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Abstract
West Gulf Coastal Plain provenance loblolly (Pinus taeda L.), longleaf (Pinus palustris Mill.), shortleaf (Pinus echinata Mill.), and slash pines (Pinus 
elliottii Engelm.) were planted in December 2015 on three east Texas sites to compare initial growth and survival. Three years after planting, 
survival ranged from 26.4% to 76.4%. Damage by Texas leafcutter ants (Atta texana) caused significant mortality on one site, and feral hog (Sus 
scrofa) herbivory and uprooting greatly affected survival at two other sites. Tree heights were greater in loblolly and slash pine than in shortleaf 
and longleaf pine, whereas diameters were greater in loblolly than in slash, shortleaf, and longleaf. Height and survival rates were greater in 
Shelby County and were lowest in Cherokee County. Midday leaf-level water potentials were most negative for shortleaf and loblolly pines and 
varied across the three sites. Tree heights were significantly but weakly (R = −0.23) correlated to leaf-level water potentials.

Study Implications: Based on these results, loblolly pine is recommended for planting on sites where soil moisture is adequate, if early growth 
and survival are a concern. Slash pine can outcompete other pines on sites where soils are poorly drained. On soils that are excessively drained 
with low moisture, shortleaf may be considered. Given longleaf pine’s ability to retain needle moisture and surface area during periods of low 
soil moisture, longleaf pine is suggested for planting on the same sites. Longleaf pine will require more active management on any soil type in 
order to decrease herbaceous plant competition. Continued measurements are required to determine whether these growth and survival trends 
will continue over a full rotation.
Keywords:   Loblolly pine, shortleaf pine, longleaf pine, slash pine, seedlings

Pine plantation forests account for 22% of all forested area 
within East Texas (Bentley 2009), and the silvics are well 
known for the commonly planted pine species: loblolly 
(Pinus taeda L.), (Shiver et al. 2000), longleaf (P palustris 
Mill.) (Landers et al. 1995, Outcalt 2000, Franklin 2008, 
Scott and Burger 2014), shortleaf (P.  echinata Mill.) 
(Guldin 1986, Burns and Honkala 1990), and slash (P.
elliottii Engelm.) (Fisher 1983, Haines et al. 1981) pines. 
However, although comparative growth and survival 
studies of these species have been performed in other re-
gions of the South, studies in the West Gulf Coastal Plain 
are lacking. Branan and Porterfield (1971) compared 
growth and survival 13 years after planting and found that 
loblolly and slash pines had the greatest growth and sur-
vival. Jokela et  al. (2000) found that fertilizer and herb-
aceous weed control increased loblolly growth more than 
slash pine’s at five years old; the opposite trend observed 
by Swindell et  al. (1988). Haywood et  al. (1990) found 
that 10-year-old loblolly pine grew better than slash pine 
on well-drained soils, although the reverse was found on 
poorly drained soils. Burning, disking, and bedding on 
poorly drained soils resulted in small differences in height 
growth between loblolly and slash pines (Haywood and 
Tiarks 2002). Creighton et  al. (1987) compared longleaf, 
slash, and loblolly pine seedling growth following herbi-

cide treatments. Longleaf pines were significantly smaller 
in height and diameter than slash and loblolly pines, and 
loblolly had the greatest response to herbaceous weed con-
trol. Similar results were reported by Smith et al. (1992). 
None of these studies evaluated the most recently devel-
oped genotypes of each species, nor were they focused on 
the West Gulf Coastal Plain.

The West Gulf Coastal Plain presents different environmen-
tal conditions compared with east of the Mississippi River, pri-
marily because of the increased frequency, duration, and sever-
ity of droughts. This climate pattern has long been recognized 
in tree improvement programs, particularly for loblolly pine, 
which have separated West Gulf provenances from the rest of 
the Southeast (Wells and Wakeley 1970, Schmidtling 2001). 
Eastern provenances, again primarily loblolly pine, have been 
planted in the West Gulf Coastal Plain industrially since the 
1970s, generally resulting in greater growth rates than local 
provenances without severe mortality events attributable to 
drought as might be expected (Lambeth et al. 2005). Loblolly 
pines selected for drought hardiness often are less productive 
than more eastern sources (Wells and Lambeth 1983), and 
they tend to have poorer stem form (Schmidtling and Clark 
1989). However, when landowner objectives in the West Gulf 
Coast beyond timber production are considered, local sources 
may be preferred to meet restoration objectives or reduce risk 

