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Abstract: As awareness of climate change increases, the need for carbon neutral fuel sources is
growing. Lignocellulosic biofuel derived from pine trees has been suggested as one potential energy
source; however, it requires more research before its efficacy for climate change mitigation can be
determined. Due to the large share of forest carbon held in soils and the extensive area of pine
plantations in the southeast U.S., a better understanding of plantation soil carbon dynamics is
critical for biofuel carbon accounting. This study evaluated the effects of canopy development and
productivity on soil CO2 efflux, a proxy for soil respiration (Rs), in an intensively managed loblolly
pine (Pinus taeda) stand over a period from May 2015 to December 2019. We found that leaf area index
(LAI) and gross ecosystem production (GEP), as well as meteorological variables, had significant
effects on Rs, but that both overall Rs and soil carbon pools did not increase over the course of the
study. We thus hypothesize that GEP and LAI had intra-annual effects on Rs, and that the lack
of change in Rs is the result of an increase in autotrophic respiration (Ra) that offset a decrease in
decomposition of the previous stand’s organic matter.
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1. Introduction

Forest soil carbon (C) pools are a critical component of the global C budget as they ac-
count for two-thirds of all forest C and are estimated to be twice the size of the atmospheric
carbon C sink [1–3]. These C pools are heavily impacted by human land conversion [4];
however, the severity and type of impact depends on how the land is manipulated. Typ-
ically, tree harvest reduces forest soil C concentrations [5,6]. The soil pool of previously
harvested lands can be improved through reforestation [5,7]; however, the amount of time
needed for C recovery in the soils is still unclear and appears to vary on a site-by-site basis,
depending on forest type, and may be more than 50 years for southeastern forests [7–9].

The southeastern United States is an ideal location to study how soil C dynamics
respond to forest land conversion, as the region has a history of deforestation and re-
forestation, and an extensive area of intensively managed pine plantations [10]. From
the 1700s through the 1930s, the southeastern U.S. experienced widespread removal of
old growth forests both for agricultural land and for logging [11,12]. After this period,
natural reforestation of abandoned agriculture land, afforestation, and establishment of
pine plantations once again changed the landscape. From 1952 to 2010, pine plantations
went from being a negligible portion of southern forests to making up 19% of the forested
area in the South [13]. Plantation establishment and an increasing emphasis on intensive
silviculture [14,15] caused substantial increases in southern timber production from the
1950s to 2000 [10]. This trend is predicted to continue; by the year 2040, the area of southern
pine plantations is projected to increase by at least 25% over 1995 levels [14].
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No contemporary southern pine plantations are known to exist which have not un-
dergone genetic modifications and/or selective breeding to maximize growth and pro-
ductivity [16]. These faster-growing stands have accelerated physiological processes [14],
but less is known about their soil C dynamics. It is well known that photosynthesis plays
a critical role in soil carbon dioxide (CO2) efflux, the release of CO2 from the soil and is
a proxy for soil respiration (Rs), in forests [17]. Swedish Scots pine forests, for instance,
showed a 54% decline in Rs 1–2 months after girdling of all trees [17]. In addition, increased
photosynthesis leads to increased production of photosynthate, a significant portion of
which inevitably reaches the soil, both through vascular transport to the rhizosphere and
through litterfall [18]. Researchers have also found a significant relationship between Rs
and net primary production (NPP) [19,20], and Litton et al. [21] showed that Rs increases
linearly with increasing gross primary production (GPP). It thus stands to reason that Rs
should increase in stands modified to have accelerated growth. Rs is an integral component
of broader ecosystem respiration (Reco) and can account for between 45 and 80% of Reco in
forests [22,23]. Understanding the role of Rs in fast-growing pine forests of the southeastern
U.S. will therefore provide key insights into both the components of Reco and the movement
of C.

