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Clonal forestry must be linked with intensive silvicultural practices to increase forest productivity of
loblolly pine (Pinus taeda L.) in the southern United States. Although the positive growth responses
due to intensive silviculture have been reported extensively, much less is known about the physiological
processes that drive these responses. This study assessed the responses of growth, leaf area, leaf-level gas
exchange and foliage morphology of 4 year-old loblolly pine clones and families to changes in silvicul-
tural intensity on the Virginia Piedmont (VA) and North Carolina Coastal Plain (NC). Four clones (differing
in crown ideotype), 1 control-mass-pollinated (CMP) and 1 open-pollinated (OP) family were evaluated
in two levels of silviculture (operational and intensive). The operational silvicultural treatment included
only banded weed control, whereas the operational silvicultural treatment included broadcast weed con-
trol, fertilization and tip moth control. The effect of genotype and silvicultural intensity were site-specific,
and expressed mostly at VA. The intensive silvicultural treatment increased stem volume by 68% and 36%
relative to the operational silvicultural treatment at VA and NC, respectively. At VA, the differences in the
leaf area responses to the silvicultural treatment among genotypes differed between 60 and 146%, which
suggested great differences in growth efficiency among the genotypes. These responses were not linked
to changes in leaf physiology and morphology. The seasonal variation of gas exchange parameters was
similar between sites, but significant differences in leaf physiology and morphology were found among
the genotypes. However, this variation was neither attributed to the genetic source (clonal versus non-
clonal) nor the crown ideotype (broad- versus narrow-crown) as hypothesized. Understanding the differ-
ences in the crown physiological processes among loblolly pine genotypes may be required to optimize
the gains expected from clonal forestry.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Tree improvement and silvicultural management have
increased the productivity of loblolly pine in the South almost 3-
fold relative to natural stands (Fox et al., 2007a). Currently the
majority of loblolly pine is planted as open-pollinated and
control-mass-pollinated families (McKeand et al., 2008). Typical
management practices include site preparation, weed control and
fertilization (Fox et al., 2007a). Clonal forestry that includes more
intensive silvicultural practices can further increase productivity
(Wright and Dougherty, 2006; Fox et al., 2007a), with potential
gains estimated between 27 and 70% (Isik et al., 2005; Bettinger
et al., 2009; Whetten and Kellison, 2010).
Genotype by environment interactions have generally not been
observed for OP and CMP families (McKeand et al., 2006). However,
genotype by silvicultural treatment interactions have been
reported more often for clonal varieties. For example, King et al.
(2008), Stovall et al. (2011), Tyree et al. (2009) and Yáñez et al.
(2015) reported different growth responses of loblolly pine clones
to fertilization, which suggest that some genotypes are more sen-
sitive to nutrient limitations, so they may have greater responses
to fertilization. These studies were made in young stands, but there
is a likelihood that this interaction would be greater once
intraspecific competition for resources become more intense. In a
21-year-old loblolly pine, Adams and Roberts (2013) found no dif-
ferences in stand-level volume when families are planted in pure-
or mixed-family planting; however, some families exhibited
unique characteristics to outperform under greater intraspecific
competition. Hence, matching specific genotypes to specific sites
and silvicultural regimes may be required to optimize gains from
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clonal forestry (Wright and Dougherty, 2007). Because the screen-
ing of a large number of candidate clones under a range of silvicul-
tural treatments and sites may be inoperative, one approach to
assess the growth responses to the environmental influences is
by using the ideotype concept. Ideotype is an idealized biological
model for the phenotype of a plant that is adapted to specific envi-
ronmental conditions (Dickmann, 1985). In forestry, the concept of
crown ideotype is typically used to recognize consistent patterns
observed in tree crowns and their influence on intratree competi-
tion in forest stands. Cannell (1989) described ‘crop’ and ‘isolation
or competition’ ideotypes as phenotypes that are weak and strong
competitors with their neighbors, respectively. Narrow-crown
phenotypes correspond to crop ideotypes and broad crown pheno-
types are equivalent to competition ideotypes.

Although the positive growth responses due to more intensive
silviculture treatments (e.g. weed control and fertilization) have
been widely reported in loblolly pine (Albaugh et al., 1998;
Samuelson, 1998; Vance and Sanchez, 2006; Roth et al., 2007;
Zhao et al., 2009; Jones et al., 2010; Liechty and Fristoe, 2013),
much less is known about how genotypes differing in crown ideo-
type may respond to silvicultural treatments. Overall, both the
management of soil resources and genetics may affect leaf area
development and phenology, photosynthesis, respiration, alloca-
tion patterns and growth efficiency (Kleb’s concept). In a tree, net
carbon gain may be expressed as a function of the photosynthetic
and respiration rates of the photosynthetic tissue (i.e. leaf area),
and of the respiration rate of the non-photosynthetic tissue
(Teskey et al., 1987). Therefore, the size of the photosynthetic
machinery explains why leaf area and light interception are well
related to variations in productivity (Cannell, 1989). Hence, leaf
area increases in response to silvicultural treatments leads to
greater carbon assimilation and tree growth (Vose and Allen,
1988; Albaugh et al., 1998; Jokela and Martin, 2000; McGarvey
et al., 2004; Will, 2005). In this context, many questions remain
unanswered from the point of view of using crown ideotypes. For
instance, are the physiological responses to silvicultural intensity
of clones differing in crown ideotype similar? Are these responses
consistent between clones within an ideotype? Might the growth
response of clones over families be explained by differences in
the crown physiology?

The productivity of loblolly pine across a broad gradient of envi-
ronmental conditions appears to be better explained by differences
in phenology and leaf area display than through changes in the leaf
physiology (Lujan and Fernández, 2016; Vose et al., 1994). This is
why the relationship between leaf-gas exchange measurements
and growth has been generally poor (McGarvey et al., 2004;
Chmura and Tjoelker, 2008). This may be attributed to a scaling
problem (Martin et al., 2001), so the controversy still remains.
Some studies have shown a significant effect of management treat-
ments on instantaneous photosynthetic rates (Green and Mitchell,
1992; Teskey et al., 1994; Samuelson, 2000; King et al., 2008;
Maier et al., 2008), while others have not (Samuelson, 1998;
Maier et al., 2002; Munger et al., 2003; Gough et al., 2004a;
Maggard et al., 2016), even when growth and foliar nitrogen (N)
were affected (Gough et al., 2004a; Samuelson, 1998; Will et al.,
2001; Munger et al., 2003). For instance, other studies have found
a short term response in Asat to fertilization. One of the mecha-
nisms suggested by Gough et al. (2004b) is that the increase in Asat

after fertilization is only ephemeral, afterwards Asat is down-
regulated and the extra carbon gained is used to enlarge the
canopy and consequently tree growth. Similarly, studying two con-
trasting crown ideotype clones of loblolly pine, Tyree et al. (2009)
found some evidence of an increase in Asat within the first six
months after fertilization, accompanied with an increase of the
foliar mass. Nonetheless, the results found by King et al. (2008)
showed that some loblolly pine clones followed this pattern after
fertilization, while others did not. Two clones had increases in Asat,
volume growth, and crown efficiency, and these clones maintained
their superiority in Asat during the growing season. Other clones
exhibited higher response in volume growth to N fertilization,
whereas the Asat increased only moderately and the crown effi-
ciency was low. The results reported by King et al. (2008) highlight
that other mechanisms may be present (e.g. changes in carbon
allocation) and differ among genotypes. Moreover, it has been
reported that higher nutrient availability may have a greater
impact on other gas exchange parameters than Asat such as stom-
atal conductance and water use efficiency (Maggard et al., 2016).

