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Abstract: Between the late 1970s and the early 1990s, the USDA Forest Service installed 155 shortleaf
pine (Pinus echinata Mill.) progeny tests in national forests across the Southern Region of the United
States. Using control-pollinated crosses from the Mount Ida Seed Orchard, 84 of these progeny
tests were established in the Ouachita and Ozark-St. Francis National Forests in Arkansas and
Oklahoma. Each of these 84 test locations had, on average, 33 full-sibling families representing three
local geographic seed sources (East Ouachita, West Ouachita, and Ozark). Though largely abandoned
years ago, the progeny tests that remain provided an opportunity to determine if significant genetic
and genetic × environment variance exists for performance traits (d.b.h., tree height, and survival)
decades after installation. In 2018 and 2019, we remeasured d.b.h. and height and determined
survival in 15 fully stocked progeny tests. Family variances were significant (p < 0.01) for both d.b.h.
and height but not for survival (p > 0.05). Seed sources differed significantly (p < 0.05) for d.b.h.,
with more pronounced latitudinal differences. Additionally, we determined that individual tree
and full-sibling family mean heritabilities were moderate (0.15 and 0.72, respectively, for d.b.h and
0.09 and 0.41, for height), suggesting relatively high genetic to environmental variation and good
potential for genetic improvement. We also found that shortleaf pine families were broadly adapted
in this region since family-by-test variances were non-significant (p > 0.05).

Keywords: genetic variation; heritability; seed sources; progeny test; restoration

1. Introduction

Shortleaf pine (Pinus echinata Mill.) is native to 22 states from southern New York
to eastern Texas and has the largest natural range of the four major southern pines [1,2].
The extensive distribution of shortleaf pine suggests its adaptability to a wide variety
of environmental conditions and considerable genetic diversity [3–5]. Shortleaf pine is
also known for its commercial and ecological importance. For example, the species has
excellent stem form, good growth rates, notable drought tolerance, high resistance to
fusiform rust, and yields valuable sawtimber and pulpwood [6–8]. The species also offers
better opportunities for some conservation purposes than its common associate loblolly
pine (Pinus taeda L.)—as an example, red-cockaded woodpeckers (Picoides borealis Vieillot)
prefer mature or over-mature shortleaf pine forests [7].
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Over the last half-century, shortleaf pine has experienced a significant decline in
coverage area and importance across its range, with a particularly dramatic decrease
between 1980 and 2013 [9–12]. While this decline is especially prominent in Piedmont,
East Gulf Coastal Plain, and the southern Appalachians, it has also been noticeable in the
western part of shortleaf pine’s range, where the species tends to be most prominent [13].
Research and manager experiences suggest that there are several contributing factors to
this decline. For example, decades of changes to fire regimes (leading to more hybridization
with loblolly pine and insufficient natural regeneration), selection bias in harvest treatments,
and other unfavorable forest management practices (e.g., preferential planting of loblolly
pine on shortleaf pine sites) have all greatly reduced shortleaf pine abundance [9,12,14].

Not surprisingly, then, shortleaf pine has become a species of growing conservation
concern, especially on public lands [9,15]. Consequently, efforts are underway to halt, if not
reverse, the range-wide decline of shortleaf pine. In part, this may be achieved by restoring
the species to sites it formerly dominated, particularly on the national forests of Arkansas,
Missouri, and Oklahoma, where conditions are generally most favorable for the establish-
ment and development of shortleaf pine [16]. Widespread shortleaf pine restoration also
presents an opportunity to improve the quality of this commercially important species
through the selection of genetic materials better suited for timber production, carbon
sequestration, drought tolerance, and/or disease resistance in a changing climate [17–19].

Tree improvement and the genetics of shortleaf pine have been studied since at
least the 1950s, including seed source trials and progeny tests [20–22]. This includes the
Southwide Pine Seed Source Study, the first major regional test of growth performance
and disease resistance of shortleaf and other southern pines from different geographic
sources [21,23,24]. By the 1960s, a shortleaf pine tree improvement program was initiated
by the Southern Region of the USDA Forest Service (USFS) using hundreds of superior
trees from 12 geographic seed sources selected for their form and straightness, insect
and disease resistance, flowering and cone production, and growth. This work led to
the establishment of first-generation seed orchards in Arkansas, Louisiana, Mississippi,
and North Carolina. Controlled breeding among the first-generation trees began in the
late 1970s to develop full-sibling families for progeny testing in support of the Southern
Region’s tree improvement program to produce genetically improved seed for their timber
management program [8,25].

From the late 1970s and running into the early 1990s, the USFS established 155 short-
leaf pine full-sibling family progeny tests on national forests across the entire Southern
Region [17]. Of these, 84 progeny tests were established on the Ouachita and Ozark-St.
Francis National Forests, and two analyses have been conducted on data collected at 5 and
10 years of age, respectively [17,26]. Researchers found that height and survival at age 5 did
not vary among the three tested seed sources (East and West Ouachita and Ozark) [26]. Due
to this lack of difference, ref. [26] recommended merging the different seed sources into
one breeding population. By year 10, however, ref. [17] they found significant differences
among seed sources for both height and diameter and large differences among families for
both performance traits, which led them to conclude that family selection would be effec-
tive. However, they still recommended maintaining a single breeding population across
the Ouachita and Ozark-St. Francis National Forests because there were good families from
all three seed sources.

During the mid-1990s, the USFS’s mission evolved into sustainable ecosystem manage-
ment, while production forestry through intensive timber management became a secondary
priority [27]. As a result, USFS’s tree improvement work was significantly curtailed because
less seed was needed for reforestation, and declining budgets led to the abandonment of
most of the Southern Region’s progeny plantings [28]. The study in [17] of family per-
formance and seed source differences on these Ouachita and Ozark-St. Francis shortleaf
pine progeny tests at age 10 was the last scientific analysis conducted. Recently, growing
concerns about the range-wide decline of shortleaf pine and a desire to expand agency re-
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forestation efforts to restore shortleaf pine have led to renewed interest in existing shortleaf
pine progeny tests.