While most commercial stands in the southeastern U.S. are planted to produce wood
and paper products, a growing number of stands have been designated for biofuel feedstock
plantations. There is still debate, however, over the economic and environmental viability
of lignocellulosic biofuels and genetic modification to improve the efficiency and yield of
stands [24]. Most research on such modifications has been conducted on transgenic poplar
species; however, pines are another potential feedstock source [25]. The southeastern
U.S. is seen as one potential region for the establishment of large-scale cellulosic biofuel
production due to the extensive area of pine plantations [26]. Pinus taeda (loblolly pine)
has been proposed as a possible species for use as a biofuels feed stock because of its
rapid growth rate and prevalence [27–29]. Understanding the effects of management and
tree improvement for enhanced biofuel production on soil C dynamics will prove critical
to assessing the efficacy of these plantations in the context of reduction of greenhouse
gas emissions.

Our study seeks to understand the effect of accelerated growth on the Rs of a young
loblolly pine plantation intensively managed for biofuel feedstock. Within this study
we will address the following questions: (1) How does rapid canopy development, as
expressed by leaf area index (LAI), affect Rs. (2) What role does gross ecosystem production
(GEP) play in controlling Rs rates?

2. Materials and Methods
2.1. Study Area

The study was conducted from June 2015 to December 2019 at the US Department
of Energy, Savannah River Site (SRS), a National Environmental Research Park located
on the Upper Coastal Plain physiographic region, near Aiken, South Carolina, U.S. The
area is heterogenous, being characterized by ridges with sandy soils and floodplains and
terraces with loamy soils. See White et al. for further site details [30]. The climate is humid
subtropical with a long-term average annual air temperature of 17.6 ◦C [31]. Long-term
average annual precipitation at the site is 1159 mm [31]. Before study establishment, the
area was dominated by second rotation planted loblolly pines, which were established in
1951 following the abandonment of row-crop agriculture [32]. These stands were clear-cut
in early 2012 and the site was subsequently prepared for watershed-scale experimental
planting [33] aimed at determining the effects of intensive silviculture on soil and water
quality. Bareroot seedlings specifically selected for high biomass production (ArborGen
Mass Control Pollinated AGM 37) were planted between February and March 2013. The
genetic source was identified to have 70% greater growth than the North Carolina State
University Cooperative standard check source, with excellent stem form and rust resistance.
The site went through a series of intensive herbicide, pesticide, and fertilizer applications
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prior to and following planting. Details of these treatments can be found in Ferreira et al.
(2020) [33].

2.2. Eddy Covariance Methodology

An eddy covariance tower was established on site in late January of 2015. Net ecosys-
tem exchange (NEE), sensible energy (H), and latent energy (LE) were measured using the
open-path eddy covariance (EC) method [34,35]. A control volume approach was applied
to estimate NEE (µmol m−2 s−1). This technique simplifies the continuity equation so that
Integrals I and II (Equation (1)) represent the vertical rate of change of the mean molar CO2
concentration and the vertical scalar flux divergence from ground level to the measurement
height (z, m), respectively:

NEE =

∫ z

0

∂ρC
∂t

∂z︸ ︷︷ ︸
I

+

∫ z

0

∂ρ C′ w′

∂t
∂z︸ ︷︷ ︸

II

, (1)

where, ρ represents the dry air density. The CO2 concentration (C, µmol m−3) and vertical
wind velocity (w, m s−1) were measured at a fixed plane ~5 m above the mean canopy
height. Meteorological conventions were used with negative values representing ecosystem
C uptake. Primes indicate instantaneous fluctuations around the mean measured at 10 Hz
while overbars denote the mean over the averaging period of 30 min. Due to the young
age of the stand and low canopy height at the beginning of the study, the initial instru-
ment height was 11.5 m and the zero-plane displacement estimate was changed monthly
(due to the rapid accrual of canopy height) using the average heights of 20 randomly
selected trees within the site. Typically, net ecosystem production (NEP) is defined as
GEP − Reco where GEP is gross ecosystem production (the overall influx of CO2 into the
system). In the case of our study C uptake was represented by a negative value while loss
was represented by a positive value. Thus, NEP was defined as GEP + Reco and negative
values of GEP represented net uptake while positive values represented efflux from the
system, per micrometeorological convention.