D
ow

nloaded from
 https://academ

ic.oup.com
/forestscience/advance-article/doi/10.1093/forsci/fxab005/6273124 by Stephen F. Austin State U

niversity user on 17 M
ay 2021

https://orcid.org/0000-0002-2554-1028
mailto:JHooker@nwtf.net?subject=
mailto:boswald@sfasu.edu?subject=
mailto:stovalljp@sfasu.edu?subject=
mailto:wengy@sfasu.edu?subject=
mailto:Hwilliams@sfasu.edu?subject=
mailto:jgorgan@sfasu.edu?subject=


2 Southern Pine Survival, Growth, and Water Relations

(Lambeth et  al. 2005) in the face of changing climates and 
more extreme weather events (Nielsen-Gammon et al. 2005).

The primary objective of this study was to investigate 
how site conditions affect the initial establishment of 
pines in East Texas. With increasing interest in ecological 
restoration, wildlife management, and other nontimber 
objectives leading to more planting of pines other than 
loblolly, it is essential to understand early growth and 
survival patterns to inform other establishment silvi-
cultural practices, such as herbaceous weed control and 
seedling protection practices. Our hypothesis was that 
longleaf pine would produce the lowest growth rates, and 
the other species would perform well on their preferred 
site conditions. The Western Gulf Coastal Plain presents 
unique challenges such as severe and prolonged drought, 
so we examined leaf-level water potentials as an indica-
tor of how these species may be responding to drought, 
anticipating differences between species that would cor-
relate to growth.

Materials and Methods
Study Sites
This study occurred on three sites, one each in Cherokee, 
Houston, and Shelby Counties, within the East Texas Upper 
West Gulf Coastal Plain. Historic regional mean precipita-
tion is 118.6 cm yr−1, with a mean temperature of 18.7ºC 
(range 3.3–34.4ºC). All sites were within stands of lob-
lolly pine that were recently clearcut and adjacent to lob-
lolly pine plantations, but they varied greatly in dominant 
soil series and drainage classifications. As such, all plots 
were blocked based US Department of Agriculture Natural 

Resource Conservation Service soil maps (Table 1). The 
Cherokee County site was located 9.7 km west of Rusk, 
Texas (31°46’32.3”N 95°13’46.2”W), and plots were lo-
cated on a small ridge that was mowed with a tractor and 
bush hog as site preparation. The Houston County site was 
located 11.3 km east of Crocket, Texas (31°18’45.7”N 
95°18’05.1”). The Houston County site was prepared for 
planting with a herbicide mix of 0.72 L Chopper, 3.79 L 
Accord, and 0.11 kg of Oust ground-applied at 30.7 L per 
ha in fall 2015. The Shelby County site was located 6.4 km 
southeast of Tenaha, Texas (31°54’48.8”N 94°12’43.9”W); 
this site had the same site preparation treatment and timing 
as the Houston County site.

Experimental Design
Plots (initially planned at 36.6 × 36.6 m) were arranged in 
a randomized complete block design with three replicates 
per site for each of the four species. Soil texture and drain-
age class were used as the blocking variables so that each 
block had all four species on the same soil series. Because 
of the presence of large-diameter debris left on the site 
postharvest that hindered machine planting operationally, 
the final plot layout resulted in the planting of between 9 to 
11 rows at a 2.4 × 2.74 m spacing (1,500 trees per ha). In 
December 2015, containerized loblolly, slash, and shortleaf 
seedlings were machine planted, and longleaf pine seedlings 
were hand planted to reduce the probability of seedling 
mortality resulting from machine planting the root collar 
too deep. All seedlings were planted in furrows created by 
the machine planter. West Gulf Coastal Plain Coast prov-
enance seedlings were provided by the International Forest 
Company (Table 2).

Table 1.  Soil series characteristics found in Cherokee, Houston, and Shelby Counties in east Texas. Data from websoilsurvey.nrcs.usda.gov, August 29, 
2016.