Gas exchange in loblolly pine have been mainly studied in
stands with unknown genetic pedigree (Ellsworth, 2000; Munger
et al., 2003; Tang et al., 2003), provenances (Boltz et al., 1986),
and half- and full-sib families (Seiler and Johnson, 1988;
Samuelson, 2000; Yang et al., 2002; McGarvey et al., 2004). The
few studies on gas exchange on loblolly pine clones suggest some
degree of variation among clones that may confer some advantage
to those genotypes (Gebremedhin, 2003; King et al., 2008; Tyree
et al., 2009). Others studies indicate that the variability in gas
exchange may be as high within a clone as between clones or even
OP and CMP families (Aspinwall et al., 2011). Yáñez et al. (2015)
found that clones exhibiting different crown ideotypes did not dif-
fer in stem size after four years, but these had great differences in
crown attributes. Overall, crown characteristics (e.g. crown diame-
ter and height to the live crown HTLC)) of broad-crown clones were
more responsive to the effect of site, silvicultural intensity and
planting density than the narrow-crown clones. Moreover, they
found great differences in branch mortality in the lower crown
between broad-crown clones, which suggest potential differences
in the crown physiology between the clones. Consequently, there
is still a poor understanding whether gas exchange and foliage
morphology and display could explain the differences in productiv-
ity among genotypes in a broad range of environmental conditions
and silvicultural treatments.

The present study investigated the responses of loblolly pine
leaf-level gas exchange and leaf morphological traits to changes
in silvicultural intensity and genotypes at two sites. Two clones
having broad crown (competition ideotype) and two clones having
narrow crown (crop ideotypes) and one control mass pollinated
(CMP) and one open pollinated (OP) family were examined. The
experiments were located in two contrasting geographical regions,
one on the Virginia Piedmont and one on the North Carolina
Coastal Plain. We tested the following hypotheses: (1) improving
soil resources by intensive silviculture will increase stem growth
and foliage development of loblolly pine genotypes, but it will have
no affect the leaf physiology, (2) the differences in growth among
clonal and non-clonal stands are associated with differences in tree
physiology and leaf deployment and (3) clones having a broad-
crown (competition ideotype) will differ in leaf display and physi-
ology from the narrow-crown clones (crop ideotype), which could
be associated with differences in the demand for soil resources.
2. Materials and methods

2.1. Study sites and experimental design

Details of the experiments were presented by Yáñez et al.
(2015). Briefly, trials were established in 2009 in the North Caro-
lina Coastal Plain (NC), at the Bladen Lakes State Forest (34�49049
.6300N, 78�35018.5200W), and at the Virginia Piedmont (VA) at the
Reynolds Homestead Forest Resources Research Center (36�38035.
3200N, 80�09018.8400W). The soil at the VA site was a well-drained
Fairview Series (fine, kaolinitic, mesic Typic Kanhapludults). The
soil at the NC site was a poorly drained Rains series (fine-loamy,
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siliceous, semiactive, thermic Typic Paleaquults). The annual aver-
age temperature and precipitation at VA is 13 �C and 1159.3 mm,
respectively. The annual average temperature and precipitation
at NC are 16.9 �C and 1170.7 mm, respectively (from NOAA online
weather data http://sercc.com/nowdata.html). The study was a
split-split plot design with four replications at VA and three repli-
cations at NC. Two levels of silviculture (operational and intensive)
were the whole plot treatments, six genotypes (4 clones, 1 OP fam-
ily and 1 CMP family) were the split-plot treatments, and three ini-
tial planting densities (617, 1235 and 1852 trees/ha) were the split
split-plot treatments.

Site preparation at VA included an aerial application of mixed
solution of 9.3 L/ha of Accord XRTII plus (a.i. glyphosate) (Dow
AgroSciences, Zionsvillle road, IN, USA), 9.3 L/ha of Milestone VM
plus (a.i. aminopyralid) (Dow AgroSciences, Zionsvillle road, IN,
USA), and 1.46 L/ha of Chopper (a.i. isopropylamine salt of imaza-
pyr) (BASF Corporation, Florham Park, NJ, USA). The site was then
burned. Site preparation at NC included a chemical application of
2.33 L/ha of Chopper, 11.6 L/ha of Krenite (a.i. ammonium salt of
fosamine) (Bayer CropScience, Research Triangle Park, NC, USA),
and 1.53 L/ha of Garlon (a.i. triclopyr) (Dow AgroSciences, Zionsvil-
lle road, IN, USA), followed by V-blade bedding on 3.66 m centers
using a Savannah bedding plow (Savannah Global Solutions,
Savannah, GA).

At both sites, the operational silvicultural treatment was a
banded weed control after planting, with a mix of 292 ml/ha of
Arsenal AC and 146 ml/ha of Oust XP (a.i. sulfometuron methyl)
(Bayer CropScience, Research Triangle Park, NC, USA). At VA, in
the third growing season, a solution of 55 ml/ha of Escort (a.i. met-
sulfuron methyl) (Bayer CropScience, Research Triangle Park, NC,
USA) was applied to control blackberry (Rubus spp.). The intensive
silvicultural treatments at both sites consisted of a broadcast weed
control with a mix of Arsenal AC (292 ml/ha), Oust XP (146 ml/ha)
and Escort (18 ml/ha) in the first growing season; Arsenal AC
(292 ml/ha) and Oust XP (146 ml/ha) in the second growing sea-
son; and Escort (55 ml/ha) in the third growing season. In the
intensive treatment, tip moth control was applied after planting
using PTM insecticide (a.i. fipronil) (BASF Corporation, Florham
Park, NJ, USA) (1.5 ml/tree) and 93 g/tree of nitrogen and 10 g/tree
of phosphorus in the form of Arborite coated urea fertilizer, which
was spread around the base of each individual seedling.

The genetic entries included one open pollinated family (OP),
one control-mass-pollinated family (CMP) and four clones (C1,
C2, C3 and C4) produced through somatic embryogenesis by Arbor-
gen Inc. (Ridgeville, SC). All the genotypes were coastal sources of
loblolly pine. The parents of several of the genotypes were related
(Table 1). The families were bare-root seedlings and the clones
were containerized seedlings. Clones C1 and C3 were considered
narrow-crown clones; whereas, clones C2 and C4 were considered
broad-crown ideotype (Yáñez et al., 2015).

Three initial planting densities were the split split-plot treat-
ments. Trees were planted at 617, 1235, and 1852 trees/ha. The
Table 1
Parents of the six genotypes assessed that were provided by Arborgen. Genotypes C1,
C2, C3, and C4 correspond to clones; OP; open pollinated family; CMP; control mass
pollinated family. A, B, C, D and E are arbitrary codes representing the pedigree of the
parents.

Mother

A B D

Father A C1
B C4
C C2 CMP
E C3
? OP
spacing between rows in all the planting densities was held con-
stant at 3.66 m with distance between trees within a row varying
from 4.42, 2.21 and 1.47 m in low, medium and high density,
respectively. Trees in each combination of silviculture, genotype
and spacing were planted as block plots with 81 trees/plot in a 9
tree by 9 tree arrangement at VA and 63 trees/plot in a 7 tree by
9 tree arrangement at NC.