The concentrations of CO2 and water vapor were measured with the open-path LI-7500-
A infrared gas analyzer (IRGA, LI-COR Inc., Lincoln, NE, USA) and 3D sonic anemometer
(CSAT-3, Campbell Scientific, Logan, UT, USA). The IRGA’s optical path aligned to match
the sampling volume of the 3D sonic anemometer. The instruments were separated by
0.23 m to minimize airflow distortion. A datalogger (CR3000, Campbell Scientific Inc.,
Logan, UT, USA) collected the raw data at 10 Hz. The IRGA was calibrated every 4 to
6 weeks using a known concentration of CO2 gas (600 ppm ± 2%), dry N2 gas scrubbed
with soda lime and Drierite, and a dew point generator (LI-610, LI-COR Inc., Lincoln, NE,
USA) as outlined in Ameriflux protocols [36,37].

2.3. Soil CO2 Flux Measurement

Within the footprint of the eddy covariance tower, we established four 50× 50 m plots,
with each plot having five CO2 flux collars. Monthly soil CO2 flux measurements were taken
on each soil collar within these monitoring plots (n = 20) using a static chamber approach
with an infrared gas analyzer (LI-6400, LI-COR Inc., Lincoln, NE, USA). Measurements
were taken between 10:00 and 14:00. Soil collars were made from polyvinyl chloride (PVC)
rings (11.7 cm interior diameter and 4.4 cm height) and were placed ~1.0 m from the
litterfall traps (described below). Live green biomass was carefully removed from each
collar before performing measurements. Three replicate measurements were taken at each
collar. Rate measurements were taken between −5 ppm and +5 ppm of the ambient CO2
concentration. The first of these measurements was removed to assure stability within the
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chamber and the other two were averaged. Soil CO2 flux (Rs, µmol CO2 m−2 s−1) was
calculated as:

Rs =
kPV

S(Tair + 273.15)

(
∂C
∂t

+
C

103 −W

)
∂W
∂t

, (2)

where k = 10/8.314 = 1.2028; P is atmospheric pressure (kPa), V is the volume of the chamber
(cm3), S is the surface area covered by the chamber (cm2), Tair is the ambient chamber
air temperature as measured with the LI-6400 instrument (◦C) at the soil surface, C and
W are the molar ratio of carbon dioxide and water vapor in the chamber air, respectively
(µmol CO2 mol−1 air, and mmol H2O mol−1 air), and t is the time (s). Rs was measured
in µmol CO2 m−2 s 1 and converted to g CO2 m−2 s−1. For our analyses this was then
scaled up to a daily value by multiplying the value by the number of seconds in a day
(86,400), then further scaled up to a monthly value by multiplying the daily value by the
number of days in the month. Thus, all non-transformed Rs values presented in the Results
are in g CO2 m−2 month−1. Though this is a relatively rough estimate, it allows for full
usage of our meteorological and flux data, which was taken every 30 min. In association
with each Rs measurement, soil volumetric water content (VWC) in the top 20 cm of soil
was measured (CS620, Campbell Scientific Inc., Logan, Utah) adjacent to the soil collar
(<0.5 m). Soil temperatures were also measured at depths of 4 and 8 cm with insulated
thermocouples (Type-T, Omega Engineering, Inc., Stamford, CT, USA).

2.4. Canopy Development

Canopy leaf area index (LAI) and canopy gap fraction measurements were taken
monthly directly above each of the soil respiration collars using a digital camera with
a hemispherical lens (Panasonic Lumix DMC-LX5, Regent Instruments, QC, Canada)
at diameter at breast height (DBH; 1.34 m above ground level). Hemispherical photos
were analyzed using Winscanopy V3.4 (Regent Instruments). Each photo was analyzed
separately to calculate canopy LAI using the LI-COR LAI-2000 linear method. LAI values
greater than 7 were discarded from analyses as such values are considered highly unrealistic
and were associated with branches near the camera. Naturally regenerating Liquidambar
styraciflua (American sweetgum) present in one subplot had a major impact on LAI values
and we thus also discarded this subplot from analyses. A gap in data occurred from August
to November 2017 because of equipment failure. LAI from this period is thus not included
in statistical models described in Section 3.2.3.