Site/Soil Series Soil Texture Drainage Class Slope (%)

Cherokee

  Bowie fine sandy loam well drained 3–8

  Darco loamy fine sand somewhat excessively drained 1–3

  Lilbert loamy fine sand well drained 3–8

Houston

  Fuller fine sandy loam somewhat poorly drained 1–3

  Lovelady loamy sand well drained 1–5

  Pophers silt loam somewhat poorly drained 0–1

Shelby

  Eastwood very fine sandy loam well drained 5–15

  Latex fine sandy loam moderately well drained 1–3

  Metcalf-Sawtown complex somewhat poorly drained 0–2

Table 2.  Genetic information and origin of pines planted in Houston, Shelby, and Cherokee Counties, December 2015.

Species Genetics Information Origin

Loblolly Improved, second generation, superior growth and form Cherokee Co., TX

Longleaf Natural stand mix Newton Co., TX

Shortleaf Improved, orchard mix Southern AR

Slash Improved, second generation, superior growth, form, and rust resistance Northern LA
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Data Collection
The outer rows of each plot were unmeasured buffer trees, so 
measurement plots consisted of 7 to 10 rows with 14 to 16 
seedlings per row (98 to 160 trees per plot). Seeding ground-
line diameter (GLD) was measured to the nearest millimeter, 
and height to the nearest half centimeter was defined as the 
distance from the intercept of the main stem and the soil to 
the top of the terminal bud. Initial establishment and survival 
surveys were conducted in April 2016. Following the initial 
measurements, all seedlings were recorded as live or dead. 
GLD, height, and survival data were collected each January–
February from 2017 to 2019.

Leaf water potential data were collected starting at pre-
dawn until sunrise as well as at midday from March 2018 
through December 2018 monthly during dormant season 
(October–March) and twice per month during the grow-
ing season (May–August). Needle fascicles from three ran-
domly selected trees per plot were collected and placed in 
plastic bags until measurement, when they were placed in a 
Model 600 Pressure Chamber (PMS Instrument Company, 
Albany, Oregon). Predawn and midday measurements 
were taken from needles of the same tree, but new trees 
were randomly selected for each new measurement day. 
From March to June 2018, needles collected were from the 
first growth flush of the year and from July to December 
2018, needles collected were from the second growth flush. 
Relative variation (Δrel) was calculated as a proportion 
using the formula:

∆rel = (Mid-Day− Pre-Dawn) /Pre-Dawn)� (1)

where Δrel = relative variation; Mid-Day = midday leaf water 
potential; and Pre-dawn = predawn leaf water potential.

Soil samples were taken between predawn and midday leaf 
water potential measurements to determine gravimetric soil 
moisture on the same days. An auger or soil probe was used 
to take soil samples at maximum rooting depth at the base 
of the tree used for moisture stress analysis. Rooting depth 
was previously determined by auguring into the soil next to 
a border tree that represented the average height of each spe-
cies at each site, until no roots were visible within the sample. 
Field weights of soil moisture samples were taken immedi-
ately upon returning to the laboratory. Samples were dried at 
41°C for at least 96 hours until constant weight, and weighed 
again before calculating gravimetric moisture content.

Bulk density samples were taken at the center of each plot 
with a slide hammer. Field weights of soil and rings were re-
corded immediately upon returning to the laboratory. Bulk 
density rings were dried with the soil intact as described above. 
Once soil dry weight was taken, the soil was removed from the 
rings and each ring weight was recorded with its respective soil 
sample. Bulk density was calculated by using the formula:

bulk density
Ä
g/cm3

ä
= dry soil weight (g)

/soil volume
Ä
cm3
ä

�
(2)

Soil bulk density was also used to calculate the gravimetric 
water content of samples from each research plot.