2.2. Tree selection

This study was conducted on a subsample of trees within the
plots at planting density of 1235 trees per hectare. We assumed
that at this planting density, the intraspecific competition for light
was minimal. Three trees from each plot (within the 5 tree by 5
tree internal plot) were selected to represent the range in tree
height present. In each site, the sampling was made in three repli-
cates totalizing 108 trees per site. In each plot, trees were sorted by
total height. A small tree from the 1st quintile, one medium height
tree from the 3rd quintile, and a tall tree from the 5th quintile were
selected. Trees with obvious problems such disease symptoms,
mechanical damage, forking, and dieback were avoided.

2.3. Growth measurements, leaf-level gas exchange, leaf morphology

Each selected tree was repeatedly measured for all the variables
during the third growing season from October 2011 to November
2012. Measurements of leaf-level gas exchange were made every
6–8 weeks (a total of 8 dates at each site in the months of October
2011 and January, March, May, June, August, October, and Novem-
ber 2012). Both sites were measured with a difference of 1–
2 weeks between them. Diameter at the root collar (D) (using a dig-
ital caliper) and total height (HT) (using a Philadelphia rod) were
also measured. Volume index (VOL) was calculated by multiplying
HT by D squared and expressed in cubic centimeters (cm3). Addi-
tionally, We measured light-saturated photosynthetic rate (Asat at
1600 lmol m�2 s�1), stomatal conductance (gs, mmol m�2 s�1),
transpiration (E, mmol m�2 s�1), and the derived intrinsic water
use efficiency (WUEint = Asat/gs) and instantaneous water use effi-
ciency (WUEins = Asat/E), between 9 am and 3 pm with a portable
photosynthesis system (LI-6400, LiCor Inc., Lincoln, NE, USA). Fully
sun-exposed fascicles collected from the upper, medium and lower
third of the crown were combined and placed in the chamber
immediately after detachment (<30 s). The chamber air tempera-
ture and relative humidity was held near to ambient conditions.
Thus, during the study period, this implied varying the block tem-
perature in the chamber from 5 to 32 �C at VA and from 9 to 34 �C
at NC. Carbon dioxide concentration was set to 385 lmol mol�1.
Additional measurement of leaf morphology (fascicle diameter
and number of needles per fascicle) were used to calculate leaf area
according to the formula used by Ginn et al. (1991): Leaf area per
fascicle = 3.14159(d)(l) + (n)(d)(l), where d = fascicle diameter,
l = needle length, and n = number of needles in the fascicle. The fas-
cicle metrics of all the foliage collected per each tree during the
entire measurement period were treated as a sample for further
analyses of foliage morphology.

2.4. Carbon isotope discrimination

During the last measurement date (November 2012), the same
fascicles used for needle physiology were used for further determi-
nation of carbon isotope discrimination at NC and VA. The foliage
was dried at 65 �C, and finely ground in a ball mill. The ratio of
13C and 12C was determined in 1.8 mg foliage subsample through
a stable isotope ratio mass spectrometer (IsoPrime100, Isoprime
Ltd., UK). The D13 values were expressed relative to the Pee Dee
Belemnite international standards (Farquhar et al., 1989) as:

http://sercc.com/nowdata.html
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D13 ¼ da � dp
1þ dp

where D13 is the carbon isotope discrimination ð‰Þ, and daand dp
are the stable carbon isotope ratio for the plant material and air
(�8‰), respectively.

2.5. Leaf area determination

At the end of the fourth growing season, in addition to growth
and physiological traits, the diameter, length and position from
the ground was measured for each branch of the selected trees.
Parallel, a destructive sampling was carried out for leaf area deter-
mination. Fifteen branches per treatment combination of silvicul-
tural treatment and genotype were sampled at each site (5
branches per block-plot � 3 blocks). The branches were collected
on two buffer trees at each block-plot and on different crown posi-
tions. In the laboratory, the foliage was detached from the
branches, and a subsample was scanned in a leaf area meter (LI-
3100, LiCor Inc., Lincoln, NE, USA) to determine projected leaf area.
Then, the foliage was oven-dried to a constant weight. Specific leaf
area (SLA) in the subsample was estimated as the leaf area by dry
weight ratio. Branch leaf area was obtained by multiplying SLA by
the total foliage weight and then regressed on DBH and relative
height position. The final allometric equations were genotype-
specific, and then were scaled to the selected trees. Tree leaf area
was obtained as the sum of leaf area of each individual branch.

2.6. Statistical analysis

Plot means for each trait were calculated and analysis of vari-
ance (ANOVA) was carried out at each site. All the explanatory
variables (silvicultural intensity, genotype and the interactions
among these factors) were considered fixed effects, whereas except
the effects of the replication were considered random. This model
was applied on carbon isotope discrimination, leaf area and leaf-
morphological traits. For stem growth and leaf-gas exchange
parameters, the model was expanded to repeated measures analy-
sis. For leaf-gas exchange parameters, a second-order polynomial
containing the variables temperature (T), vapor pressure deficit
(VPD) and VPD2 was used as covariates in the analysis of variance.
To account for some possible temporal correlation among different
measurement dates, we contrasted the AR(1) variance-covariance
structures against the independent and identical distributed error
structure (IDD). For the analysis of variance under the AR(1) struc-
ture, we assumed that the gap between measurements dates was
constant, and that small variations among measurement dates
did not affect the biological interpretation of the data. The model
selection was based on the Akaike (AIC) and Bayesian (BIC) infor-
mation criteria. The analyses of variances and regressions were
performed using PROC MIXED of SAS version 9.3 (SAS Institute,
Cary, North Carolina, USA), respectively. Post-hoc comparison of
main effects was based in the Tukey’s means comparisons method,
and contrast analyses to test for differences between genetic
source (clonal versus non-clonal) and crown ideotype (broad- ver-
sus narrow-crown). Significant differences were considered at an
alpha level of 0.05.

3. Results

3.1. Variability in stem volume, leaf area, and leaf morphology
parameters

During the study period, the trees in the intensive silvicultural
treatment were significantly larger than in the operational silvicul-
tural treatment only at VA, and that effect increased over time
(Table 2 and Fig. 1A and B). At the end of the study period, the
intensive silvicultural treatment at VA increased stem volume
68% relative to the operational treatment, whereas the effect of
the silvicultural treatment was not significant at NC. At NC, average
tree volume did not differ among the genotypes over the study per-
iod (P > 0.05) (Fig. 1C). At VA, there were significant (P = 0.03) dif-
ferences among the genotypes at the end of the study (Fig. 1D),
which was explained by the higher stem volume of the clones over
the CMP and OP families (on average clones had 28% higher stem
volume than the families).

Similarly, the effect of the intensive silvicultural treatment and
genotype on leaf area was significant only at VA (P < 0.05),
although there was a trend of the effect of the silvicultural treat-
ment at NC (P = 0.06) (Table 2 and Fig. 2). At VA, the differences
in leaf area among the genotypes were significant only in the
intensive silvicultural treatment (Fig. 2), where the broadest crown
variety C4 had the highest leaf area. Although, the variety C2 was
classified as having broad crown, it exhibited similar leaf area than
the narrow crown variety C1 and the CMP family (Variety C4 had
65% higher leaf area to these genotypes). Both stem growth and
leaf area were similar at the two sites in the operational silvicul-
tural treatment (Fig. 2).