Leaf litter was collected monthly from five 1 m2 mesh traps suspended above the
forest floor. Leaf litter traps were co-located with the soil respiration collars. Litter was
placed in a paper bag and returned to the lab where it was dried to constant mass at 60 ◦C.

2.5. Soil Carbon Concentrations

As part of the watershed-scale experiment this study was nested within, eight replicate
plots were established for monitoring soil responses to clear-cutting and subsequent stand
development under intensive silviculture. Sampling locations were identified using unique
combinations of random compass azimuth and random distance from plot center. At each
sampling location within each plot a “bucket” type soil auger with an inside diameter of
8.26 cm and a height of 15 cm (AMS, American Falls, ID) was used to retrieve soil samples
from four discrete depths (0–15, 15–30, 30–45, and 45–100 cm). Samples were composited by
depth within each plot, placed in a plastic-lined bag and returned to the lab. All composite
samples were dried at 60 ◦C for 48 h or until a constant weight was achieved. Dry samples
were sieved to 2 mm then ground using a ball mill. Soils did not contain a measurable mass
of >2 mm particles. All ground soil samples were sent to the USFS Coweeta Hydrologic
Laboratory where they were analyzed for total C using a dry combustion Flash EA 1112
NC Analyzer (Elantech, Lakewood, NJ, USA).

To convert soil C concentration to total soil C mass (content) on an area basis
(Mg ha−1), three soil bulk density samples were collected from random locations within
each plot using a volumetric soil corer with a removable 1002 cm3 sleeve (AMS, Ameri-
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can Falls, ID). Bulk density samples were collected from depths 0–15, 15–30, 30–45, and
45–60 cm, placed in a metal soil tin, and returned to the lab. All bulk density samples were
dried at 105 ◦C until they achieved a constant weight. The mean dry soil bulk density
was then calculated for each plot and depth increment. Soil C concentrations were multi-
plied by the corresponding dry soil bulk density and scaled to Mg ha−1. Soil bulk density
samples and soil chemistry samples were collected at the beginning of the experiment in
February–March 2013 and again in May–June 2018. The first set of measurements were
conducted at the site during replanting following clear-cutting. These measurements were
part of our research team’s larger Department of Energy Bioenergy Technologies Office
project, which began prior to the establishment of our greenhouse gas measurements.

2.6. Statistical Analyses

A series of general linear mixed models (GLMM) was created to model Rs and its
relationship with other variables using the lme package in the R statistical software [38].
Cursory testing revealed substantial heteroscedasticity and a lack of normality. To meet
the assumptions underlying GLMM, the natural logarithm of Rs was used as the response
variable in all models. GLMMs accounted for the random effect of year and plot. In addition,
the models included a first-order autoregressive autocorrelation structure (AR(1)) to account
for the repeated measures nature of monthly observations. The first GLMM solely modeled
ln(Rs) as a function of LAI. With each subsequent model, a new micrometeorological
variable and its interactive effects were incorporated. To avoid multicollinearity, highly
correlated variables were not included together in the model. Each of these models was
evaluated, and those variables or interactive effects which were not found to be significant
(p > 0.05) were eliminated from the subsequent model; when interactive effects were
significant, the underlying simple effects remained in the model. After creating a model
including LAI and all other significant covariates, Akaike information criterion (AIC)
scores were used to compare models. The model with the lowest AIC was assumed to best
support the data. For all models, residuals were plotted to visually assess assumptions of
homoscedasticity, and quantile–quantile plots were used to evaluate normality. In the final
model, variables were considered significant if their p-values were below 0.05. Interaction
plots were made with the sjPlot package [39].

To determine if there were significant differences in soil C stock location between 2013
and 2018, the soil C stock data was analyzed using a series of t-tests. Tests for the difference
of two means (2018 vs. 2013) were performed for each depth between the sampling periods.
These tests were performed on soil C values averaged across all plots (n = 8 for each depth
in each year).