Statistical Analysis
Tree height and diameter were analyzed using the following 
linear model:

yijklm = α+ β× Yr+ ε ijklm� (3)

where yijklm is the tree height or diameter of the mth year 
(m = 0, 1, 2, where 0, 1, and 2 denote the values at the end of 
the first, second, and third years post-establishment, respect-
ively) of the lth tree of the kth species growing at the jth block 
at the ith site. The term 𝛼 was the model intercept, β was the 
slope associated with Yr, and ε ijklm was random error, which is 
normally distributed with mean 0 and variance σ2. Effects of 
ith site (𝐿𝑖), jth block within a site (𝑏 j (𝑖)), kth species (𝑆𝑘), and 
the interaction between site and species (𝐿𝑆𝑖𝑘) were further 
incorporated into the model:

α = α0 + Li + Sk + LSik + bj(i)� (4)

β = β0 + Li + Sk + LSik� (5)

The effect of 𝐿𝑆𝑖𝑘 × Yr was not included in the model since it 
caused a problem of model convergence in preliminary ana-
lysis. It was assumed that the effects of 𝐿𝑖 , 𝑆𝑘, and 𝐿𝑆𝑖𝑘 were 
fixed, and 𝑏 j(𝑖) was random, which is normally distributed with 
mean 0 and variance of σ2

b. Thus the Equation 1 was rewrit-
ten as:

yijklm =
(
α0 + Li + Sk + LSik + bj(i)

)
+ (β0 + Li + Sk)

× Yr+ ε ijklm
�

(6)

The autoregressive order 1 (AR[1]) was included to account 
for repeated measurements of individual trees. The ε ijklm was 
assumed to be independent from other random effects, dis-
tributed with N(0, R), where R was the (co)variance struc-
ture of the residuals of 3-year measurements with mean 0 and 
multiple covariance structure of AR(1) as:

σ2

∣∣∣∣∣∣
1 ρ ρ2

ρ 1 ρ

ρ2 ρ 1

∣∣∣∣∣∣
� (7)

where ρ was the correlation between observations of two ad-
jacent years.

The same model in equation 6 was also used to analyze 
survival using a binary variable with 0 for dead and 1 for 
live trees. The probability of survival=1 was modeled using 
logistic regression with a logit link function and a binary dis-
tribution.

A Pearson correlation was used to determine the effects of 
predawn and midday leaf water potential values on mean tree 
height and diameter.

These data analyses were performed using PROC MIXED 
or PROC REG in SAS 9.4 (SAS Institute, Cary, North 
Carolina). The Kenward–Roger method for calculating de-
nominator degrees of freedom was applied. The significance 
level throughout the article refers to p < 0.05 unless otherwise 
stated.

Results
Establishment Heights, Diameters, and Survival
At establishment, loblolly and slash pine seedlings were sig-
nificantly taller than shortleaf, which were all taller than 
longleaf pine. Basal diameters were significantly greater at 
Cherokee County than at Shelby and Houston Counties, with 
that of longleaf greater than those of loblolly and slash pine 
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4 Southern Pine Survival, Growth, and Water Relations

Table 3.  Results of analyses of covariance on growth of diameter at tree base, tree height, and survival for 3 years postestablishment.

  HT DBH Survival

Parameter Effect F Pr > F F Pr > F F Pr > F

Intercept Site 0.06 0.941 1.00 0.421 20.63 0.002

Species 93.45 0.001 42.42 0.001 146.24 0.001

Site*Species 40.16 0.001 31.37 0.001 17.15 0.001

Slope Yr 18,464.30 0.001 20,374.80 0.001 218.33 0.001

Site*Yr 361.44 0.001 478.40 0.001 1.88 0.152

Species*Yr 1964.25 0.001 1272.64 0.001 11.62 0.001

 Estimate SE Estimate SE Estimate SE

Block(Site) σb2. 7.48 74.01 6.79 4.01 0.32 0.19

AR(1) ρ. 55 0.01 0.54 0.01 0.86 0.01

Residual σ2. 12.70 25.73 86.03 1.66 1.02 0.02

and slash greater than shortleaf. Four months postplanting, 
all species survival was greater than 87%.

Modeled Heights, Diameters, and Survival
Growth and survival generally showed significant interactions 
in their intercepts and slope (Table 3). Site-by-species inter-
actions were significant for all intercepts (height, GLD, and 
survival). The species-by-year interaction was significant for 
all slopes, and the site-by-year interaction was significant for 
height and GLD, but not for survival. The slopes have prac-
tical interpretations (Table 4), as they can be expressed as dif-
ferences in the annual changes in growth (cm for height, mm 
for GLD) by species and site relative to slash pine. Modeled 

data (Appendix A) closely reflect trends in the actual data 
(Figure 1).

