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Abstract—The use of improved genotypes as well an increased understanding of the role of intensive silviculture have made
southeastern pine forests some of the most productive forests in the world. The objectives of this research were to determine
how two superior loblolly pine (Pinus taeda) genotypes, representing two distinct ideotypes, respond to manipulations of
nutrient availability. Second, based on estimates of carbon (C) capture and loss, predict how treatment responses may
influence net ecosystem productivity (NEP). A combination of nitrogen (N) and phosphorus fertilization and the incorporation
of high C to N logging residue (LR) provided a range of nutrient availability. We found both clones increased aboveground
growth in response to fertilization, but to different degrees. Additionally, there were large differences in aboveground biomass
partitioning in response to LR incorporation between clones. Finally, there were significant clonal differences in soil CO2 efflux
indicating that there may be strong differences in NEP between genotype and nutrient availability.

INTRODUCTION
Southern pine plantations in the Southeastern United States
are some of the most intensively managed and highly
productive forested systems in the world (Allen and others
2005). Planted pine forests may create great opportunity
for sequestering large amounts of carbon (C) (Johnsen and
others 2001). Currently, southern pine plantations occupy
more than 13 million ha and are forecast to increase 67
percent to 22 million ha by the year 2040 (Wear and Greis
2002). Intensive management of pine forests has been shown
to affect net ecosystem C exchange by decreasing the time
necessary for a stand to shift from a C source to a C sink (Lai
and others 2002; Maier and others 2004, 2002; Sampson
and others 2006). Net primary productivity (NPP) and
heterotrophic respiration (Rh) are two opposing processes
that contribute to net ecosystem productivity (NEP). Forest
management such as nutrient additions, competition control,
and site preparation most dramatically impact NEP by
increasing NPP (Albaugh and others 2004, Maier and others
2004) but has also been shown to suppress the rate of soil
organic matter decomposition (Fog 1988) either through
reduced microbial activity (Blazier and others 2005, Gough
and Seiler 2004, Homann and others 2001, Olsson and
others 2005, Tyree and others 2008), decreased microbial
biomass (Bååth and others 1981, Lee and Jose 2003,
Thirukkumaran and Parkinson 2000, Tyree 2008), changes in
microbial population composition (Bittman and others 2005,
Lilleskov and others 2002), or some combination of these
factors.
A typical harvesting operation in a southern pine stand can
generate up to 50 t of logging debris/ha (Allen and others
2006), which historically has been gathered into large piles
and burned or abandoned. These represent huge stores of
organic C, which left exposed to the air will largely oxidize
being released back into the atmosphere as CO2. Forest
managers routinely spread this logging debris back onto

the site in an attempt to spread nutrients across a site as
well as minimize disturbance from trafficking. Further, the
idea has been proposed to incorporate this logging residue
(LR) into the soil (see review by Johnson and Curtis 2001).
Not only would this provide nutrients to successive stands,
but it may additionally increase soil C sequestration as
it is likely some fraction will remain as recalcitrant soil C.
Agricultural studies have long shown that adding large
amounts of C into the mineral soil will also impact nutrient
cycling and decomposition rates of the material (Holland and
Coleman 1987). Depending on the availability of organic C
to decomposition and the ratio of C to N, there is both the
potential to increase longer term nutrient cycling, particularly
N, phosphorus (P), and sulfur. However, incorporating logging
residue into the soil following harvesting may result in the
acceleration of microbial decomposition of the labile C pool
leading to an increase in microbial populations (Aggangan
and others 1999, Ouro and others 2001) and the short-term
immobilization of essential nutrients such as N (Aggangan
and others 1999, Perez-Batallon and others 2001), which may
result in decreased tree growth.
An exciting area of research that shows huge potential for
increasing productivity of intensively managed forests is the
use of superior planting stock. In fact, it has been estimated
that increases in volume gains of 10 to 30 percent have
been made possible as a result of selective breeding, and
gains of 50 percent or more may be possible by combining
the use of clones and intensive silviculture (Allen and others
2005, Martin and others 2005). With increased emphasis
being placed on site-specific management there is a need
to determine how specific genotypes will vary across
environments (Fox 2000) as well as match specific genotypes
to site conditions, e.g., resource availability.
The overall objective of this research is to monitor the shortterm (1 to 3 years) effects of intensive silviculture on C pools
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and fluxes, involved in C capture, biomass partitioning, and
C evolution back to the atmosphere, in young loblolly pine
(Pinus taeda). Specifically, we wanted to determine how
two superior loblolly pine genotypes, which represent two
distinct ideotypes, respond to manipulations of nutrient
availability. Secondly, based on estimates of C capture and
loss predict how treatment responses may influence NEP. We
hypothesize both genotypes will respond to increased N and
P by increasing NPP, but to different extents. Additionally, the
incorporation of LR would decrease growth in both clones,
but effect “narrow crown” ideotype to a lesser extent. Finally,
differences in growth and C allocation between clones will
significantly impact the rate of C evolution from these soils as
well as the short-term C balance.