Given that the Southern Region’s progeny tests are now considerably older (at or near
rotation age), it would be of interest to forest and seed orchard managers as well as tree
improvement specialists to better understand the relative importance of genetic (i.e., seed
sources and families-within-sources) and environmental (i.e., planting regions and test
sites-within-regions) variances and their interaction (G × E) on individual tree performance
traits. As such, the objective of this study was to determine if significant genetic and G × E
variance existed for d.b.h., tree height, and survival in these existing progeny tests. The
information obtained over longer time scales can help managers understand the importance
of family and seed source selection for restoration efforts, especially those looking to return
shortleaf pine to areas that had been converted to loblolly pine or other cover types. A
further objective, currently underway in a separate analysis, is to consider if these tests can
be used to estimate the genetic parameters needed for breeding value prediction. Together,
addressing these objectives should help tree improvement specialists and seed orchard
managers to determine which parents to maintain in their current orchard and which tree
should be considered when developing a next-generation orchard.

2. Materials and Methods
2.1. Study Area

The original 84 shortleaf pine progeny tests were well distributed across the Ouachita
National Forest in western Arkansas and eastern Oklahoma and the Ozark-St. Francis
National Forest in northern and eastern Arkansas; however, our sampled tests were
exclusively in western and northern Arkansas (Figure 1). The Ouachita Mountains are
characterized by folded ridges and valleys composed of Paleozoic rocks [29]. The ridges are
generally aligned east to west, resulting in an extensive south-facing slope that is exposed
to sunlight and becomes dry, and a north-facing slope that is protected from direct solar
radiation and is consequently cooler and more mesic. This orientation created alternate
bands of distinct vegetation types, with the south-facing slopes dominated by xeric shortleaf
pine and shortleaf pine-oak forests and woodlands and north-facing slopes dominated by
mesic hardwood forests. Annual precipitation (primarily rainfall) in the Arkansas Ouachita
Mountains ranges from 1200 mm to 1400 mm. The mean minimum (January) and maximum
(July) monthly temperatures in these mountains are 8.7◦ and 22.0 ◦C, respectively [30,31].
The Ozark Mountains are characterized by flat-topped plateaus, rugged hills, and deep
valleys carved by streams into the limestone and dolomite bedrock that underlies most of
the area. The Ozarks are comprised of three distinct plateaus—Boston, Springfield, and
Salem—each representing a slightly different vegetation type [29]. Similar to the Ouachita
Mountains, the warm south-facing Ozark slopes are dominated by xeric shortleaf pine
and shortleaf pine–oak forests, and cool, north-facing slopes are mostly mesic oak–hickory
forests. Average minimum and maximum monthly (January and July) temperatures in the
Ozark region are 7.1◦ and 20.2 ◦C, respectively, while annual precipitation ranges from
1100 mm to 1400 mm [30].

2.2. Seed Sources

The parent trees for the shortleaf pine progeny tests were selected from three then-
designated provenances or seed sources within the Ouachita and Ozark-St. Francis Na-
tional Forests: East Ouachita (EOU), West Ouachita (WOU), and Ozark (OZ) (Figure 1).
The division of the Ouachita National Forest into two seed sources was not based on any
provenance test or other research information [23]; rather, the demarcation of the East and
West Ouachita source areas was defined by the north–south running US Highway 71 in
western Arkansas that roughly bisects the Ouachita National Forest [26]. The Ozark region
lies north of the Arkansas River at some distance north of the Ouachita seed sources and
consists of notably different soil parent materials, climate regime, and land-use history.
While this distance is not large (<100 km), when designated it was expected that these
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seed source areas would have been influenced by different environmental gradients. For
example, the West Ouachita and Ozark seed sources have more severe summer droughts
than in East Ouachita [26], which could cause discernable performance-related variation.Forests 2021, 12, x FOR PEER REVIEW 4 of 17 
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Figure 1. Fifteen shortleaf pine progeny test plantations (circles in black) sampled in the East Ouachita (grey background),
West Ouachita (black background), and Ozark (light grey background) seed source regions. The star symbol denotes the
location of the Mount Ida Seed Orchard in the Ouachita National Forest.

2.3. Original Design of Crosses and Test Plantations

Controlled crossing of parent trees was conducted at the Mount Ida Seed Orchard
(MISO) in Arkansas. The shortleaf pine component of the MISO consists of the following:
~176 ha of first-generation selections, 6 ha of pedigreed second-generation selections (the
“production” orchard), a 4.5 ha of pedigreed second-generation selections (the “breeding”
orchard), and a block of shortleaf pine from the Mark Twain National Forest in the Missouri
Ozarks (established in 1972) [32]. The progeny tests sampled in this study were the
offspring of the first-generation shortleaf pine of Arkansas origin. Furthermore, a recent
genetic analysis of the MISO revealed that none of these first-generation shortleaf pine
selections were F1 hybrids with any other southern pine species [18].

The MISO’s shortleaf pine breeding plan for the progeny tests was implemented with a
six-by-six disconnected half-diallel crossing scheme in which clones from the East Ouachita,
Ozark, and West Ouachita seed sources were used as female and male parents using
25 crossing groups (half-diallel) for a total of 150 parents and 375 full-sibling families [26].
The potential number of crosses in a six-by-six half-diallel is 15, and in this case, three
of which included parents from the same seed source (intra-provenance crosses), while
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the other 12 were between parents from different seed sources (inter-provenance crosses).
All crosses included in the analysis were full-sibling families assumed to be composed of
unrelated parents [17,33].

Seeds from controlled-pollinated crosses (hereafter, full-sibling “families”, as very
few reciprocal crosses were made) were planted in progeny field tests at locations across
the Ouachita and Ozark National Forests, with one progeny test per planting location
(hereafter, “test” or “test site”). The planting design, a randomized block, consisted of
five replications (at most locations) of 10-tree row plots, with trees on a 2.4 m × 2.4 m
spacing. As replicates were not complete in some tests (i.e., all families were not present in
all replications), it resulted in an unequal number of families in the tests. Therefore, while
the entire progeny test effort averaged 33 families per test location, the 15 progeny tests in
this study (Table 1) averaged 31 families.