Blocking within site became a more important factor for 
survival. For height, the variation in the intercept because of 
blocks within a site was small compared with error, explaining 
about 8.8% of the total variation. The AR(1) coefficient for 
height was moderate, 0.55 (Table 3). Similar trends were ob-
served for GLD with 7.3% of the total variation in intercept at-
tributable to blocks within site and the AR(1) coefficient again 
moderate at 0.54 (Table 3). For survival, however, the variation 
in the intercept because of blocks within a site was comparably 
more important, accounting for 24% of the total variation, and 
the AR(1) coefficient was high, 0.86 (Table 3).

Table 4.  Estimates of intercepts and slopes for tree diameter, height, and survival and their standard errors.

Parameter Site Species HT DBH Survival

Estimate SE Estimate SE Estimate SE

Intercept Houston Long 0.595a 7.0339 15.334a 1.6617 0.016a 0.3464

 Short 39.932b 6.771 9.384a 1.5888 1.712b 0.3575

 Lob 50.129b 6.775 12.674a 1.5899 1.861b 0.3623

 Slash 29.389c 6.7614 10.630a 1.5862 2.227b 0.3685

Shelby Long −4.585a 6.9084 12.908a 1.627 0.201a 0.3438

 Short 23.702b 6.7412 5.777b 1.5806 1.593b 0.3523

 Lob 60.336c 6.7015 14.326a 1.5695 3.153c 0.3963

 Slash 47.015b 6.7022 13.811a 1.5697 3.571c 0.4059

Cherokee Long 21.235a 7.6695 15.977a 1.8356 −1.775a 0.3556

 Short 37.711a 6.989 8.903b 1.6491 −0.166b 0.3429

 Lob 27.533a 7.0042 5.662b 1.6533 −0.334b 0.3424

 Slash 26.871a 7.3436 6.123b 1.7466 −0.842ab 0.3528

Slope Houston  73.519a 0.9779 19.961a 0.252 −0.308a 0.0429

Shelby  85.497b 0.9082 23.443b 0.234 −0.339a 0.0471

Cherokee  53.145c 1.3019 13.841c 0.3354 −0.267a 0.0396

 Long −57.46a 1.4386 −12.547a 0.3706 −0.024a 0.0467

 Short −3.24b 1.1451 0.324b 0.295 0.129b 0.0457

 Lob 47.09c 1.1156 90.411c 0.2875 0.19b 0.0475

 Slash 0d  0a  0a  

Means with the same letter within a cell are not significantly different. The slopes of species were expressed as the differences from slash pine.
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Observed Heights, Diameters, and Survival
Significant site-by-species-by-year interactions were ob-
served for height and GLD across all three years. In general, 
third-year loblolly pine heights and GLDs were signifi-
cantly greater than those of slash and shortleaf pines, which 
were in turn greater than those of longleaf pine (Figure 1). 
However, the magnitude of these differences and the ranking 
of shortleaf versus slash pine varied by site; hence the inter-
action. Height and GLD of loblolly pine were lower at 
the Cherokee County site than at the Houston and Shelby 
County sites. Longleaf and shortleaf pine mean heights 
and GLDs did not differ across sites, but Houston County 
slash pine were significantly taller and with larger GLD 

than those in Cherokee County. Whereas the species-by-site 
interaction for survival was not significant, third year sur-
vival significantly differed at the site and species levels, with 
Houston (71.3%) and Shelby (76.5%) Counties greater than 
Cherokee County (27.7%). Longleaf pine survival (26.8%) 
was also significantly less than for the other three species 
(loblolly = 70.9%, slash = 70.6%, shortleaf 64.4%) across 
sites (data not shown).

