erba Instrumentation,
Milan, Italy) at The Duke Environmental Stable Isotope Laboratory. Foliar N concentration was
measured on foliage collected in 2015. Total height (to the tip of terminal bud) and DBH (at 1.37 m
height) were measured each year on the sample trees at the time of foliage collection.

2.3. Data Analyses

The main and interaction effects of site, year of measurement (for foliar B¢, height and
DBH), provenance, and family within provenance were analyzed using repeated measures ANOVA
(Proc Mixed, SAS Inc., Cary, NC, USA) and a cross-nested design with family nested within provenance
and blocks nested within site. The effects of year were tested in the analyses to determine if the genetic
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by environment interaction was stable across years. The genetic by environment interaction was tested
by the site by provenance interaction term. The covariance structure for each variable was selected
based on the Akaike Information Criterion fit statistic. Where appropriate, block within site was
considered a random factor. Effects were considered significant at « < 0.05. When provenance was
significant, means were separated using Tukey’s paired comparison procedure. When an interaction
was significant, the SLICE option of Proc Mixed was used for means separation. Based on patterns of
residuals, no data transformations were necessary. Correlation between foliar 5!3C and height at age 6
was examined by site using the Pearson product-moment correlation coefficient.

3. Results

3.1. Climate

Monthly maximum temperatures during the 2-year study were similar between sites,
but minimum monthly temperatures were lower during winter and spring months at NC (Figure 2).
In MS, annual precipitation was 1757 mm in 2014 and 2200 mm in 2015 compared to 1205 mm in 2014
and 1323 mm in 2015 at NC. Monthly precipitation during spring and summer months was generally
higher in MS than in NC (Figure 2). The PDSI indicated mild drought conditions in late 2014 and early
2015 at MS and moderate to severe drought conditions in NC in the summer of 2015 (Figure 3).
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Figure 2. Average monthly minimum (Tmin) and maximum (Tmax) temperatures and total monthly
precipitation at the North Carolina (A) and Mississippi (B) provenance test sites during the 2-year study.
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Figure 3. The Palmer Drought Severity Index (PDSI) at the North Carolina (A) and Mississippi
(B) provenance test sites during the 2-year study.

3.2. Tree Growth

No significant site by provenance or site by family within provenance interactions were observed
for height or DBH (Table 2). Mean DBH and height were greater in 2015 (4.9 £ 0.1 cm and 2.7 £ 0.1 m,
respectively) than in 2014 (3.2 £ 0.1 cm and 1.6 + 0.04 m, respectively). Mean DBH did not
vary significantly among provenances (Table 2, Figure 4) or families within provenance (Table 2).
Significant interactions between site and year were observed for DBH and height (Table 2). Mean DBH
was greater in NC (3.6 £ 0.1 cm) than in MS (2.7 £+ 0.2 cm) in 2014 but similar between sites in
2015 (5.1 £ 0.1 cm versus 4.6 = 0.1 cm in NC and MS, respectively). Mean height was also greater
in NC (1.8 £ 0.1 m) than in MS (1.4 £+ 0.1 m) in 2014 but similar between sites in 2015 (2.8 + 0.1 m
versus 2.6 = 0.1 m in NC and MS, respectively). Significant variation in height among provenances
and families within provenance was observed (Table 2). Average height was greater in trees from
Provenance 1 than from Provenance 6 (Figure 4). The significant family within provenance effect
indicated family variation in height in Provenance 6; height was greater in the Harnett County family
(2.3 = 0.2 m) than in the Bladen County family (1.4 &= 0.2 m).
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Table 2. Probability values for main and interactive effects of year (for repeatedly measured variables),

provenance test site, provenance, and family nested within provenance on tree size and needle traits of

longleaf pine.
. . Needle .13 .
Source of Variation Height DBH SILW Foliar 6'°C  Foliar N
Length
Year <0.001 <0.001 <0.001
Site 0.004 <0.001 0.235 0.001 <0.001 0.012
Provenance 0.022 0.107 0.028 0.014 <0.001 0.502
Family (Provenance) <0.001 0.076 0.683 0.557 0.318 0.779
Site x Provenance 0.749 0.981 0.818 0.576 0.462 0.132
Site x Family (Provenance) 0.982 0.992 0.652 0.521 0.691 0.337
Year x Site 0.001 0.017 0.276
Year x Family (Provenance) 0.200 0.081 0.435
Year x Site X Provenance 0.840 0.575 0.678
Year x Site X Family (Provenance) 0.905 0.624 0.314
DBH, diameter at breast height; SLW, specific leaf weight.
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Figure 4. Mean (SE) diameter at breast height (DBH) (A), height (B), needle length (C), and specific
leaf weight (D) of longleaf pine trees from different provenances. Different letters indicate significant

differences among provenances. Means reflect data pooled across two provenance test sites and 2 years

(where applicable).