MATERIAL AND METHODS
Study Site
The study site was located in Berkeley County, SC, at an
elevation of 24 m above mean sea level. Average annual
temperature was 14.6 °C and 17.4 °C with an average daily
maximum of 17.3 °C and 25.2 °C and an average daily
minimum of 11.7 °C and 11.2 °C for the 2006 and 2007 year,
respectively. Highest daily average temperature was 26.8 °C
and 32.5 °C occurring in August 2006 and August 2007,
respectively, and a low of –0.9 °C and 0.4 °C occurring
in December 2006 and February 2007, respectively. Total
precipitation was 90.2 cm in 2006 and 74.9 cm in 2007
spread evenly throughout the year, which was well below the
average of 120 cm recorded between 1949 and 1973 (Long
1980). The dominant soil series is Ocilla (loamy, siliceous,
semiactive, thermic Aquic Arenic Paleudults). Harvest of the
previous 21-year-old loblolly pine stand took place in May
2004, and the site was sheared of residual material in July
2004. LR treatments were applied in October 2004, and site
preparation (bedding) took place in early November 2004.
Loblolly pine clones were planted in January of 2005, and
data for this study was collected between January 2006 and
January 2008.

Experimental Design
The study design was a split-plot, randomized complete block
design replicated three times with the whole-plot treatments
arranged as a full 2 by 2 factorial, which was measured
repeatedly. Each 0.18-ha plot (48 x 38 m) was planted with
approximately 243 container-grown, clonal loblolly pine
seedlings in 9 rows at a 1.8-m spacing within rows and a
4.3-m spacing between row centers. Two levels of LR and
two clones (CL32 and CL93) served as the whole-plot
treatments. The two levels of LR were no LR incorporated
and LR incorporated into the mineral soil (LR) at a rate of
25 Mg oven-dry weight/ha, which was concentrated onto
the beds (approximately 75 Mg oven-dry weight/ha; C to N
= 700). Both LR treatments also incorporated the residual
forest floor of approximately 25 Mg oven-dry weight/ha. The
two loblolly pine clones chosen both exhibit superior height
growth but represent two distinct ideotypes. Clone 93 (CL93,
“narrow crown” ideotype) has been shown to allocate more
of its resources to stem growth while clone 32 (CL32, “broad
crown” ideotype) allocates more resources to leaf area. Each
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plot was split into two 0.0013-ha measurement plots, located
at opposite ends of the whole plot; each consisted of six
seedlings (four measurement trees + two buffer trees) and
served as the experimental unit. Each split plot received one
of two fertilizer applications: no nutrient additions or N and P
fertilization (F). During the 2006 growing season fertilizer was
applied twice and totaled 209 kg N and 116 kg P/ha in the
form of diammonium phosphate and ammonium nitrate (AN).
Roughly one-third was applied on April 6 and the remaining
two-thirds applied on May 8, 2006. F for the 2007 growing
season was applied on March 9, 2007, at a rate of 200 kg N/ha
in the form of AN.