2.4. Current Sampling and Data Collection

In 2013, the USFS Southern Region Genetics Program documented the condition of
the original 84 shortleaf pine progeny tests on the Ouachita and Ozark-St. Francis National
Forests to provide guidance on their future use and maintenance. This assessment showed
that the hosting ranger districts managed these abandoned progeny tests inconsistently,
from reserving some from management to putting them into general timber operations.
Over the years, others were partially or fully destroyed by fires, inadvertent logging, ice
storms, insects, and wind events. However, enough of these shortleaf pine progeny tests
remained sufficiently consistent with their design to warrant further study. After several
discussions between the Southern Region and the Southern Research Station, a decision
was made to examine some of the most intact progeny tests as a part of a broader project
on shortleaf pine genetics in the Arkansas region.

In 2018, the 2013 condition assessment was used as a starting point to place the
progeny tests into one of four categories, depending largely on 2013 live tree stocking levels
for the surviving replicates. These four categories were: (1) preferred (trees tagged and all
replicates fully stocked, i.e., at least 9.3 m2/ha of live basal area); (2) acceptable (most tree
tags present and at least four replicates fully stocked); (3) marginal (many tags were missing
and/or fewer than three replicates fully stocked); and (4) unacceptable (tests too damaged
or destroyed to be viable). Based on these criteria, we selected 39 progeny tests (20 from the
Ouachita National Forest and 19 from the Ozark National Forest) for further consideration.
The progeny tests on the Ouachita National Forest were in somewhat better condition, with
10, 9, and 1 tests representing preferred, acceptable and marginal categories, respectively,
compared to 0, 15, and 4 tests on the Ozark National Forest. After this classification, we
visited the 34 preferred and acceptable (as suggested by the 2013 stocking levels) tests in
2018 and 2019 to determine if they remained suitable for re-measurement (e.g., still fully
stocked; tags present and legible).

Time and resource constraints during 2018–2019 limited our field sampling to 15 short-
leaf pine progeny tests—7 from the EOU, 4 from the WOU, and 4 from the OZ seed sources
(Figure 1, Table 1). These progeny tests had been established on moderate-quality sites (50-
year site indices of 15.2 to 21.3 m; [34]) between 1978 and 1988, and hence were between 31
and 40 years old when remeasured in 2018 or 2019 (Table 1). For the current field sampling
effort, shortleaf pine families were identified based on tags placed beside them during
planting and their location on their respective deployment maps. All 10 trees in a row plot
were designated and counted as either alive or dead. This produced a sample of nearly
11,000 live shortleaf pines in these progeny tests, ranging from 437 to 1086 trees per test
location (Table 1). A total of 345 full-sibling families were remeasured; of these, 249 were
found in only one progeny test (i.e., unique families), 88 were found in two progeny tests
(i.e., shared-1 families), and only 8 were found in three or more progeny tests (i.e., shared-2
families) (Table 2). The number of unique families per test location ranged from 1 to 30, the
majority of which appeared in the EOU region’s tests (112 families), followed by the OZ
(82 families) and WOU (55 families) tests.
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Table 1. Information on test sites, families, and trees by test site in the shortleaf pine progeny plantations on the East Ouachita (EOU), West Ouachita (WOU), and Ozark (OZ) seed
source regions.

Test # Ranger District Source Region SI50 (m) a - - - - - - -Families- - - - - - -
Date Planted

- - - - - - - - - - - - - - - - - - - - - - - -As Measured in 2018–2019- - - - - - - - - - - - - - - - - - - - - - - -

Unique b Shared Age (Years) c % Storm Damage d Live # of Trees Percent Alive

21 Oden EOU 21.3 15 8 1984 34 88.8 660 49.2
29 Oden EOU 19.8 24 3 1985 33 65.9 772 58.9
48 Oden EOU 19.8 26 6 1987 31 88.3 706 47.7
1 Womble EOU 18.2 7 12 1978 40 38.5 437 48
5 Womble EOU 21.3 28 6 1981 38 75.7 778 58.3

19 Womble EOU 21.3 1 27 1984 34 76.1 625 36.3
31 Womble EOU 21.3 11 18 1985 33 65.3 578 51.7
25 Cold Springs WOU 19.8 25 9 1984 35 68.9 1086 63.8
6 Mena WOU 19.8 3 28 1981 38 93.3 691 43.1

10 Mena WOU 21.3 21 16 1982 37 34.2 724 53.2
38 Mena WOU 19.8 6 15 1986 33 36.9 563 46.5
14 Big Piney OZ 15.2 15 15 1984 35 8 755 47.1
28 Boston Mountains OZ 15.2 27 9 1987 32 8.8 871 54.4
33 Mount Magazine OZ 18.2 10 12 1988 31 4.1 947 56
32 Pleasant Hill OZ 18.2 30 7 1988 31 2.2 755 69.9

Averages 50.4 52.3
Totals 249 96 11,058

a SI50 = site index (dominant and codominant total tree height (in m) at base age 50 years). b Unique families were planted on only one progeny test site, while shared families were planted on two or more test
sites. c Age when remeasured in 2018 or 2019. d Percent of live trees with visible storm (probably ice) damage.

Table 2. Statistics on the shortleaf pine family types remeasured in 2018–2019.