At NC, the intensive silvicultural treatment significantly
increased both the fascicle diameter and the number of needles
per fascicle relative to the operational silvicultural treatment (4%
and 7%, respectively), whereas no effect was detected at VA
(Table 2). Moreover, there were significant differences in the leaf
morphology parameters among the genotypes (Table 2). At NC,
the increase of fascicle diameter due to the intensive silvicultural
treatment varied from 2% to 12% for the different genotypes, which
explained the silvicultural treatment by genotype interaction
(Table 2). In this site, variety C4 had significantly lower fascicle
diameter than variety C1 and the OP family (Fig. 3). At VA, variety
C3 and C4 had significantly lower fascicle diameter than variety C1
and the OP family. When comparing only the clones, at both sites,
variety C4 consistently had lower fascicle diameter than variety C1.
Variety C1 had a higher number of needles per fascicle than the
other clones, whereas the families had middle values for this vari-
able. At both sites, the broad-crown clones C2 and C4 showed the
lowest number of needles per fascicle.

3.2. Variability in leaf-level physiological parameters

Significant differences among the genotypes were found for all
the physiological parameters only at VA, while no effect was
detected at NC (Table 3). Table 4 shows the post hoc contrast anal-
yses to test for differences in all the traits between clonal versus
control-mass and open pollinated families, and for broad- versus
narrow-crown. At VA, the analysis indicates that on average Asat,
gs and E of the clones was significantly higher than the non-
clonal sources (CMP and OP family) (P < 0.01), while no differences
were found for the parameters associated with water use efficiency
(WUEs and D13). Moreover, the contrast analysis showed that none
of the physiological parameters differed when compared the
broad- versus narrow-crown clones. Nonetheless, genotypes
ranked differently for each physiological parameter (Fig. 4). Over-
all, the narrow-crown clones exhibited similar leaf-level physiol-
ogy, but when compared to the broad-crown clones, E in variety
C2 was similar to the narrow-crown clones, and had significantly
higherWUEint andWUEins than variety C4. Variety C2 also had sim-
ilar WUEint and WUEins than the CMP family (Fig. 4). D13 was sig-
nificantly higher in variety C4 relative to the OP family, but it did
not differ among clones.

The effect of the silvicultural treatment on Asat, gs and E differed
by date at NC, whereas it did not showed any affect at VA (Table 3
and Fig. 5). During the study period, the ranges for Asat, gs and E



Table 2
P-values from the analysis of variance per site for stem volume, leaf area, number of needles per fascicle and fascicle diameter.

SITE EFFECT Stem volume Leaf area Needles per fascicle Fascicle diameter

NC SILV 0.2776 0.0605 0.0276 0.0223
GEN 0.7753 0.2723 <0.0001 0.0001
SILV � GEN 0.7269 0.9059 0.1496 0.0221
DATE <0.0001
SILV � DATE 0.4610
GEN � DATE 0.6152
SILV � GEN � DATE 0.8237

VA SILV 0.0143 0.0071 0.2706 0.1665
GEN 0.0045 0.0002 0.0025 0.0158
SILV � GEN 0.6127 0.0438 0.3770 0.5944
DATE <0.0001
SILV � DATE <0.0001
GEN � DATE <0.0001
SILV � GEN � DATE 0.6600

Note: Significant effects are shown in bold type. The effects are silvicultural intensity (SILV), genetic entry (GEN) and DATE.
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Fig. 1. Least-square means (±standard error) for loblolly pine stem volume for each site as influenced by silvicultural treatment (upper panel), and genotype (lower panel)
(NC = North Carolina Coastal Plain, VA = Virginia Piedmont; C1, C2, C3, C4 = clones, CMP = controlled mass pollinated, OP = open pollinated). * indicate significant differences
at an alpha level of 0.05.
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were similar at both sites (values from 0.13 to 8.6 lmol/m2 s�1,
and 12 to 217 mmol m2 s�1 and 0.01 to 3.6 mmol m2 s�1, respec-
tively), and also exhibited similar seasonal patterns. These param-
eters peaked in the summer dates and then decreased toward the
autumn months (Fig. 5). At NC, Asat, gs and E were higher in the
operational silvicultural treatment than the intensive silvicultural
treatment in the most productive months. The results for WUEins
and WUEint were less conclusive than for the parameters of which
these were derived. The effect of the silvicultutal treatments on
WUEs differed between site and date (Table 2 and Fig. 6). At both
sites, significant differences in WUEs between silvicultural treat-
ments occurred only in the winter measurements. At these
months, the effect of intensive silviculture was an increase in
WUEs at VA, and a decrease at NC. At NC, WUEint peaked in the
winter month, and decreased toward the summer dates. At VA,
WUEint and WUEins were lower at May 2012 and fluctuate during
the study period in both silvicultural treatments (Fig. 6). D13 was
lower at VA (22.1 ‰) than NC (22.6 ‰), suggesting that across all
the treatments the water use efficiency was higher at VA.
4. Discussion

The use of loblolly pine clones has the potential to further
increase productivity as traditional silviculture moves to precision
forestry systems. However, forest management may become more
complex when genotype by silviculture treatment interactions are
present. The use of crown ideotypes provides a framework to
design ideotype-based silvicultural prescriptions (Martin et al.,
2001; Yáñez et al., 2015). This study investigated the growth and
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leaf physiology of clones, differing in crown ideotypes, along with a
CMP and OP family under different silvicultural treatments and
sites. Our results indicate that the gains in productivity using both
intensive silviculture and clones were site specific and not
expressed in the poorly drained site in NC. The results are consis-
tent with the first hypothesis; hence, improving soil resources by
intensive silviculture increased stem growth and foliage display,
but not through a detectable effect on leaf physiology. However,
we reject the second and third hypotheses as the genotypes
responses in leaf area deployment, foliage morphology and



Table 3
P-values from the analysis of variance per site for light-saturated photosynthetic rate (Asat), stomatal conductance (gs), transpiration (E), intrinsic water use efficiency (WUEint),
instantaneous water use efficiency (WUEins) and carbon isotope discrimination (D13).

SITE EFFECT Asat gs E WUEint WUEins D13

NC SILV 0.0068 0.1736 0.0251 0.4536 0.4532 0.2943
GEN 0.6650 0.4160 0.6124 0.0924 0.0511 0.7200
SILV � GEN 0.5985 0.4564 0.6539 0.9512 0.8355 0.4297
DATE <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
SILV � DATE 0.0093 0.0012 0.0002 0.0231 0.0259
GEN � DATE 0.6778 0.3818 0.408 0.1365 0.2979
SILV � GEN � DATE 0.9634 0.8726 0.8606 0.9473 0.9545

VA SILV 0.5753 0.2745 0.4255 0.0519 0.0622 0.1946
GEN 0.0023 0.0065 0.0009 0.0094 0.0143 0.0493
SILV � GEN 0.1300 0.4116 0.5355 0.5359 0.3696 0.0848
DATE <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
SILV � DATE 0.9788 0.9852 0.8384 0.0095 0.0056
GEN � DATE 0.9903 0.9722 0.9607 0.6336 0.7351
SILV � GEN � DATE 0.9949 0.9912 0.9834 0.9918 0.9922

Note: Significant effects are shown in bold type. The effects are silvicultural intensity (SILV), genetic entry (GEN) and DATE.

Table 4
Summary of statistical contrasts testing the effect of the crown ideotype (broad- versus narrow-crown) and genetic source (clonal versus non-clonal) loblolly pine stem volume,
leaf area, and fascicle morphological and physiological traits by site (NC = North Carolina Coastal Plain, VA = Virginia Piedmont). Values for a specific trait within a row followed
by different letters differ significantly (P-value < 0.05) between crown ideotype and genetic source, respectively.