3.3. Needle Length and Specific Leaf Weight

No significant site by provenance or site by family within provenance interactions were observed
for needle length or SLW (Table 2). Needle length varied among provenances but not between sites
(Table 2). Needle length was greater in trees from Provenance 6 than from Provenance 2 (Figure 4).
No significant effect of family within provenance on needle length was observed (Table 2).

Specific leaf weight varied between sites (Table 2) with higher SLW in MS (44.1.2 & 1.2 g m?) than
in NC (39.5 + 0.8 g m?). Specific leaf weight varied with provenance but not family within provenance
(Table 2). Provenance 2 had higher SLW than Provenances 3 and 6 (Figure 4).
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3.4. Foliar 613C and N Concentration

No significant interaction effects between site and provenance, and between site and family within
provenance were observed for foliar 513C (Table 2). In addition, despite variations in climate between
sites and years, no significant three-way interactions between year, site and provenance were detected
for foliar §'3C. Main effects of provenance, site and year on foliar §'>C were observed. Trees from
Provenance 4 had higher average foliar §'3C (—29.45%0 + 0.09%o) than trees from Provenances 1
(—30.08%0 4 0.10%0) and 2 (—30.06%0 + 0.12%o) (Figure 5). Higher foliar §'3C was observed in
2015 (—29.20%0 + 0.06%0) than in 2014 (—30.48%0 + 0.06%o), and foliar '*C was higher in NC
(—29.28%0 + 0.07%0) than in MS (—30.40%o + 0.07%q). Foliar §!3C and height were not significantly
correlated at either provenance test, though a trend (p = 0.058) was detected in MS (Figure 6).
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Figure 5. Mean (SE) foliar 5'3C composition (A) and leaf nitrogen concentration (B) of longleaf pine
trees from different provenances. Different letters indicate significant differences among provenances.
Means reflect data pooled across two provenance test sites and 2 years (where applicable).
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Figure 6. Correlation between height at age 6 and foliar §!3C composition of longleaf pine trees from
different provenances at the North Carolina (A) and Mississippi (B) provenance test sites.
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Average foliar N concentration was higher in MS (10.0 = 0.3 mg g~ !) thanin NC (8.7 + 0.3 mg g 1)
(Table 2). Foliar N concentration did not vary significantly with provenance (Figure 5) or family within
provenance and no interactive effect of site and provenance or site and family within provenance on
foliar N was observed (Table 2).

4. Discussion

Phenotypic variability in ecophysiological traits may reduce vulnerability to stresses associated
with climate change [36]. For example, high variability in WUE and needle elongation across a large
latitudinal gradient were related to range shifts associated with climate change in Pinus jeffreyi Grev.
& Balf. and Abies concolor (Gord. & Glend.) Lindl. ex Hildebr. [36]. Phenotypic plasticity in SLW,
foliar N concentration and foliar §!3C of longleaf pine was observed in this study. Higher SLW at MS
was likely related to site differences in soil N availability and subsequent higher foliar N concentration
at MS. Specific leaf weight has been shown to be positively related to foliar N concentration in longleaf
pine [37] and Pinus pinaster trees [38], and to N fertilization in Pinus radiata [39]. The increase in SLW
with improved fertility can be through an increase in needle density or thickness [38]. We speculate
that higher foliar §!3C at NC was in response to greater water stress at that location, since SLW was
lower at NC and genotypes with leaves that are thinner or less dense have shown decreases in WUE
and foliar §'3C [40].

Provenance variation was significant for height, needle length, SLW and foliar §!*C but not for
foliar N concentration or DBH. Greater height was observed in the provenance west of the Mississippi
River than in the provenance encompassing the northern Atlantic Coastal Plain. Previous provenance
studies of longleaf pine indicated that geographic sources from warmer climates grow faster than
sources from colder climates, if sources are not transferred to very different climates [41]. Growth and
survival of longleaf pine has been shown to exhibit a strong north-south component of variation related
to mean annual minimum temperature [7]. However, provenance variation in height did strictly follow
variation in mean minimum temperature of the family origin, as the mean minimum temperatures
at the family origin were highest in Provenance 3 followed by Provenance 1 (Table 1). Height was
the only variable with significant family within provenance variation. Height was less in the family
from Bladen County, an inland area of North Carolina described as the Fall-line Sandhills [29], than in
the more coastal family. Provenance variation in needle length and SLW was observed but neither
mirrored provenance variation in height or foliar §!3C. In contrast, Cregg [42] observed shorter needles
and less surface area per needle in ponderosa pine seedlings from drought-tolerant sources. On the
other hand, Aspinwall et al. [25] observed significant genetic variation in WUE but no variation in
specific leaf area among loblolly pine genotypes.