Family Type a Number of Families
- - -Live Trees- - - - - - - - - - - - -d.b.h. (cm)- - - - - - - - - - - - - - - - - - - - -Total Height (m)- - - - - - - - -

No. Percent b Mean (Min.–Max.) CV Mean (Min.–Max.) CV

Unique 249 5593 55.9 23.1 (7.80–43.7) 16.7 17.4 (9.14–24.9) 9.88
Shared-1 88 3630 49.5 24.4 (8.63–44.6) 18.3 18.7 (8.83–30.5) 12.5
Shared-2 8 1835 51.6 23.5 (9.39–42.7) 21.3 18.3 (10.4–27.4) 15.7

All 345 11058 52.3 23.6 (7.80–44.6) 18.8 18.1 (8.83–30.5) 12.8
a Unique families were planted on only one progeny test site, shared-1 families were planted on two test sites, shared-2 families were planted on three or more test sites, and all families included both unique and
shared families. b Percent of planted trees still alive in 2018 or 2019. CV = Coefficient of variation (%).
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Diameter at breast height (d.b.h.) was measured (to the nearest 0.1 cm) on all live
trees. Two of these trees per 10-tree plot were randomly selected for total tree height (to
the nearest 0.1 m) measurement. If a dead or missing tree was encountered, the next live
tree would be chosen for both d.b.h. and height measurements. A simple condition/status
assessment was taken on both live (e.g., storm damage, fork defect, and insect damage)
and dead trees (e.g., dead standing, dead and down, and dead missing). For storm damage,
live trees were categorized as either injured in the past (for example, trees with a “crook” in
the upper stem; see Figure 2) or apparently undamaged. For each test, we also determined
planting date and age (difference between establishment year and sampling year of a test).
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Figure 2. Shortleaf pine with (probably ice) storm damage in a progeny test in the Ouachita National
Forest. The main leader in these mature trees was broken, likely by the same event, years earlier,
resulting in a “crook” bole and spike knot (arrows). Photograph by Shaik Hossain.

Note that the prior studies of [17,26,32] were based on 30 of the shortleaf pine progeny
tests from the original 84 tests on the Ouachita and Ozark-St. Francis National Forests; we
do not know if the 15 progeny tests we studied included any from those sampled by these
earlier researchers. Further, we did not have a balanced sample of families for analysis,
partly because we deliberately chose a subset of progeny tests that were well-stocked to
represent the best growth and yield information, and partly because family representation
was not uniform across the progeny test sites. Due to these conditions, we chose to analyze
families as a random effect and tested for the significance of the family variance component
instead of as a fixed effect with the focus on comparisons of family means (see Section 2.5).

2.5. Data Analysis

To investigate the sources of variance in the traits measured (i.e., d.b.h., height, and
survival) in these progeny tests, linear mixed model analyses (Proc Mixed, SAS v9.4, [35])
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were used (model 1). We used age-adjusted (base age 35 years) values for d.b.h and height
by multiplying both d.b.h. and height variables by the ratio of base age (35 years) to test
age, which replaced the need for using age in the model as a separate independent variable.
For survival, we used a binary code to reflect the tree’s status (0 = dead or 1 = alive) when
sampled in 2018 and 2019. In addition to Proc Mixed, we used Proc Glimmix (SAS v9.4)
for survival, specifying a binary distribution and the same model (1) as for the growth
traits. The independent variables included in the model were full-sibling family (F), test
site (S), replication (R), interactions with family, and residual (ε) using the following
statistical model:

Yijkl = µ + Si + R(S)i(j) + Fk + SFik + FR (S)ki(j) + εijkl (1)

where Y represents d.b.h., height, or survival; µ was the overall mean; and all other effects
were considered random. Only the 96 families that were planted on multiple test sites (i.e.,
shared-1 and shared-2 families) were included in this analysis because we are specifically
interested in family and family × test site variation in these traits.

Since less than a third of the families (96 of 345) were tested on more than one test
sites (see model 1) we determined it would be informative to use all families at each test
site to look at trends in the family variance of the measured traits on a test-by-test basis
(model 2). To do this, we conducted linear mixed model analyses (Proc Mixed, SAS v9.4)
using the following statistical model:

Yijk = µ + Ri + Fj + RFij + εijk (2)

where Y represents d.b.h., height, or survival; µ was the overall mean; and all other effects
were random (as above). All 345 families were included in the analysis, with from 19 to 36
families planted on the 15 test sites.

The effects of seed source on the measured variables (e.g., d.b.h., height, and survival)
across all 15 tests were assessed (model 3) using linear mixed model analyses (SAS Proc
Mixed v 9.4). The independent variables included in the model were provenance, i.e., seed
sources (P), test site (S), replication (R), and the interactions with provenance and error (ε)
using the following statistical model:

Yijkl = µ + Si + R (S)j(i) + Pk + PSik + PR (S)kj(i) + εijkl (3)

where Y represents d.b.h., height, or survival; S was test site; µ was the overall mean;
Provenance was set as a fixed effect; and all other effects were considered random. A
total of 285 families that could be assigned to a given seed source (i.e., both female and
male parents from the same source) were included in this analysis (93 in EOU, 128 in
WOU, and 64 in OZ), providing three seed sources for the analysis (EE = EOU × EOU,
WW = WOU × WOU, and OO = OZ × OZ crosses). The values for d.b.h and height were
adjusted with the base age of 35 as described above.

Additionally, we conducted linear mixed model analyses (model 4) to compare intra-
vs. inter-provenance families (provenance types) across all 15 tests using the following
statistical model:

Yijkl = µ + S i + R (S)j(i) + T + STik + TR (S)kj(i) + εijkl (4)

where provenance type (T) was set as a fixed effect, such that comparisons were made
between intra-provenance (EE + WW + OO) and inter-provenance (EW + EO + WO)
families, and all other effects were random (as above). Based on our selection criteria (i.e.,
parents from the same sources for intra-provenance and parents from different sources
for inter-provenance), all 345 families (285 families intra-provenance and 60 families inter-
provenance) were included in this analysis. The provenance type effects were not significant
(p > 0.05) for any of the traits and thus were not considered further.
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As a measure of the relative importance of genetic and environmental variation for the
measured traits in these progeny tests, we estimated heritabilities—proportion of genetic
to phenotypic variance—based on individual trees and full-sibling family means. The
individual tree heritability (model 5) is based on the traits’ covariance among full-siblings
and is thus biased upward from the narrow-sense heritability by the presence of dominance
genetic variance. Family mean heritability (model 6) provides some insight into the value of
family information in evaluating a tree’s genetic value. Breeding value estimates (additive
genetic value of a tree), which rely on a clean estimate of the additive genetic variance and
are needed for making selections in an open-pollinated species, such as shortleaf pine, were
beyond the scope of this study and will be obtained and reported in a separate analysis.
The general statistical model of estimating individual tree heritability (h2) is as follows:

h2
i = 2σ2

f

(
σ2

f + σ2
s f + σ2

r f (s) + σ2
ε

)
(5)

where the numerator is an estimate of the additive genetic variance and the denominator is
an estimate of the phenotypic variance [36]. In this case, variances (σ2) come from model (1)
where σ2

f is family variance, σ2
sf is test × family interaction variance, σ2

rf(s) is replication
× family within-test interaction variation, and σ2

ε is the residual error variance. For family
mean heritability (h2

FS), the following statistical model was used:

h2
FS = σ2

f /
[
σ2

f +
(

σ2
s f

)
/e +

(
σ2

r f (s)

)
/r +

(
σ2

e

)
/n
]

(6)

where the variances are the same as in (5), from model (1), and the coefficients from the
expected means squares (provided by SAS) of the analysis as follows: e = number of test
sites (~2.6); r = number of replications × number of test sites (~10.4); and n = number of
trees per family (~20.3 for height and survival and ~40.9 for d.b.h.). Standard errors of the
heritability estimates were calculated using the Delta method [37].

3. Results and Discussion
3.1. Tree Size Differences

Similar tree sizes were observed among the three family types (i.e., unique and the two
shared categories)—mean d.b.h. and height ranged between 23.1 and 24.4 cm (standard
deviations = 3.9 to 5.0 cm) and between 17.4 and 18.7 m (standard deviations = 1.7 to
2.9 m), respectively (Table 2). In addition, tree size varied noticeably within a family for all
family types—ranges of d.b.h. and height varied from 7.8 to 44.6 cm and from 8.8 to 30.5 m,
respectively (Table 2). Ranges of d.b.h. and height appeared to be wider for all families
compared to either the unique or shared families alone, as expected. When considering
the eight families found in at least three tests (shared-2), considerable variation in tree size
was observed, with mean d.b.h. and height ranging between 21.8 and 28.1 cm (standard
deviations = 4.2 to 5.8 cm) and between 17.7 and 19.9 m (standard deviations = 2.7 to 3.1 m),
respectively (Table 3). Within-family variation of tree size was also observed—ranges of
d.b.h. and height varied from 9.4 to 42.7 cm and from 10.4 to 27.4 m, respectively, for these
eight families (Table 3).
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Table 3. Statistics on the shortleaf pine families remeasured on three or more of the progeny tests visited in 2018–2019.

Family a Parent Seed Source(s) No. of Tests
- - -Live Trees- - - - - - - - - - - -d.b.h. (cm)- - - - - - - - - - - - - -Total Height (m)- - - - -

No. Percent b Mean
(Min.–Max.) CV Mean

(Min.–Max.) CV

103_201 EOU 13 292 53.1 24.3 (10.4–40.6) 18.3 18.7 (10.4–25.9) 16.0
115_312 EOU & WOU 14 302 52.7 23.1 (11.6–34.1) 18.2 17.8 (10.9–25.6) 15.8
120_333 EOU 9 211 57.4 24.1 (10.2–35.8) 20.8 17.8 (11.5–24.4) 16.8
135_233 EOU 3 47 36.6 28.1 (16.5–39.1) 20.8 19.9 (14.6–25.1) 15.3
322_901 EOU & WOU 14 277 48.9 23.2 (11.4–38.3) 20.7 17.8 (11.6–24.1) 15.5
620_901 EOU & OZ 14 267 46.0 23.1 (9.39–42.7) 23.1 17.7 (11.3–23.5) 15.0
319_913 EOU 14 350 59.8 23.3 (10.2–35.8) 20.7 17.8 (11.3–24.3) 17.1
888_999 EOU 5 89 49.4 21.8 (10.2–34.3) 22.9 19.1 (15.5–27.4) 14.2

a Parent IDs of full-sibling families. b Percent of planted trees still alive in 2018 or 2019. CV = Coefficient of variation (%).

Full-sibling family was the most important predictor in explaining variation in tree size
across test sites (model 1). Family variances were highly significant (p < 0.001) for both d.b.h.
and height (Table 4), indicating large family differences for tree size. This is substantiated
by the fact that family × test interaction term was non-significant (p > 0.05) for both
d.b.h. and height, suggesting that families performed consistently across test sites. When
considering individual test sites (model 2), family was also the most significant (p < 0.05)
predictor for both d.b.h. and height (Table 5). In addition, replication for d.b.h. and
height and replication × family interaction term for d.b.h. were non-significant (p > 0.05)
for the majority of test sites, indicating relatively strong family (i.e., genetic) variance
relative to environmental variance (Table 5). However, the replication × family interaction
term for height was significant (p < 0.05) for several tests (Table 5), suggesting that family
performances in these tests were largely dependent upon environmental variation. These
results indicate a wide range in family performance within the sampled seed sources
across the sampled test sites, suggesting an opportunity to improve the current seed
orchards [17,38] based on the progeny test information. Site variances were significant
for both d.b.h. and height across test sites (p < 0.001, Table 4); however, test × family
interaction term was non-significant (p > 0.05) so genotype-related variation appeared to be
independent of the environmental variation. This suggests that shortleaf pine populations
in our study system are broadly adapted.

Table 4. Main effect and interaction variances for d.b.h., tree height, and survival across test sites.

Variable Covariance Parameter Estimate Z Value p > Z

d.b.h.