Site Variable Crown Ideotype Genetic Source

Narrow-crown Broad-crown P-value Clonal CMP and OP P-value

NC Stem volume (cm3) 45,907 a 53,323 a 0.3556 49,615 a 47,285 a 0.4778
Leaf area (m2) 7.33 a 9.06 a 0.0887 8.19 a 9.52 a 0.1288
Needles per fascicle 3.41 a 3.04 b 0.0001 3.21 a 3.30 b 0.0004
Fascicle diameter (mm) 1.47 a 1.37 b 0.0013 1.36 a 1.39 a 0.0764
Asat (lmol m�2 s�1) 3.79 a 4.11 a 0.4823 4.95 a 4.90 a 0.8811
gs (mmol m�2 s�1) 69.1 a 67.1 a 0.8338 101.6 a 101.4 a 0.6914
E (mmol m�2 s�1) 0.55 a 0.60 a 0.9315 1.50 a 1.49 a 0.7104
WUEint (lmol mmol�1) 0.055 a 0.066 a 0.0685 0.052 a 0.054 a 0.3824
WUEins (lmol mmol�1) 7.10 a 7.51 b 0.0336 4.51 a 4.73 a 0.4430

D13 (‰) 22.03 a 22.44 a 0.1351 22.63 a 22.72 a 0.6898

VA Stem volume (cm3) 71,851 a 73,271 a 0.8848 72,561 a 56,811 b 0.0001
Leaf area (m2) 9.3 a 11.3 b 0.0144 10.3 a 10.8 a 0.4181
Needles per fascicle 3.38 a 3.08 b 0.0065 3.21 a 3.31 b 0.0305
Fascicle diameter (mm) 1.40 a 1.33 a 0.4781 1.29 a 1.32 b 0.0179
Asat (lmol m�2 s�1) 3.77 a 4.15 a 0.1647 4.79 a 4.53 b 0.0002
gs (mmol m�2 s�1) 66.0 a 69.8 a 0.3356 83.6 a 79.5 b 0.0025
E (mmol m�2 s�1) 0.59 a 0.63 a 0.8912 1.14 a 1.09 b 0.0114
WUEint (lmol mmol�1) 0.058 a 0.062 a 0.5995 0.065 a 0.067 a 0.1721
WUEins (lmol mmol�1) 7.77 a 7.86 a 0.5713 6.14 a 6.32 a 0.1350

D13 (‰) 22.09 a 22.41 a 0.0983 22.25 a 21.99 a 0.1163
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physiology differed indistinctly and are not associated with the
genetic source (clonal versus non-clonal) or the crown ideotype
(broad- versus narrow-crown), respectively.

Fertilization and weed control in the intensive silviculture
treatment had a positive and significant effect on tree size only
at VA (68% higher stem volume than the operational silvicultural
treatment), while there was a similar trend at NC. These results
suggest that there was some type of resource limitation (i.e. nutri-
ent and water) that was corrected at VA. These responses are also
consistent with the results reported previously by Yáñez et al.
(2015) in these trials. They indicated that the poor growth
response at NC is likely due to the high water table at this site,
whose negative effect on growth was not entirely ameliorated by
bedding. Similarly, at VA the intensive silvicultural treatment
increased leaf area in all the genotypes, with responses varying
from 60% to 146% relative to the operational silvicultural treat-
ment, while there was some slight increase in leaf area appearing
at NC. The large impact of silvicultural intensity on growth and leaf
area typically occurs in loblolly pine and has been reported in
numerous studies (Albaugh et al., 1998; Vose and Allen, 1988;
Jokela and Martin, 2000; McGarvey et al., 2004). The large increase
in leaf area by the intensive silvicultural treatment at VA was asso-
ciated with a greater foliage display and canopy size than to an
effect on the foliage morphology. Contrarily to what was expected,
both the fascicle diameter and number of needles per fascicle were
increased by the intensive treatment at NC, but not at VA where
the growth responses to silviculture intensity were higher. These
results partially agree with the findings by Will (2005). He found
that loblolly pine foliage morphology is responsive to fertilization
(increasing the fascicle size), but this accounted for a small change
(<10%) in the increase in total leaf biomass, which doubled in some
stands. In our study the small but significant increase in fascicle
size due to the intensive silvicultural treatment would not explain
the increase in the total leaf area as the genotypes exhibited great
differences in leaf area deployment. Moreover, although it was not
assessed in this study, fertilization may also have increased the
number of flushes, size of the fascicles, and number of fascicles
per flush (Maier et al., 2002). In this study, the trials were pur-
posely located to span a wide range of environmental conditions
where loblolly pine is planted. The VA Piedmont site represents
the northern limit of the species distribution. Soils are well
drained, but have poor fertility and growth responses to intensive
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silviculture have been found for the same area by Amishev and Fox
(2006) and Stovall et al. (2011). The site at NC represents some of
the typical poorly drained soils in the Coastal Plain, and growth
responses to intensive silviculture have been previously reported
in these types of sites (McKee and White, 1986; Nilsson and
Allen, 2003; Tyree et al., 2009).

In addition, the differences among the genotypes in stem
growth, foliage development and physiology were expressed only
at VA. At this site, the clones had higher productivity than the
CMP and OP family. Moreover, although no differences in stem
growth were found between clones, their differences in leaf area
display indicate that the clones greatly differ in growth efficiency
(understood as the stem growth to leaf area ratio). For instance,
at VA one of the narrow-crown clones (C1) and one of the broad-
crown clones (C2) had higher growth but similar leaf area than
the CMP family. Otherwise, comparing the broad-crown clones,
variety C4 had similar stem growth but 68% higher leaf area than
variety C2. This suggests that great differences in growth efficiency
among genotypes can be found, even within the same crown ideo-
type. Differences in growth efficiency and crown development in
clonal loblolly pine have also been reported in previous studies
(Emhart, 2005; King et al., 2008; Tyree et al., 2009; Stovall et al.,
2011). From the point of view of forest management, these large
differences in leaf area display and canopy development may rep-
resent large differences in the demand of soil resources and conse-
quently in the future intra-specific competition within the stands.

During the study period, the seasonal variation of gas exchange
parameters was similar between the two sites and was in the range
previously reported for loblolly pine; for Asat (0.13–8.6 lmol m2 -
s�1) (Ellsworth, 2000; Munger et al., 2003; Tang et al., 2003;
Gough et al., 2004a), WUEint (0.027–0.14 lmol mmol�1)
(Aspinwall et al., 2011), and D13 (20–24 ‰) (Gebremedhin,
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2003). In our study, we hypothesized that the differences in growth
among clonal and non-clonal stand were associated to differences
in leaf deployment and physiology. Additionally, we hypothesized
that genotypes differing in the crown ideotype will differ in foliar
display and consequently in leaf physiology. Overall, although
the contrast analysis partially supports the differences in leaf phys-
iology among the genetic sources, it did not support the differences
between crown ideotypes. However, we rejected both hypotheses
as the leaf display and physiology of the genotypes indistinctly dif-
fered and there was no association to either the genetic source
(clonal versus non-clonal) or to the crown ideotype (broad- versus
narrow-crown), respectively. For instance, Asat was similar among
clones, whose values significantly differed only from the OP family.
Narrow-crown clones exhibited similar leaf physiology, but great
differences were found between the broad-crown clones. The
broad-crown variety C2 had low transpiration rates compared to
the narrow-crown clones, but it had higher instantaneous water
use efficiency than the crown ideotype for C4. Based on process-
based-models, McMurtrie et al. (1990) found that the annual
canopy net photosynthesis in radiata pine was 111% higher in fer-
tilized/irrigated stands than control stands, and that the increased
photosynthetic rate due to N nutrition explained only 10% of the
total carbon gain.