Measurements
In January 2008, a representative tree, which most closely
fit the mean tree height from each plot, was harvested to
estimate biomass partitioning. The aboveground portion of
each seedling was cut 10 cm above groundline. Belowground
plant tissues were sampled by excavating a 1- by 1- by 0.5-m
volume around the main stem. At the lab each tree was
dissected into foliage, branches, main stem, tap root, and
lateral roots. All samples were oven dried (>2 weeks) at a
temperature of 65±5 °C then weighed gravimetrically to the
nearest gram.
Total soil CO2 efflux (FS) from the soil surface was estimated
using a LI-6200 portable infrared gas analyzer (LI-COR
Biosciences, Lincoln, NE) with a dynamic closed soil chamber
giving a total system volume of 6300 cm3 (Selig and others
2008, Tyree and others 2008). Soil respiration measurements
were taken approximately every 1 to 1.5 months starting
January 2006 through December 2007 (16 sampling dates).
A broken chamber hose on February 2006 and machine
leaks on May and June 2006 forced us to remove all 3
sampling dates leaving 13 separate dates for the experiment.
Measurements were taken at approximately the same
location on each date and in the same sequential blocking
order between 0800 and 1600 hours and taking between
3 to 4 hours to complete. Two subsamples were taken per
measurement plot. One measurement was taken at the base
of the tree and the other taken between trees to account
for spatial variation on the planting bed. No measurements
were taken between planting rows. Soil CO2 evolution was
measured over a 30-second period and FS rates calculated as
μmols CO2 m2/second.
Carbon balance was estimated by calculating NPP in Mg C/ha
over two growing seasons by converting total biomass to total
C content by assuming a 0.5-conversion factor. Rh was roughly
estimated from our measurements of FS. Average FS was
determined for each plot (13 sampling dates by 2 locations)
and converted to metric tons of carbon per hectare over the
entire study. Based on the literature, Rh was assumed to be 50
percent of FS for this experiment (Andrews and others 1999,
Hanson and others 2000, Maier and Kress 2000).

Data Analyses
Treatment differences in FS were determined using analysis
of variance with repeated measures using a MIXED model.

Covariance structures were selected using AIC, AAIC,
and BIC fit statistics included in the SAS output. Treatment
differences in biomass partitioning and relative C budgets
were analyzed using a general linear model (GLM). Residuals
and the normality curves were plotted for all analyses to
confirm that the data met assumptions of equal variance
and normality for all parameters measured. When data were
transformed by their natural log to meet assumptions, all
values were expressed as untransformed least square means
and standard errors. All analyses were performed using the
MIXED and GLM procedures in SAS (SAS 2006).

differences in aboveground biomass partitioning with soil
amendment treatments (fig. 2). For example, plots receiving
LR resulted in a 47-percent increase in foliar to stem ratio
in CL32 and no change in CL93 (P = 0.005, fig. 2A). Plots
receiving fertilizer showed the opposite trend with CL32
showing a decrease in foliar to stem ratio by 22 percent and
CL93 showing a 19-percent increase (P = 0.06, fig. 2B).
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We observed significant differences for both above- and
belowground plant biomass (P = 0.002 and P = 0.08,
respectively) with our nutrient manipulation treatments (fig.
1). Consistent with other researchers’ findings (Albaugh
and others 1998, Gough and Seiler 2004), the addition of N
and P fertilizer resulted in a 101- and 65-percent increase in
above- and belowground biomass, respectively, at the end
of the third-growing season relative to control treatments.
LR additions increased aboveground biomass by 25 percent
but had no effect on belowground biomass. Interestingly,
when both fertilizer and LR were added there was only a
modest increase in above- and belowground biomass (29
and 18 percent, respectively) indicating that the addition of
LR resulted in increased competition for nutrients by soil
microbes. Data from an accompanying field study showed
that microbial biomass C and microbial activity (Rh) increased
with the addition of LR for these same plots (Tisdale 2008,
Tyree 2008).
In contrast to our hypothesis we found no significant (P > 0.1)
difference between genotypes in above- and belowground
biomass. However, upon closer investigation we observed
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Figure 1—Mean above- (AG) and belowground (BG) biomass
partitioning for logging residue (LR) and fertilization (F) nutrient
manipulation treatments. Clonal loblolly pine seedlings were planted
January 2005 in Berkley County, SC, and destructively harvested on
January 2008.
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Figure 2—Mean foliage to stem ratio for (A) logging residue (LR) and (B) fertilization (F)
treatments. Clonal loblolly pine seedlings were planted January 2005 in Berkley County, SC,
and destructively harvested on January 2008. (w/o LR = no LR incorporated; NF = no nutrient
additions.)
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These data indicate that although there is no difference
between genotypes in total aboveground biomass across a
fertility gradient there are differences in how that aboveground
tissue is distributed. Always keeping in mind that our
primary objective is to produce forest products and that C
sequestration will be secondary, and by planting genotypes
that preferentially allocate to stem biomass we are able to
optimize both these objectives.

added (none) CL32 maintained a slightly greater C balance
then CL32, but when both LR and fertilizer were applied
CL93 maintained a greater C balance. We found that the C
balance over the first two full growing seasons was negative
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In most nutrient manipulation treatments we found that the
C balance between clones did not differ except in the control
and LR+F treatments (table 1). When no amendments were