Test 0.63 2.53 0.0057
Replication(test) 0.06 2.83 0.0024

Family 0.23 4.54 0.0001
Test*family 0.04 1.43 0.0771

Rep*family(test) 0.06 1.53 0.0629
Residual 2.88 43.18 0.0001

Height

Test 37.2 2.41 0.0079
Replication(test) 13.5 4.58 0.0001

Family 1.89 2.33 0.0096
Test*family 1.15 1.40 0.0809

Rep*family(Test) 10.3 7.74 0.0001
Residual 27.1 23.31 0.0001

Survival

Test 0.09 2.11 0.0213
Replication(test) 0.03 2.51 0.0731

Family 0.04 1.95 0.1843
Test*family 0.05 2.64 0.0673

Rep*family(test) 0.06 2.66 0.0746
Residual 0.97 71.21 0.0001
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Table 5. Variances of full-sibling family, replication, and replication × family interaction term for d.b.h., tree height, and
survival by test sites.

Trait Test - - - - - - - - - - - -Family a- - - - - - - - - - - - - - - - - - - - - - -Replication a- - - - - - - - - - - - - - -Replication × Family a- - -

no. Estimate Z Val. p > Z Estimate Z Val. p > Z Estimate Z Val. p > Z

d.b.h.
1 0.23 1.53 0.062 n.a. n.a. n.a. 0.40 2.30 0.011
5 0.33 2.76 0.002 0.12 1.07 0.142 0.03 0.42 0.337
6 0.36 2.86 0.002 0.09 1.13 0.129 0.01 0.03 0.486

10 0.16 1.97 0.024 0.02 0.67 0.252 0.09 1.01 0.156
14 0.06 1.04 0.149 n.a. n.a. n.a. 0.16 1.34 0.090
19 0.25 1.89 0.029 0.04 0.75 0.226 0.25 1.72 0.042
21 0.18 2.16 0.015 0.03 0.82 0.206 n.a. n.a. n.a.
25 0.11 1.90 0.028 0.04 0.94 0.173 0.20 2.69 0.003
28 0.44 3.03 0.001 n.a. n.a. n.a. n.a. n.a. n.a.
29 0.01 0.50 0.308 0 0.45 0.326 n.a. n.a. n.a.
31 0.14 1.81 0.035 0.06 1.02 0.154 0.13 1.40 0.080
32 0.16 1.94 0.026 0.02 0.63 0.265 0.11 1.19 0.116
33 0.32 2.89 0.001 0.03 0.90 0.185 0.06 0.67 0.250
38 0.20 1.68 0.045 0.09 1.05 0.147 0.06 0.50 0.310
48 0.11 1.79 0.036 n.a. n.a. n.a. 0 0.11 0.454

Height
1 2.65 1.32 0.056 41.80 1.20 0.115 12.10 2.61 0.004
5 1.18 0.61 0.271 32.10 1.20 0.114 8.76 2.61 0.004
6 0.29 0.35 0.365 9.48 1.35 0.088 5.75 2.92 0.001

10 0 n.a. n.a. 12.00 1.19 0.117 5.91 3.27 0.001
14 4.86 2.29 0.011 1.92 1.10 0.135 3.33 1.21 0.113
19 0 n.a. n.a. 10.50 1.34 0.089 7.05 2.69 0.003
21 2.33 1.71 0.043 1.24 0.96 0.169 3.02 1.53 0.063
25 0 n.a. n.a. 20.10 1.37 0.085 10.00 3.54 0
28 4.83 2.37 0.008 0.75 0.89 0.186 5.58 2.65 0.004
29 0 n.a. n.a. 29.50 1.39 0.083 9.24 4.27 0
31 3.51 1.76 0.038 28.00 1.38 0.083 5.60 1.87 0.030
32 0 n.a. n.a. n.a. n.a. n.a. 5.99 1.69 0.045
33 6.01 1.47 0.050 11.40 1.25 0.104 29.30 4.59 0
38 3.95 1.18 0.118 22.90 1.34 0.090 9.51 1.67 0.047
48 1.69 1.71 0.043 1.48 1.15 0.125 0.96 0.57 0.285

Survival
1 0.01 0.53 0.296 0.01 0.64 0.259 n.a. n.a. n.a.
5 0.01 1.65 0.049 0 0.09 0.465 0.01 2.51 0.006
6 0.01 0.77 0.220 0 0.28 0.391 n.a. n.a. n.a.

10 0.01 1.31 0.095 0 0.87 0.193 0.01 2.26 0.011
14 0.01 1.61 0.053 0 0.70 0.243 0.01 2.10 0.018
19 0.01 2.25 0.012 0 0.13 0.446 0.01 1.57 0.058
21 0.01 0.78 0.217 0 0.85 0.198 0.01 1.92 0.027
25 0.01 1.49 0.068 n.a. n.a. n.a. 0.01 3.26 0
28 0.02 2.50 0.006 0 0.43 0.333 0.01 2.75 0.003
29 0.01 1.80 0.035 0 0.56 0.286 0 0.89 0.187
31 0.01 2.29 0.011 0 0.46 0.324 0 1.27 0.102
32 0.01 1.70 0.044 0 0.24 0.404 0 1.23 0.108
33 0.01 1.40 0.081 0 0.82 0.206 0.01 2.92 0.001
38 0.02 2.28 0.011 0 0.52 0.300 0 1.53 0.063
48 0.02 2.27 0.011 n.a. n.a. n.a. 0 0.92 0.179

a Variance parameters. n.a. = Not available.

Consistent with our results, two prior studies conducted at age 5 and 10, respectively,
found a significant (p < 0.05) effect of family on d.b.h. [17] and tree height [26], suggesting
that the family differences for tree size at early ages (between 5 and 10 years) in these
progeny tests may have been sustained through time. Not surprisingly, tree size increased
appreciably when compared to earlier measurements of the general populations of progeny
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tests (e.g., d.b.h. averaged 10.3 cm at age 10 across the seed sources [17], but it averaged
23.6 cm across all our tested families in this study). Notably, we found a significant seed
source effect for d.b.h. (p = 0.05; model 3, Table 6) but no such effect for height between
sources (p = 0.64). The EOU seed source exhibited the best performance in terms of mean
d.b.h. (24.6 cm) while the OZ seed source demonstrated the poorest performance (22.4 cm
mean d.b.h.) (Table 7).