3. Results
3.1. Site Conditions

In the two years of the study, the average air temperature (Tair) was greater than the
site historical average of 17.6 ◦C [31]. Average Tair over the course of the study was 19.2 ◦C
with the highest annual average occurring in 2015 (22.8 ◦C) and the lowest occurring in
2018 (17.7 ◦C) (Figure 1).

In 2018, total rainfall was substantially higher than in any other year (1406 mm).
Additionally, it was the only full year of the study in which the total rainfall surpassed
the site historical average of 1159 mm [31]. In 2016, 2017, and 2019, the study site expe-
rienced below average rainfall (1011, 981, and 1146 mm, respectively) (Figure 2). Note,
that measurements in 2015 began in March and are thus not a complete representation
of the year.
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Figure 2. Total rainfall for each year over the course of the study. The red line represents 1406 mm,
the historical average annual rainfall for the area [31]. * Measurements in 2015 began in March and
do not represent a complete year.

3.2. Soil Respiration and Stand Development
3.2.1. Rs over the Study Period

Rs showed clear seasonal variation, with peak Rs occurring in summer and the lowest
values in the winter (Figure 3). Additionally, there was little change in the mean of Rs
(2.304 ± 1.448 µmol CO2 m−2 s−1, or a scaled-up 71.72 ± 45.07 g CO2 m−2 month−1) over
the course of the study.
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3.2.2. Canopy Development

On average, LAI increased over the course of the study (Figure 4). A pronounced
intra-annual pattern was observed, with LAI peaking in the summer months as would be
expected. The decline in LAI during 2019 was associated with two tropical storms passing
the site during fall 2018. This removed canopy needles that would have been retained until
the fall of 2019 based on leaf phenological characteristics of loblolly pine.
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Figure 4. LAI over the course of the study. * The gap in data from August to November of 2017
was the result of broken equipment. Curve generated via locally estimated scatterplot smoothing
(LOESS) method.
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3.2.3. Models Relating Rs, LAI, and Other Predictors

Linear mixed effects models were created to determine the relationship between Rs,
LAI, and micrometeorological variables collected at the site (Table 1). Preliminary model
results, which relied solely on LAI as the predictor variable, indicated that assumptions of
normality and homoscedasticity were met. This model indicated that there was a strong,
positive relationship between LAI and Rs (p < 0.0001).

Table 1. Estimated fixed effects, degrees of freedom, and statistical test for linear mixed models
of ln(Rs).

Model AIC Effect NumDF DenDF Estimate F-Value p-Value

preliminary 1519 LAI 1 726 0.135158 22.224 <0.0001

final 892

LAI 1 512 −0.034164 20.892 <0.0001
VWC 1 512 −0.018537 109.94 <0.0001
Tair 1 512 0.043412 91.869 <0.0001
GEP 1 512 0.001961 262.60 <0.0001
VPD 1 512 0.515418 2.625 0.1058

VWC × Tair 1 512 0.001628 10.504 0.0013
GEP × VPD 1 512 −0.005794 1.800 0.1803
Tair × VPD 1 512 −0.045823 9.772 0.0019

VWC × VPD 1 512 −0.075488 19.284 <0.0001

The final (lowest AIC) model of Rs included LAI, monthly GEP, Tair, VWC, vapor
pressure deficit (VPD), the interaction of VWC with Tair, and the interactions of VPD with
VWC, with monthly GEP, and with Tair (p ≤ 0.001; Table 1). Despite having a significant
effect on Rs in the preliminary model, when all other variables were taken into account in
the final model, LAI had a small negative effect on Rs; Rs decreased slightly with increasing
LAI, given VWC, Tair, GEP, and VPD were already in the model. There was a similar
relationship between Rs and both VWC and GEP. Tair, on the other hand, had a positive
effect, increasing Rs. The magnitude of all these effects, along with the interactive effects,
however, was very low. Though VPD alone did not have a significant effect on Rs, it proved
to have an interactive effect with a variety of other variables, moderating the effects of GEP
and VWC, and amplifying the effect of Tair (Table 1).