In our study, we argue that although leaf-level physiology had
little variation within the species, small differences may confer
some advantage when clonal material is planted. The few studies
comparing genetic differences in Asat in loblolly pine have shown
contrasting results. Some studies did not find differences in Asat

among half-sib families (Seiler and Johnson, 1988; Samuelson,
2000), even when different sources were compared (half- and
full-sib families versus clones) (Aspinwall et al., 2011); while
others have found differences in Asat in clonal studies
(Gebremedhin, 2003; King et al., 2008; Tyree et al., 2009). Asat

appears to be conservative within the species; these studies consis-
tently showed differences in other gas exchange parameters
related with the water-plant relationship such as gs, E and photo-
synthetic water use efficiency, which agree with the results found
in our study. In addition, Ingwers et al. (2016) found that on a per-
fascicle basis, loblolly pine gas exchange is higher in four-needle
fascicles than three-needle fascicles. They also found that at the
canopy level different clones may differ in the proportion of these
types of fascicles as was found in our study. However, the mecha-
nisms of how this may affect growth efficiency needs further
research. Small variation in needle gas exchange and morphologi-
cal parameters among genotypes might have a great impact in the
stand-water use and consequently in the ecosystem sustainability
(Aspinwall et al., 2011). For instance, if the higher E and lowerWUE
in variety C4 is scaled with its large leaf area relative to variety C2,
it could be that these two broad-crown genotypes (competition
ideotype) will differ significantly in the water use at the stand
level. Besides, broad-crown ideotypes might demand more nutri-
ents and water than the narrow ones, implying that narrow crown
clones might tolerate drought to nutrient limitation better than a
broad type (Tyree et al., 2009). Our study indicates little similarity
in the leaf physiological processes and morphology among clones
classified in the same ideotype.

At the end of the fourth growing season, the trees had not yet
reached the start of canopy closure. Thus, we ensured that the foli-
age collected for gas exchange measurements was fully-sun
exposed. Hence, only a deficiency in soil resources might limit
gas exchange. However, the effect of the silvicultural intensity on
the gas exchange parameters was less conclusive than for the
genetic component. At VA, the higher responses in growth and leaf
area display due to the intensive silvicultural treatment were not
linked to an effect on gas exchange parameters. Moreover,
although some effect of the silvicultural intensity was found on
WUEins and WUEint, it occurred in the months with lower growth
rate, so its impact on productivity should be minor. In contrast,
at NC, Asat, E, and WUEs tended to be lower across the growing sea-
son in the intensive than in the operational silvicultural treatment.
The mechanism involved in this trend cannot be elusive by this
study. Regarding the poor above-ground growth response to inten-
sive silviculture at this site, we speculate that some soil resource is
limiting the growth and physiology of trees at this early state.
Some studies in loblolly pine showed that water table greatly con-
strained root development, which alters the resource uptake and
the balance between aerobic and anaerobic respiration (De Bell
et al., 1984). Nonetheless, at this point the soil resources in both
silvicultural treatments were likely sufficient to maintain the levels
of gas exchange. These results corroborate the lack of effect of
management intensity on gas exchange in loblolly pine, even when
growth and foliar nitrogen (N) was affected (Gough et al., 2004a;
Samuelson, 1998; Will et al., 2001; Munger et al., 2003). Some
studies indicate that there is a short term response in Asat to fertil-
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ization, in which the increase in Asat after fertilization is only
ephemeral and the extra carbon gained is used to enlarge the
canopy and consequently tree growth (Gough et al., 2004b; King
et al., 2008). Studying two contrasting crown-ideotype clones of
loblolly pine, Tyree et al. (2009) found some evidence of an
increase in Asat within the first six month after fertilization, accom-
panied with an increase of the foliar mass. The results found by
King et al. (2008) showed that the pattern after fertilization may
be clone-specific. These finding may explain the results in our
study, where physiological measurements were made in field trials
between the 3rd and 4th growing season, and started 1.5 year after
the fertilization. Fertilization in the south is most commonly used
to correct N and Phosphorous (P) deficiencies (Fox et al., 2007b),
and both elements were present in the fertilization in the intensive
silvicultural treatment. We also did measure nitrogen concentra-
tion in the same foliage collected for Asat determination on August
2012 (end of summer), where the peak in leaf area occurs (Albaugh
et al., 1998). At NC, the N concentration ranged from 1 to 1.9%;
whereas at VA it ranged from 1.1 to 1.7%, with no significant differ-
ences among the silvicultural treatments within the sites. Almost
all the trees (98 and 100% NC and VA, respectively) had N concen-
tration above the critical level of 1.1% reported for loblolly pine
(Allen, 1987); therefore, foliar N deficiency was not likely a limiting
factor in our study at this time. We speculate that the assart effect
from the previous harvested stands at the sites was still providing
a sufficient level of N (Fox et al., 2007b). Therefore, the effects of
site and intensive silviculture on growth suggests that other mech-
anisms than gas exchange could be affected such as the changes in
the above- and below-grown carbon partitioning (Albaugh et al.,
1998; King et al., 1999; Litton et al., 2007), light use efficiency
(LUE) (Campoe et al., 2013), or carbon use efficiency (Ryan et al.,
1996).
5. Conclusions

Our findings indicate that the growth responses due to the
effects of silvicultural intensity and genotype were site specific
and not explained through an effect on leaf level gas exchange or
needle morphology. There was not great variation in gas exchange
among sites, and so far the differences in productivity are probably
associated with favorable soils conditions. We found small, but sig-
nificant differences in gas exchange and foliage morphology among
the genotypes, and that variation was genotype-specific and not
associated neither to the genetic source nor the crown ideotype.
As was described, broad crown ideotypes allocate more C to branch
and foliage development, but they did not necessarily allocate
more C in the stem. This study highlights the complex genotype
by environmental interaction that may arise when clonal material
is deployed.
Conflict of interest

None declared.
Acknowledgements

This research was funded through the NSF Center for Advanced
Forestry Systems (CAFS) and the Forest Productivity Cooperative
(FPC). Funding for this work was also provided in part by the Vir-
ginia Agricultural Experiment Station and the Program McIntire
Stennis of the National Institute of Food and Agriculture, U.S.
Department of Agriculture. We thank all the people who con-
tributed in some way to this research, among them John Peterson,
Eric Carbaugh, Timothy Albaugh.



M.A. Yáñez et al. / Forest Ecology and Management 398 (2017) 25–36 35
References

Adams, J.P., Roberts, S.D., 2013. A comparison of growth and stand structural
characteristics in pure- and mixed-family stands of loblolly pine. For. Sci. 59,
188–196.

Albaugh, T.J., Allen, H.L., Dougherty, P.M., Kress, L.W., King, J.S., 1998. Leaf area and
above- and belowground growth responses of loblolly pine to nutrient and
water additions. For. Sci. 44, 317–328.

Allen, H.L., 1987. Nutrient amendment, stand productivity, and environmental
impact. J. For. 85, 37–46.

Amishev, D.Y., Fox, T.R., 2006. Impact of weed control and fertilization on growth of
four species of pine in the Virginia Piedmont Gen. Tech. Rep. Forest Service.
Southern Research Station, Ashville, NC.

Aspinwall, M.J., King, J.S., McKeand, S.E., Domec, J.C., 2011. Leaf-level gas-exchange
uniformity and photosynthetic capacity among loblolly pine (Pinus taeda L.)
genotypes of contrasting inherent genetic variation. Tree Physiol. 31, 78–91.

Bettinger, P., Clutter, M., Siry, J., Kane, M., Pait, J., 2009. Broad implications of
southern united states pine clonal forestry on planning and management of
forests. Int. Forest. Rev. 11, 331–345.