Table 6. Provenance (i.e., seed source) effects for d.b.h., tree height and survival.

Variable Source of Variation df F p

d.b.h. Seed source 2 4.20 0.050
Height Seed source 2 0.43 0.644

Survival Seed source 2 2.33 0.023
d.b.h. = Diameter at breast height.

Table 7. Comparison of average d.b.h., total height, and survival among shortleaf pine seed sources
(provenance) across all measured test sites; means with the same letter are not significantly different
(p > 0.05).

Seed Source d.b.h. CV Total Height CV Survival CV

East Ouachita (EOU) 24.6 a 6.34 18.4 a 9.56 50.0 a 4.78
West Ouachita (WOU) 23.7 a 6.49 18.2 a 8.41 51.4 a 3.97

Ozark (OZ) 22.4 b 6.38 17.7 a 5.98 56.7 b 5.11

CV = Coefficient of variation (%). a,b Average values.

Although modest, the variation in d.b.h among seed sources is meaningful in that
they parallel certain environmental gradients (e.g., temperature and precipitation regimes).
For example, we expected the EOU (southern) seed source to grow faster than the OZ
(northern) seed source in part because the Ozark-St. Francis National Forest has more
severe summer droughts producing a more conservative seed source (OZ) with respect
to drought response than the eastern side of the Ouachita (EOU) [26]. This is consistent
with past studies in southern pines which have shown that seed sources from warmer
climates tend to grow faster than those from local sources if their climates do not differ
greatly [17,21,39–41]. In contrast, east–west transfers are generally limited by the amount
of rainfall. According to [38], eastern sources of southern pines should not be planted
too far in the west due to the increased risk of drought. In loblolly pine, this is partly
due to the eastern sources being physiologically intolerant to droughts due to a lack of
adaptation [42]. As differences of performance traits between the EOU and WOU seed
sources were small, we believe that east–west transfers within the range of these progeny
tests should be successful (see also [17]).

3.2. Survival

At ages 5 and 10, mean seedling survival rates were approximately 91 and 72%,
respectively, for different subsets of these Ouachita and Ozark-St. Francis National Forest
shortleaf pine progeny tests [17,26]. Given 25 to 30 years of additional self-thinning and
periodic mortality events, we expected a considerably lower level of survival by 2018–2019,
and on average, only 52% (range: 36 to 70%) of the shortleaf pine in our 345 families from
the 15 sampled progeny tests survived (Table 1). For the eight families that were found
in three or more progeny tests, mean family survival was comparable to the 345 families,
averaging about 51% (ranging between approximately 46 and 57%) (Table 3).

Statistically, family variances were small and non-significant (p > 0.05) for survival
across test sites (model 1, Table 4). However, family variances were broadly significant
(p < 0.05) for survival when considering individual tests (model 2, Table 5), suggesting
that early survival differences between families may have persisted for decades after
establishment. This result corroborates a different subset of these tests at age 10 [17], who
reported a significant effect of family on survival by test site. Seed source area also had a
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significant (p < 0.05) impact on survival (model 3, Table 6). In particular, families planted in
the Ozark-St. Francis National Forest progeny tests had the best survival (57%), followed
by the WOU (51%) and EOU (50%) seed sources (Tables 6 and 7). This finding contrasts
with the work of [17,26], both of whom found no impact of seed source area on survival.
Hence, the survival differences between seed source areas became evident as these progeny
plantings matured.

While further investigation is needed to confirm this, both exogenous and endogenous
factors were likely to contribute to family performance differences in survival. Over the
decades, these progeny tests were impacted by several natural disturbances, including
diseases, insects, fires, multiple storms (ice and wind), and droughts. Some of these
exogenous events can be linked directly to genetic differences. For instance, some families
can more readily survive extreme droughts due to better adaptation(s) [43]. The higher
survival in the OZ seed source could be related to those families having better adaptations
to summer drought [17]. However, storm damage may be as influential as drought in terms
of survival. Parts of Arkansas have been impacted by multiple ice and wind storms over the
last 40 years, some of which have produced significant levels of damage and mortality in
planted pine [44]. These storm events tend to be geographically variable in both frequency
and intensity, making their impact on survival in these progeny tests hard to determine.
In our limited assessment (storm damaged or not) of these remeasured shortleaf pine, we
found about half of those on the Ouachita showed evidence (Figure 2) of injury, with the
EOU test sites having the highest proportion (71.2%) of impacted trees, followed by the
WOU (58.3%) and OZ (5.8%) seed source areas (Table 1). Due to the pronounced differences
in storm damage between the Ouachita and Ozark test sites, which corroborated well with
the survival ranking cited above, it is likely that our survival observations in these progeny
tests have been affected.

3.3. Trait Heritability

For both the individual tree (model 5) and full-sibling family (model 6) mean estimates,
heritability was larger for d.b.h. (0.15 and 0.72, respectively) compared to height (0.09 and
0.41, respectively) (Table 8). Heritability for d.b.h was moderate in scale with low standard
errors (±0.03 to ± 0.05) and it was somewhat lower for height with larger standard errors
(±0.04 to ±0.12). The larger standard errors for heritability of height is expected given
the fewer trees measured for height than for d.b.h. Survival had the lowest heritability on
the individual tree basis (0.07) and modest (0.52) for full-sibling family means (Table 8). It
appeared that survival in this study, by this age (31 to 40 years), was strongly driven by
test and replications-within-test variation (Table 3).

Table 8. Heritability estimates for d.b.h., height, and survival across 15 progeny tests of shortleaf pine on the Ouachita and
Ozark-St. Francis National Forests.