While Rs decreased with increasing VWC, the magnitude of the decrease was larger at
lower Tair (Figure 5). Changes in VPD also affected the magnitude of the effects of GEP,
VWC, and Tair on Rs. The most notable of these interactions was that of VPD and GEP.
While GEP had no significant relationship with Rs when VPD was lower (0.41 kPa), as VPD
increased (0.8 kPa), higher VPD resulted in more strongly decreased Rs. VWC showed
a similar relationship with Rs over VPD values, with no significant relationship between
VWC and Rs at low VPD and decreasing Rs with VWC at higher values of VPD. Finally,
Tair had a positive impact on Rs, which was more pronounced at low VPD values.
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3.3. Soil Carbon Stocks
Soil Carbon

Overall, soil C stocks at the site decreased at all depths except 0–15 cm (Figure 6).
Soil C stocks from 0–15 cm below ground increased by 4.418 Mg ha−1 between 2013 and
2018. However, statistical tests revealed no significant differences in C stock between the
two years for each soil depth, thus suggesting that the changes were not different by year.
In addition, the overall mean soil C content between the two years was highly similar:
14.896 Mg C ha−1 in 2013 and 14.947 Mg C ha−1 in 2018.
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4. Discussion

As expected, LAI had a significant relationship with Rs. Though its proportion varies
substantially among different systems [40], autotrophic respiration (Ra), the respiration of
plants and associated symbiotic organisms, has been shown to be a major contributor to Rs
in coniferous forests [17,22,41]. Ra is directly influenced by recent photosynthesis [17,42–44]
because photosynthates are broken down to provide energy for both the tree itself and the
associated symbiotic organisms. LAI is an established proxy for photosynthetic produc-
tivity [45]; thus it is reasonable that it would have a significant relationship with Rs. Rs,
however, experienced little increase over the course of the study (Figure 3) while LAI saw a
net increase (Figure 4). This does not align with other studies of coniferous forests, which
show a positive linear relationship between LAI and Rs [21,46]. This study suggests that,
in the context of the SRS pine stand, LAI’s significance is primarily due to intra-annual
(seasonal) effects on Rs. Further evidence for the dominance of a seasonal effect is revealed
by the low coefficient of LAI in all models, and the reversal in direction of this effect when
micrometeorological variables were added to the model. Though considered “evergreen”,
coniferous forests contain maximum foliage during the growing season, when produc-
tivity is the highest. Thus, LAI likely affects Rs because of its relationship to increased
photosynthesis in the warmer months. Supporting this conclusion, GEP also had a highly
significant impact on Rs despite having a low regression coefficient. Throughout the study
GEP experienced an interannual decline, meaning more carbon entered the system, as
LAI increased; however, the relationship with Rs again appears to be primarily driven
by seasonality.

As productivity increased in the growing stand, why did we not observe a corre-
sponding increase in Rs? It is possible that the answer lies in the relative contributions of
heterotrophic and autotrophic respiration (Rh and Ra) to overall Rs. Assuming Ra is in-
creasing with productivity [17,42–44], the lack of change in overall Rs might be attributable
to an offsetting decrease in Rh, as time since the previous clear-cut increases. Despite the
lack of overall change and the insignificance of the t-tests, the pattern in soil C pool over
time (Figure 6) may support this theory. From 2013 to 2018, these data show an increase in
soil C from 0–15 cm and a decrease in soil C from 45–100 cm. The increase at the shallowest
depths could correspond to the accumulation of new belowground biomass as well as
increased litter deposition as the stand grows. The loss of C at the lowest depths, on the
other hand, may be the result of continuing decomposition of legacy organic matter, such
as roots, from the previous forest, which was clear-cut in 2012. It is possible that, as decom-
position occurred, soil decomposers were forced to consume more recalcitrant substrates,
leading to a reduction in Rh from the deep soil. When we began sampling Rs in 2015, Rh
may have been higher than it was in 2019 and Ra may have been lower. It is also possible
that the increase in soil C at the highest stratum corresponds instead to the incorporation
of C from decomposition of surface detritus from the previous stand. From the period
directly after harvest to 2017 we observed both a substantial decrease in the amount of
detritus (woody and foliar) from the previous stand and the formation of a new mat of pine
needles (Rau, personal observation). Not only might this have elevated C from 0–15 cm,
but high decomposition may have inflated Rs early in the study through a corresponding
high Rh. No matter the source of the carbon, these scenarios suggest an initial high Rh
which decreased as detritus from the previous stand decomposed and an initially low
Ra which increased at a corresponding rate as the stand became more productive. This
theory aligns well with the findings of other shorter-term studies that Rs following clear-cut
is not significantly different from Rs in adjacent mature stands [47,48]. Perhaps Rh from
decomposition post-clear-cut is comparable to the combined Ra and Rh of mature forests.