Boltz, B.A., Bongarten, B.C., Teskey, R.O., 1986. Seasonal patterns of net
photosynthesis of loblolly pine from diverse origins. Can. J. For. Res. 16,
1063–1068.

Campoe, O.C., Stape, J.L., Albaugh, T.J., Lee Allen, H., Fox, T.R., Rubilar, R., Binkley, D.,
2013. Fertilization and irrigation effects on tree level aboveground net primary
production, light interception and light use efficiency in a loblolly pine
plantation. For. Ecol. Manage. 288, 43–48.

Cannell, M.G.R., 1989. Physiological basis of wood production: a review. Scand. J.
For. Res. 4, 459–490.

Chmura, D.J., Tjoelker, M.G., 2008. Leaf traits in relation to crown development, light
interception and growth of elite families of loblolly and slash pine. Tree Physiol.
28, 729–742.

De Bell, D.S., Hook, D.D., McKee, W.H., Askew, J.L., 1984. Growth and physiology of
loblolly pine roots under various water table level and phosphorus treatments.
For. Sci. 30, 705–714.

Dickmann, D., 1985. The ideotype concept applied to forest trees. In: Cannell, M.G.
R., Jackson, J.E. (Eds.), Attributes of Trees as Crop Plants. Inst. of Terrestrial Ecol,
Huntington, England, pp. 89–101.

Ellsworth, D.S., 2000. Seasonal CO2 assimilation and stomatal limitations in a Pinus
taeda canopy. Tree Physiol. 20, 435–445.

Emhart, V.I., 2005. Physiological genetics of contrasting loblolly and slash pine
families and clones PhD. Dissertation. Univ. Florida, Gainesville, Florida.

Farquhar, G.D., Ehleringer, J.R., Hubick, K.T., 1989. Carbon isotope discrimination
and photosynthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 40, 503–537.

Fox, T.R., Jokela, E.J., Allen, H.L., 2007a. The development of pine plantation
silviculture in the southern United States. J. Forest. 105, 337–347.

Fox, T.R., Allen, H.L., Albaugh, T.J., Rubilar, R., Carlson, C.A., 2007b. Tree nutrition and
forest fertilization of pine plantations in the Southern United States. Southern J.
Appl. Forest. 31, 5–11.

Gebremedhin, M.T., 2003. Variation in growth, water relations, gas exchange, and
stable isotope composition among clones of loblolly pine (Pinus taeda L.) under
water stress Master thesis. Univ. Florida, Gainesville, Florida.

Ginn, S.E., Seiler, J.R., Cazell, B.H., Kreh, R.E., 1991. Physiological and growth
responses of eight-year-old loblolly pine stands to thinning. For. Sci. 37, 1030–
1040.

Gough, C.M., Seiler, J.R., Johnsen, K.H., Sampson, D.A., 2004a. Seasonal
photosynthesis in fertilized and nonfertilized loblolly pine. For. Sci. 50, 1–9.

Gough, C.M., Seiler, J.R., Maier, C.A., 2004b. Short-term effects of fertilization on
loblolly pine (Pinus taeda L.) physiology. Plant, Cell Environ. 27, 876–886.

Green, T.H., Mitchell, R.J., 1992. Effects of nitrogen on the response of loblolly pine
to water stress. I. Photosynthesis and stomatal conductance. New Phytol. 122,
627–633.

Ingwers, M.W., Urban, J., McGuire, M.A., Bhuiyan, R.A., Teskey, R.O., 2016.
Physiological attributes of three- and four-needle fascicles of loblolly pine
(Pinus taeda L.). Trees 30, 1923–1933.

Isik, F., Goldfarb, B., LeBude, A., Li, B., McKeand, S., 2005. Predicted genetic gains and
testing efficiency from two loblolly pine clonal trials. Can. J. For. Res. 35, 1754–
1766.

Jokela, E.J., Martin, T.A., 2000. Effects of ontogeny and soil nutrient supply on
production, allocation, and leaf area efficiency in loblolly and slash pine stands.
Can. J. For. Res. 30, 1511–1524.

Jones, P.D., Ezell, A.W., Demarais, S., 2010. Growth response of loblolly pine (Pinus
taeda L.) 3–5 Years after plantation establishment using different management
intensities. J. Sustain. Forest. 29, 486–502.

King, J.S., Albaugh, T.J., Allen, H.L., Kress, L.W., 1999. Stand-level allometry in Pinus
taeda as affected by irrigation and fertilization. Tree Physiol. 19, 769–778.

King, N.T., Seiler, J.R., Fox, T.R., Johnsen, K.H., 2008. Post-fertilization physiology and
growth performance of loblolly pine clones. Tree Physiol. 28, 703–711.

Liechty, H.O., Fristoe, C., 2013. Response of midrotation pine stands to fertilizer and
herbicide application in the Western Gulf Coastal Plain. Southern J. Appl. Forest.
37, 69–74.

Litton, C.M., Raich, J.W., Ryan, M.G., 2007. Carbon allocation in forest ecosystems.
Glob. Change Biol. 13, 2089–2109.

Lujan, N.M., Fernández, M.E., 2016. Morpho-physiological response to drought of
progenies of Pinus taeda L. contrasting in mean growth rate. New Forest. 47,
431–451.
Maggard, A.O., Will, R.E., Wilson, D.S., Cassandra, R.M., Vogel, J.G., 2016. Fertilization
reduced stomatal conductance but not photosynthesis of Pinus taeda which
compensated for lower water availability in regards to growth. For. Ecol.
Manage. 381, 37–47.

Maier, C.A., Johnsen, K.H., Butnor, J., Kress, L.W., Anderson, P.H., 2002. Branch
growth and gas exchange in 13-year-old loblolly pine (Pinus taeda) trees in
response to elevated carbon dioxide concentration and fertilization. Tree
Physiol. 22, 1093–1106.

Maier, C.A., Palmroth, S., Ward, E., 2008. Short-term effects of fertilization on
photosynthesis and leaf morphology of field-grown loblolly pine following
long-term exposure to elevated CO(2) concentration. Tree Physiol. 28, 597–606.

Martin, T.A., Johnsen, K.H., White, T.L., 2001. Ideotype development in southern
pines: rationale and strategies for overcoming scale-related obstacles. For. Sci.
47, 21–28.

McGarvey, R.C., Martin, T.A., White, T.L., 2004. Integrating within-crown variation in
net photosynthesis in loblolly and slash pine families. Tree Physiol. 24, 1209–
1220.

McKeand, S.E., Jokela, E.J., Huber, D.A., Byram, T.D., Allen, H.L., Li, B., Mullin, T.J.,
2006. Performance of improved genotypes of loblolly pine across different soils,
climates, and silvicultural inputs. For. Ecol. Manage. 227, 178–184.

McKeand, S.E., Gerwig, D.M., Cumbie, W.P., Jett, J.B., 2008. Seed orchard
management strategies for deployment of intensively selected loblolly pine
families in the southern. In: Lindgren, D. (Ed.), Seed orchards. Proceedings
conference at Umeå, Sweden, pp 177–182.

McKee, W.H., White, L.P., 1986. Loblolly pine response to bedding and fertilization
varies by drainage class on lower Atlantic coastal plain sites. Southern J. Appl.
Forest. 10, 16–21.

McMurtrie, R.E., Benson, M.L., Linder, S., Running, S.W., Talsma, T., Crane, W.J.B.,
Myers, B.J., 1990. Management of water and nutrient relations to increase forest
growth Water/nutrient interactions affecting the productivity of stands of Pinus
radiata. For. Ecol. Manage. 30, 415–423.