Water Potentials and Gravimetric Soil Moisture
Predawn water potentials were more negative in shortleaf 
pines than in the other species (p = 0.0016), although the 
sites did not differ (Figure 2). Midday water potentials 

Figure 1.  Observed mean heights, diameters, and survival across three years after planting of loblolly, longleaf, shortleaf, and slash pines at three study 
sites in east Texas. Seedlings were planted in December 2015.
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6 Southern Pine Survival, Growth, and Water Relations

Figure 2.  Mean predawn water potential, mid-day water potential, and gravimetric soil moisture of loblolly, longleaf, shortleaf, and slash pines at three 
study sites in east Texas. Seedlings were planted in December 2015, and all data shown were collected in 2018.

significantly differed among site (p  =  0.0449) and species 
(p  <  0.0001) levels. Trees in Cherokee County were more 
negative than those in Houston County, which were more 
negative than those in Shelby County. Midday water po-
tentials were most negative in shortleaf and loblolly pines. 
Slash pine was significantly less negative than both loblolly 
and longleaf pines. Despite some differences in site and spe-
cies, there was far more variation in both predawn and mid-
day water potentials across measurement dates (Figure 2). 

The relative variation (Δrel) averaged 1.35 across all sites, 
species, and dates, but it did not vary significantly for site, 
species, or their interaction. Thus the variation between pre-
dawn and midday water potential was similar across sites 
and species, although it also changed considerably depend-
ing on measurement date. Midday leaf water potential val-
ues had significant (p  =  0.0073) correlation (r  =  -0.2317) 
with tree height for all species. Tree heights of all species in 
Houston County were significantly (p = 0.0143) and nega-
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tively correlated (r =  -0.2037) with predawn water poten-
tials as well. No correlation between leaf water potential 
and diameters was found.

Soil moisture significantly affected leaf water potential val-
ues for both predawn and midday measurements (p < 0.0001). 
Gravimetric water content was significantly greater at Shelby 
County than in Houston County, with an average moisture 
content of 0.16 g g−1 (Figure 2). Houston County soil mois-
ture averaged 0.12 g g−1,with lows of 0.04 g g−1 during sum-
mer months. Cherokee County soils held the least amount 
of moisture throughout the year, averaging 0.099 g g−1 from 
May to December 2018.

Discussion
The greater loblolly pine height and diameter growth found in 
this study may have resulted from greater efforts to improve 
the genetics of that species compared with longleaf, shortleaf, 
and slash pines (McCrady and Jokela 1998) and the closer 
seedling origin to the study sites for loblolly pine (Gibson 
et  al. 1986). Loblolly pine also outperform other southern 
pines on loamy textured moist soils with adequate drain-
age such as was commonly found on these sites (Haywood 
et al. 1990, McKee and Shoulders 1970, Tiarks and Shoulders 
1982).

Slash pine were superior to shortleaf pine in terms of 
growth, form, and rust resistance based on information 
provided by the International Forest Company; however, 
East Texas is west of the native range of slash pine, which 
potentially reduced its growth. Slash pine typically outper-
forms shortleaf and loblolly pines on poorly drained soils 
(Shoulders and Parham 1983), which made up a small area of 
the Houston County site but were not present in the Shelby 
or Cherokee County sites (Fisher 1983, Jokela et al. 2000). 
The transferring of shortleaf pine outside their region of ori-
gin most likely affected seedling growth and establishment as 
well as its natural slower growth rate (Guldin 1986). Despite 
these potential impacts of tree improvement and provenance, 
the seedlings used in this study reflect some of the best open-
pollinated seedlings available to purchase commercially in 
East Texas at the time of the study’s initiation. Hence any 
conclusions drawn reflect the operational reality of silvicul-
ture as practiced.

The majority of longleaf seedlings remained in the grass 
stage, producing almost no aboveground stem biomass three 
years after planting, likely in part due to the lack of herb-
aceous weed control after the initial herbicide applications 
(Barnett 1989, Boyer 1993, Brockway and Outcalt 1998, 
Nelson et  al. 1985, Scott and Burger 2014, Ramsey et  al. 
2003). Although staying in the grass stage dramatically biased 
longleaf pine’s growth rates compared with the other species, 
those few longleaf that grew out of the grass stage suggest 
that longleaf pine could meet the productivity of the other 
pine species in the future (Croker 1990, Landers et al. 1995).