Alternatively, as a new stand develops, Rs should be mainly from Ra because fine
root production increases for the first 3–5 years and then plateaus (much like LAI). Fine
root mortality is almost nonexistent until year three or four. In approximately year 4, fine
root production and mortality are equivalent [49]. Of course, this only accounts for the
newly planted trees, while decomposition from the previous old stand is likely dominating
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below-ground respiration. We also did not measure the potential of respired CO2 being
transported through the xylem, which was outside the scope of this study. It is well known
that as LAI increases with stand development so does transpiration [50], which could have
led to Ra bypassing soil respiration [51,52].

Our study also aligns with previous literature in the conclusion that both VWC and
Tair have a significant effect on Rs [53,54]. The interactive effect of VWC and Tair on Rs
has been reported previously in pine forests, showing that Rs becomes less sensitive to
Tair at low VWC [55]. We also found that Rs was more sensitive to changes in VWC
when VWC was lower, but this pattern became less apparent at higher Tair. There instead
appears to be a negative linear relationship between Rs and VWC at higher temperatures.
Other studies have shown a positive linear relationship between temperature and Rs [56]
while ours shows a positive—though curvilinear—effect, with the slope of the relationship
increasing more rapidly at higher Tair. Overall, the positive association between Tair and
Rs is reasonable as respiration is a chemical process which would logically be influenced
by simple thermodynamics. The simple effect of VWC on Rs, on the other hand, has been
shown to vary extensively by region and by scale and is difficult to generalize [56,57]. Our
study corroborates the conclusion of Hursh et al. [56] that VWC is especially influential on
Rs in temperate evergreen forests. In our P. taeda plantation, VWC was negatively related
to Rs at all Tair values —a relationship also reported in a longleaf pine savannah in the U.S.
Southeast [58]. The negative relationship could be due to inhibition of diffusive processes.
Higher VWC may be slowing the speed with which CO2 from respiration is able to diffuse
out of the soil. It is also possible that higher VWC is leading to the creation of anoxic areas
where O2 cannot be used as the terminal electron acceptor for respiration. Less efficient
forms of respiration may thus occur when VWC is higher, promoting a decrease in the rate
of CO2 efflux.