Munger, G.T., Will, R.E., Borders, B.E., 2003. Effects of competition control and
annual nitrogen fertilization on gas exchange of different-aged Pinus taeda. Can.
J. For. Res. 33, 1076–1083.

Nilsson, U., Allen, H.L., 2003. Short- and long-term effects of site preparation,
fertilization and vegetation control on growth and stand development of
planted loblolly pine. For. Ecol. Manage. 175, 367–377.

Roth, B.E., Jokela, E.J., Martin, T.A., Huber, D.A., White, T.L., 2007. Genotype �
environment interactions in selected loblolly and slash pine plantations in the
Southeastern United States. For. Ecol. Manage. 238, 175–188.

Ryan, M.G., Hubbard, R.M., Pongracic, S., Raison, R.J., McMurtrie, R.E., 1996. Foliage,
fine-root, woody-tissue and stand respiration in Pinus radiata in relation to
nitrogen status. Tree Physiol. 16, 333–343.

Samuelson, L.J., 1998. Influence of intensive culture on leaf net photosynthesis and
growth of sweetgum and loblolly pine seedlings. For. Sci. 44, 308–316.

Samuelson, L.J., 2000. Effects of nitrogen on leaf physiology and growth of different
families of loblolly and slash pine. New Forest. 19, 95–107.

Seiler, J.R., Johnson, J.D., 1988. Physiological and morphological responses of three
half-sib families of loblolly pine to water-stress conditioning. For. Sci. 34, 487–
495.

Stovall, J.P., Carlson, C.A., Seiler, J.R., Fox, T.R., Yanez, M.A., 2011. Growth and stem
quality responses to fertilizer application by 21 loblolly pine clones in the
Virginia Piedmont. For. Ecol. Manage. 261, 362–372.

Tang, Z., Chambers, J.L., Sword, M.A., Barnett, J.P., 2003. Seasonal photosynthesis and
water relations of juvenile loblolly pine relative to stand density and canopy
position. Trees 17, 424–430.

Teskey, R.O., Bongarten, B.C., Cregg, B.M., Dougherty, P.M., Hennessey, T.C., 1987.
Physiology and genetics of tree growth response to moisture and temperature
stress: an examination of the characteristics of loblolly pine (Pinus taeda L.).
Tree Physiol. 3, 41–61.

Teskey, R.O., Whitehead, D., Linder, S., 1994. Photosynthesis and carbon gain by
pines. Ecol. Bull., 35–49

Tyree, M.C., Seiler, J.R., Maier, C.A., Johnsen, K.H., 2009. Pinus taeda clones and soil
nutrient availability: effects of soil organic matter incorporation and
fertilization on biomass partitioning and leaf physiology. Tree Physiol. 29,
1117–1131.

Vance, E.D., Sanchez, F.G., 2006. Perspectives on site productivity of loblolly pine
plantations in the Southern United States. For. Ecol. Manage. 227, 135–136.

Vose, J.M., Allen, H.L., 1988. Leaf area, stemwood growth, and nutrition
relationships in loblolly pine. For. Sci. 34, 547–563.

Vose, J.J., Dougherty, P.M., Long, J.N., 1994. Factors influencing the amount and
distributions of leaf area in pine stands. Ecol. Bull. 43, 102–114.

Whetten, R.W., Kellison, R., 2010. Research gap analysis for application of
biotechnology to sustaining US forests. J. Forest. 108, 193–201.

Will, R.E., Barron, G.A., Colter Burkes, E., Shiver, B., Teskey, R.O., 2001. Relationship
between intercepted radiation, net photosynthesis, respiration, and rate of stem
volume growth of Pinus taeda and Pinus elliottii stands of different densities. For.
Ecol. Manage. 154, 155–163.

Will, R.E., 2005. The effects of annual fertilization and complete competition control
on fascicle morphology of different aged loblolly pine stands. Trees 19, 129–
136.

Wright, J., Dougherty, D., 2006. Varietal forestry. For. Landowner 10, 3–4.
Wright, J., Dougherty, D., 2007. Silviculture for your varietal loblolly pine plantation.

For. Landowner May/June, 26–29.

http://refhub.elsevier.com/S0378-1127(17)30382-1/h0005
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0005
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0005
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0010
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0010
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0010
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0015
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0015
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0020
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0020
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0020
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0025
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0025
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0025
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0030
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0030
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0030
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0035
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0035
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0035
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0040
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0040
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0040
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0040
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0045
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0045
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0050
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0050
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0050
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0060
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0060
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0060
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0065
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0065
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0065
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0070
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0070
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0070
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0075
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0075
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0080
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0080
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0085
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0085
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0090
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0090
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0090
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0095
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0095
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0095
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0100
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0100
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0100
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0105
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0105
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0110
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0110
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0115
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0115
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0115
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0120
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0120
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0120
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0125
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0125
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0125
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0130
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0130
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0130
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0135
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0135
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0135
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0140
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0140
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0145
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0145
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0150
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0150
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0150
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0155
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0155
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0160
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0160
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0160
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0165
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0165
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0165
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0165
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0170
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0170
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0170
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0170
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0175
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0175
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0175
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0180
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0180
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0180
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0185
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0185
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0185
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0190
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0190
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0190
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0200
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0200
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0200
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0205
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0205
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0205
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0205
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0210
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0210
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0210
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0215
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0215
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0215
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0220
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0220
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0220
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0225
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0225
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0225
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0230
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0230
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0235
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0235
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0240
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0240
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0240
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0245
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0245
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0245
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0250
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0250
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0250
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0255
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0255
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0255
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0255
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0260
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0260
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0265
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0265
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0265
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0265
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0270
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0270
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0275
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0275
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0280
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0280
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0285
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0285
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0290
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0290
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0290
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0290
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0295
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0295
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0295
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0300
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0305
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0305


36 M.A. Yáñez et al. / Forest Ecology and Management 398 (2017) 25–36
Yang, W.Q., Murthy, R., King, P., Top, M.A., 2002. Diurnal changes in gas exchange
and carbon partitioning in needles of fast- and slow-growing families of loblolly
pine (Pinus taeda). Tree Physiol. 22, 489–498.

Yáñez, M.A., Fox, T.R., Seiler, J.R., 2015. Early growth responses of loblolly pine
varieties and families to silvicultural intensity. For. Ecol. Manage. 356, 204–215.
Zhao, D., Kane, M., Borders, B.E., Harrison, M., Rheney, J.W., 2009. Site preparation
and competing vegetation control affect loblolly pine long-term productivity in
the southern Piedmont/Upper Coastal Plain of the United States. Ann. For. Sci.
66, 705.

http://refhub.elsevier.com/S0378-1127(17)30382-1/h0310
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0310
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0310
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0315
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0315
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0320
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0320
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0320
http://refhub.elsevier.com/S0378-1127(17)30382-1/h0320

	Crown physiological responses of loblolly pine clones and families to silvicultural intensity: Assessing the effect of crown ideotype
	1 Introduction
	2 Materials and methods
	2.1 Study sites and experimental design
	2.2 Tree selection
	2.3 Growth measurements, leaf-level gas exchange, leaf morphology
	2.4 Carbon isotope discrimination
	2.5 Leaf area determination
	2.6 Statistical analysis

	3 Results
	3.1 Variability in stem volume, leaf area, and leaf morphology parameters
	3.2 Variability in leaf-level physiological parameters

	4 Discussion
	5 Conclusions
	Conflict of interest
	Acknowledgements
	References