Possibly contributing to overall loblolly, shortleaf, and 
slash pine survival was the above-average rainfall that the 
entire East Texas region received between 2016 and 2018 
(2016 = 1440 mm, 2017 = 1234 mm, 2018 = 1491 mm, his-
toric mean rainfall in East Texas  = 1186 mm). The great-
est mortality was from feral hog activity in Houston and 
Shelby Counties. Another factor affecting seedling mortality 
postplanting in a few plots was inundated conditions for 

several weeks after establishment. The higher longleaf mor-
tality could have also been due to planting temperatures 
(26°C) that were higher than recommended (Lantz et  al. 
1996). With the above-average precipitation, sediment bur-
ied the root collars of some of the longleaf pine seedlings, re-
sulting in initial mortality similar to that reported by Hainds 
(2004) and Larson (2002). The greatest cause of mortality in 
Cherokee County was defoliation of seedlings by the Texas 
leafcutter ant (Atta texana), which began defoliating as early 
as one month after planting. Cherokee County longleaf 
pine plots were also subject to feral hog damage and deer 
herbivory (Pessin 1939).

Lower growth rates of all pines in Cherokee County 
could have been due to the drier soil conditions compared 
with those in Houston and Shelby Counties (Hennessey and 
Dougherty 1984, Seiler and Johnson 1985). When exposed 
to long periods of low moisture availability, seedlings may 
respond by allocating more carbon to the root system instead 
of the stem (Bongarten and Teskey 1987, McMurtie 1985).

Longleaf pine seedlings remaining in the grass stage may 
have impacted their leaf-level water potentials, as the soil-
plant-air-continuum would have a shorter path-length com-
pared with the other species (Kirkham 2014). Based on their 
less negative midday water potentials, it appears that water 
demands of slash pine were likely adequately met, allowing 
the seedlings to grow throughout the year without experien-
cing long periods of moisture stress. Loblolly pine predawn 
water potentials were comparable to other studies from April 
to June and September to December and less negative during 
late summer months (Dalton and Messina 1994, Seiler and 
Johnson 1985). Minimum water potential levels of loblolly 
pine, longleaf, and shortleaf pines during periods of moderate 
drought were also similar to the pot-greenhouse study per-
formed by Sword Sayer et  al. (2005). Droughts are a com-
mon disturbance in the West Gulf, so leaf-level water poten-
tials were intended as a metric related to response to drought. 
However, during this study, rainfall was relatively high com-
pared to average. It is possible that greater differences between 
species would have been observed under hotter or drier sum-
mer conditions. Nonetheless, the differences in water poten-
tials between species across all three sites even during a rela-
tively mild summer were observed, suggesting the possibility 
of variation in physiological responses to drought by species.

Soil water availability may have also influenced spe-
cies growth and leaf water potential values by site. The fine 
sandy loam textures at Shelby County held the most moisture 
throughout the year and made soil water more readily avail-
able to seedling roots. Higher sand components in Houston 
County soils caused water to percolate more quickly, mak-
ing it less available to the seedling root systems. Cherokee 
County soils had the highest percentage of sand of the three 
sites. Large pore spaces within the deep sands decreased the 
soils water-holding capacity, leaving less moisture to be ab-
sorbed by roots.

Conclusions
The natural growth rates and genetic improvements of these 
southern pines resulted in different yields across the study sites. 
Shelby County, with the most adequate soil moisture, had the 
highest productivity for all species, whereas the well-drained 
deep sandy soils in Cherokee County produced the least. Loblolly 
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pine and slash pine survival, height, and diameter growth was 
greater than that of the other species, reflecting both a wider 
ecological amplitude of loblolly pine and potentially the result of 
long-term genetic improvement of these two species. The lower 
performance of shortleaf pine compared with these two species 
was not a surprise, as it often outperforms these two species only 
on drier, less productive sites, conditions that were not found 
on these study sites. The longleaf pine seedlings remaining in 
the grass stage made growth comparison between this species 
and the others irrelevant at this point, but the growth expressed 
by those few that did come out of the grass stage suggested a 

long-term valuable growth comparison. Continued measure-
ments are required to determine whether these growth and sur-
vival trends will continue over a full rotation.
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Appendix A

Figure A1.  Modeled heights, diameters, and survival across three years after planting of loblolly, longleaf, shortleaf, and slash pines at three study sites 
in east Texas. Seedlings were planted in December 2015. Modeled means and standard errors are shown.
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