The relationship of VPD with all these variables is intriguing. While VPD did not
have a significant simple effect on Rs, changes in VPD appear to impact the magnitude
of the relationship between all the predictor variables (excluding LAI) and Rs. A lower
VPD enhances the impact of increasing Tair, while a higher VPD amplifies the effect of
changes in GEP and VWC. The interaction plot of Rs as a function of Tair and VPD appears
to suggest somewhat consistent responses of Rs to Tair (increasing as expected) at lower
temperatures; however, VPD plays a larger role at higher Tair, with lower VPD leading to
more rapid increases in Rs. This is likely related to Ra and, by extension, photosynthesis.
To a point, photosynthesis is known to increase with temperature; however, drought stress
can prove limiting to a plant’s ability to continue photosynthesizing due to the closing of
stomata [59,60]. At low drought stress (indicated by low VPD) it is likely that the trees are
able to maintain stomatal conductance [59,61] and by extension, enhanced productivity.
This would stimulate an increase in Ra [17,42–44] which, in turn, would naturally lead to
an increase in overall Rs [22]. Explaining the interactive effects of GEP and VWC with VPD
is more challenging. It stands to reason that VWC would be lower with higher VPD, as
more soil water would be lost to evaporation; however, it also appears that higher VPD
values promote a more negative relationship between Rs and VWC. This is the inverse
of the pattern that was seen with Tair and VWC, whereby higher Tair led to a dampened
relationship. At low VPD, the relationship between GEP and Rs was negligible if not
slightly positive, while high VPD produced a clear negative and increasing relationship
between GEP and Rs, with higher GEP (less productivity) leading to lower Rs. The simple
relationship between GEP and Rs here is reasonable in the context of Ra, and the VPD effect
may make sense in the context of soil water loss. At higher VPD, the rate of transpiration
from the canopy will likely increase. This increase in transpiration would place more water
demand on the soil, especially around roots, and could produce a decrease in VWC. The
negative relationship between VWC and Rs might produce higher soil efflux at high GEP,
compounding the effect of GEP on Ra. Though it does not have a simple effect on Rs, the
array of indirect effects of VPD make it a critical consideration for soil efflux at our site.
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Because of the likely variation in the source of the soil respiration, the relationship
between soil respiration and LAI would likely be substantially different had the stand been
planted after the previous clear-cut’s detritus was allowed to degrade. Thus, this study
does not provide a quality characterization of how soil respiration would be affected were
the selectively bred P. taeda to be planted for reforestation/afforestation of unforested land
which was in relative equilibrium and had not been recently manipulated. However, this
research does provide insight into the effect of clear-cutting then relatively rapid planting
on the soil carbon dynamics of pine plantations, a more likely scenario. Accounting for
soil flux from the previous stand’s carbon stocks will be critical in accurately modeling
the carbon sequestration potential of rapid-turnover pine plantations. In order to model
and evaluate C dynamics in pine stands for biofuel production, further studies which
quantify soil C stocks at various depths, and which parse out Rs into its heterotrophic and
autotrophic components will be critical. In addition, more work is needed which follows
carbon, at various scales, in pine stands before and after clear-cut and for many years as
the next stand regenerates. This research is critical in the context of plantations like ours,
which have been selectively bred for higher productivity, quicker growth, and, by extension,
shorter rotation times. Under standard harvest practices, quicker rotations imply more
clear-cut events in the same period. C dynamics cannot be studied in isolation however,
and such studies must also follow the standard swathe of meteorological variables both
atmospheric and soil-level.

It is vital to note some critical limitations to our study. First, we were unable to record
soil flux at the same frequency as atmospheric flux. Our soil respiration data was based on
two measurements from each subplot (n = 40) taken once monthly during peak hours. We
scaled this up to monthly intervals, but this likely overestimated the true soil flux in each
month. Thus, any results presented are implicitly following peak soil flux, not overall soil
flux. In addition, our soil carbon stock estimates come from only one measurement period
in 2013 and one in 2018. More frequent C stock measurements would have enhanced our
ability to draw conclusions about the movement of carbon in belowground pools.

5. Conclusions

Overall, both LAI and GEP proved to be significant predictors of Rs; however, this
significance was seasonal in nature and there was no net change in Rs over our five years of
observation. This result may be the result of high Rh from decomposition of the previous
stand’s litter which was gradually replaced by Ra from the growing stand; however, without
explicit data parsing out these two components, this conclusion is only conjecture. Tair and
VWC also proved to be important predictors of Rs, aligning well with previous literature,
though the impact of each was affected both by the other and by VPD. Despite exerting no
direct control, VPD appears to be an important indirect regulator of Rs. For pine plantations
for biofuel production to be considered a valid method of mitigating climate change, inter-
rotational carbon dynamics must be studied, especially as trees are engineered or bred to
grow faster and have shorter rotation periods. Such studies will improve carbon accounting
and modeling, strengthen life cycle analyses, and help to inform landholders as to how
best to manage detritus from clear-cuts.
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