Significant provenance variation in foliar 5'3C suggests greater WUE in trees from Provenance 4,
which consists of the Piedmont and Montane uplands, than in Provenances 1 and 2, which include the
western Gulf Coastal Plain and a portion of the eastern Gulf Coastal Plain. Longleaf pine forests in the
Piedmont and Montane uplands of Provenance 4 typically exist on well-drained, rocky, clay soils of
exposed ridges and south-facing slopes [29]. However, in some cases, foliar §*C and WUE may vary
independently [43]. For example, WUE is related to evaporative demand, which does not directly affect
foliar 8°C, and variation in foliar "*C may be more related to variation in mesophyll conductance
than WUE [27]. We suggest that provenance variation in foliar §*C may be related to WUE in this
study, because all families at a given provenance test were exposed to the same evaporative demand
and provenance variation in SLW was not similar to the variation in foliar '3C. The production of
thicker or denser leaves associated with increased SLW may increase resistance to CO, diffusion to the
chloroplast and increase foliar 513C [44,45].

No significant genetic by environment or year by genetic by environment interactions were
detected for any traits, indicating that provenance rankings were similar across the two sites,
which varied in climate and soils, and across the 2 years, which varied in precipitation. These results
suggest that provenance variation in the traits studied here may be stable across the species” range.
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Furthermore, trees from Provenance 4 may demonstrate increased foliar 5!'3C, and possibly increased
WUE, across a range of sites and precipitation regimes and, thus, may be better adapted to a changing
climate. Similarly, no genetic by environment interactions for foliar §'3C were reported for Picea glauca
(Moench) Voss [46], Pinus ponderosa [15], Picea mariana (Mill.) B.S.P. [16], and Pinus radiata [47].
Higher foliar 'C suggests potential genetic adaptation to drought in longleaf pine, but more testing
with additional families and direct measurements of WUE under drought stress are needed to confirm
not only greater WUE but also greater drought tolerance in this provenance. Although increased WUE
can prolong survival under drought [48], it may not in all environments if soil water depletion is not
slowed or if plants with high WUE grow faster and use more water [17].

In this study, the provenance with the highest foliar §'3C did not demonstrate the greatest or least
height. Similarly, at age 6, taller seedlings did not exhibit increased foliar §!3C, perhaps because of
genetic variability in the timing of emergence from the grass stage, which can vary by several years [49].
It has been demonstrated that less discrimination by Rubisco against '>*C may result in greater
productivity, particularly on water-limited sites, and thus, foliar 5'3C may be a useful selection trait
for high WUE without compromising yield [46]. For example, positive genetic correlations between
foliar §'3C and growth in Pinus radiata indicated that variation in foliar §'*C among populations was
controlled mainly by variation in photosynthetic capacity [50]. Similarly, in Pinus elliottii (Engelm.)
var. elliottii and Pinus caribaea var. hondurensis (Barr. Et Golf.) hybrids, faster growing trees had
higher foliar §!3C [51]. Since height and foliar '>C were not correlated, it may be possible to select
for improved foliar 513C without sacrificing growth in longleaf pine. Conversely, Kerr et al. [52]
found reduced growth associated with increased foliar §'3C in Pinus ponderosa provenances from drier
regions. They concluded that decreased growth was a trade-off for increased drought resistance.

Increased foliar §!3C may be a result of increases in photosynthetic capacity [16] or reductions
in stomatal conductance related to hydraulic characteristics [53]. Variation in foliar §!3C among
longleaf pine provenances was not accompanied by provenance variation in foliar N concentration,
suggesting that provenance variation in foliar 5!3C was a result of differences in stomatal conductance
among provenances. A review of genetic variation in the drought tolerance of conifers concluded
that in the majority of studies, higher WUE usually resulted from reductions in stomatal conductance,
which can limit photosynthesis and growth [17]. Nonetheless, population variation in WUE and
stomatal control of water loss have been shown to be related to drought tolerance in pines in some
cases [52].

5. Conclusions

Despite the limited number of families studied per provenance, range-wide patterns in foliar '3C
were found, with greater foliar 5!3C observed in trees from the provenance consisting of the Piedmont
and Montane Uplands than in trees from the provenances representing the western Gulf Coastal Plain
and a portion of the eastern Gulf Coastal Plain. Preliminary analysis of longleaf pine provenance tests in
Virginia with different families also indicated provenance variation in foliar §'C [54], thus supporting
our hypothesis that genetic variation in foliar §!3C exists in longleaf pine. These results represent the
first step in identifying potential genetic variation in WUE and perhaps drought tolerance of longleaf
pine. As increased foliar 5'3C may not be equivalent to increased WUE, and high WUE may not reflect
improved drought adaptation [17,19], further testing including more detailed physiological studies are
needed to determine if foliar 5'3C is a useful selection trait in longleaf pine.
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