FS (µmols CO2 m–2 s–1)

In support of our hypothesis we observed a significant
(P = 0.03) clone by LR by fertilizer three-way interaction when
data from all 13 sampling dates were analyzed. In control
treatments (none) FS was substantially greater in CL32 than
CL93 (fig. 3). This was supported by minirhizotron data from
a project collaborator which showed that CL32 maintained
greater fine-root (<2 mm) length then CL93.2 Both fertilizer
and LR additions resulted in a decreased FS in CL32 (fig. 3).
We found that the addition of LR in CL32 reduced stem
volume and belowground biomass by 25 and 30 percent,
respectively, in CL32 and not at all in CL93 (Tyree 2008). In
contrast, fertilizer had only a slight increase on FS in CL93
while LR additions resulted in a much more extreme increase
in CL32. Finally, the addition of both LR and fertilizer showed
no detectable difference in FS in either genotype.
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Figure 3—Total soil CO2 efflux from the soil surface (FS) averaged
over 13 sampling dates from January 2006 through December 2007.
Measurements were taken using a closed system portable infrared
gas analyzer (LI-6200). (LR = logging residue; F = fertilization.)

Table 1—Average (standard error) carbon budgets for soil amendment treatment by clone. Values are estimated from
January 2006 through January 2008. Positive numbers indicate a carbon sink and negative numbers indicate carbon
source.
Soil amendment added
Response

None

LR added

F added

LR+F

------------------------------------------------------- t carbon/ha ------------------------------------------------------Clone 32 (“broad crown” ideotype)
Net primary productivity

6.24 (0.33) b

6.47 (0.96) b

11.11 (0.57) a

6.17 (0.54) b

–35.72 (1.17) a

–33.25 (6.59) a

–28.82 (2.31) a

–38.05 (5.43) a

LR incorporation

0

38

0

38

Carbon balance

–29.49 (1.00) a

11.21 (7.40) b

–17.72 (2.84) a

6.12 (5.05) b

10.94 (0.51) a

8.25 (0.85) ab

Heterotrophic respiration

Clone 93 (“narrow crown” ideotype)
Net primary productivity
Heterotrophic respiration

5.16 (1.05) c

7.21 (1.05) bc

–29.54 (5.23) a

–35.80 (6.33) a

–25.22 (2.68) a

–30.16 (2.65) a

LR incorporation

0

38

0

38

Carbon balance

–24.38 (4.75) a

–14.27 (3.12) a

16.09 (1.82) b

9.41 (6.37) b

LR = logging residue; F = fertilization.
Different letters in a row indicate significant differences between soil amendment treatments using Fisher’s LSD (alpha = 0.05, n = 3).
2
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when LR was not applied. This is consistent with findings that
early on these stands act as a C source due to the relatively
low NPP and higher soil respiration following site disturbance
and as these stands age increased NPP and decreased soil
respiration increase NEP (Gough and others 2005, Sampson
and others 2006). Under both clones the addition of fertilizer
increases C balance relative to control treatments which is
consistent with the findings of other studies (Lai and others
2002; Maier and others 2002, 2004) . Finally, the addition
of LR resulted in a positive C balance early in the rotation
indicating this may be a useful treatment in increasing C
sequestration, but more long-term observation is needed.

CONCLUSION
In support of our findings we found that our nutrient
manipulation treatments had a significant effect on plant
biomass. Although there was no treatment by genotype
interaction with plant biomass there were strong differences
in the way aboveground biomass was partitioned between
genotypes. The addition of LR resulted in a substantial
increase in the foliage to stem ratio in CL32 but not CL93.
Implication of this finding may be that clones can be chosen
based on site nutrient availability to optimize stem production.
Second, we found genetic by nutrient availability interactions
in FS, which suggests that future C models may need to
account for genotypes as clonal forestry becomes more
popular. Finally, NPP was the dominant factor controlling C
balance. F increased NPP, therefore, increasing the C balance
perhaps decreasing the time necessary for this stand to
function as a C sink. Additionally, we found that incorporation
of LR resulted in a positive C balance early in stand
development and may be a potential treatment in increasing
C sequestration. However when selecting genotypes to
plant, biomass partitioning patterns need to be accounted
for in addition to NPP to satisfy both timber production and C
sequestration objectives.
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