Trait Individual Tree
Heritability (h2

i)
Standard Error of

h2
i Estimate

Full-Sibling Family Mean
Heritability (h2

FS)
Standard Error of

h2
FS Estimate

d.b.h. 0.146 0.030 0.720 0.054
Height 0.094 0.039 0.406 0.118

Survival 0.067 0.034 0.520 0.267

Family heritability estimates for all performance traits (d.b.h., height, and survival) in
these progeny tests were moderate in scale (i.e., >0.4), suggesting the potential for parental
selection within the sampled first-generation population. However, our purpose here was
not to use these heritability values to estimate genetic gain from selection in any specific
way. Instead, we calculated heritability as a representation of the relative genotypic to
phenotypic variation expressed in the measured growth and survival traits. Unbiased
narrow-sense heritability estimates for these traits in this population as well as parental
and individual tree breeding values require a diallel genetic analysis to cleanly estimate the
additive genetic variance or, specifically in this case (diallel cross), the general combining
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ability [36]. As noted above, this is beyond the scope of the present report, but it is the
subject of an ongoing analysis.

4. Management Implications

Given that recommendations for seed sources of shortleaf pine have been somewhat
inconsistent over the years and more work is needed to identify tree improvement oppor-
tunities, any opportunity to develop new sources of information to help restore this species
of conservation need should be embraced [11]. To this end, we found that the remaining,
well-stocked shortleaf pine progeny tests on the Ouachita and Ozark National Forests
retain useful information on the relative importance of genetic and environmental variation
based on their growth and survival performance over several decades (up to 41 years
from planting). This information can be adapted to advise managers about the potential
utility of selection for future tree improvement activities, which should have implications
for shortleaf pine timber production and restoration efforts. For example, these Arkansas
shortleaf pine progeny tests could help translate taxon-specific genetic information into
seed-collection zone evaluations [45].

The insights provided by this progeny test reexamination also include the genetic
(seed sources and full-sib family) and environmental (test and test × family interaction)
variation associated with tree size and survival. For instance, because family variances
were significant for d.b.h and height and family heritability was moderate, managers can
improve the current seed orchard or develop new orchards through selection in this popula-
tion. The selection process for restoration planting should focus on identifying parents and
individuals from a range of good-performing families to maintain genetic diversity [27].
The limited differences in performance by seed source suggests that our shortleaf pine
populations were broadly adapted in this region, as genotype × environmental interaction
(i.e., family × test) variances were not significant.

However, we suggest caution when interpreting the observed variation in size- or
survival-related traits between seed sources. One should expect some of this variation
to occur as it parallels certain environmental (e.g., precipitation and elevation) gradients,
although these pines came from a relatively small portion of the species’ range. Geographic
variation will be much greater among sources collected from the entire species range
than from these more limited three seed sources within the national forests in Arkansas
and Oklahoma [46]. While there is some spatial separation between the seed sources,
the distances are not great enough to provide a barrier for gene flow by virtue of pollen
flight, as suggested between the EOU and WOU seed sources [21,26]. Further, the earlier
designation of three seed sources was not based on any a priori provenance test data
(e.g., [23]) or predefined environmental parameters [45], nor should this division confer
ecotype status since little soil-related ecotypic or photoperiodic differentiation could be
expected among these putative seed sources. Hence, we do not think it is necessary to
maintain these three seed sources as separate breeding populations as suggested by [17];
rather, as recommended by [47], we suggest treating this as one breeding population. Given
the additional logistical challenge of maintaining multiple breeding populations under
current resource constraints, shortleaf pine improvement for growth and yield should focus
on identifying individuals from the best families (as determined by testing on multiple test
sites) from the entire Ouachita–Ozark region.

5. Conclusions

Results from the diallel genetic analysis (discussed above) should help tree improve-
ment specialists and seed orchard managers determine which parents and progeny to
select for improving the current seed orchard or developing new, next-generation orchards.
Even with our limited subset of 15 shortleaf pine progeny tests, we anticipate that this
information on trait heritability in rotation-aged progeny tests may encourage managers to
re-evaluate their mature-aged progeny tests for additional opportunities in tree improve-
ment. Ideally, tree improvement programs for shortleaf pine should develop genetically
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diverse families capable of surviving or being productive in the face of emerging envi-
ronmental stressors. The selection of families with differential performance can provide
additional benefits in terms of maintaining genetic diversity, which could be useful for en-
hancing resilience under changing climate through maintaining genetic diversity [18]. Our
finding that individual tree heritability was significant for both d.b.h and height suggests
that selection will be effective; thus, a wide range of families can be retained to maintain
genetic diversity while still providing significant improvement in growth traits. For timber
production purposes, mass-controlled pollinations to reproduce the best full-sibling fami-
lies could be contemplated, but additional information would be needed on a broader array
of full-sibling families tested over multiple test sites. Hence, we recommend expanding
data collection and analysis to cover all the regions tested by the Southern Region.

We recommend that greater collaboration between researchers and managers in differ-
ent regions should arise to further shortleaf pine’s genetic testing, seed orchard develop-
ment, and other needed changes. Indeed, the adaptation of existing progeny tests can be
used to guide the restoration efforts of shortleaf pine. This may be particularly desirable
as new DNA marker technology sheds further light on the genetic variation in different
seed sources and parents or families, allowing geneticists to better predict which sources
would be appropriate to use in restoration plantings. For instance, if seed sources demon-
strate high genetic differences, they may be considered as separate gene pools between
which gene migration is marginal, and hence restoration efforts may be based on planting
material from certain populations or seed-collection zones (e.g., [45]). DNA-assisted selec-
tion processes could also be of utility to assess and address the threats currently putting
shortleaf pine at risk of losing genetic integrity [10,11]. Such considerations are important,
as emerging factors can further exacerbate family-based performances. As an example,
climate change is expected to lead to increasingly frequent drought events in the southern
United States, which affect survival as a result of changes in environmental conditions [11].
Likewise, current regional silvicultural practices (e.g., the widespread planting of loblolly,
reduction of the use of prescribed fire) likely have contributed to increases in the rate of
hybridization between loblolly and shortleaf pine [12,18].
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