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Abstract. We measured sol1 surface C02 cfflux (F,) 111 loblolly ptnc stands ( P m u ~t~red~i
L ) located
on the Vtrglnia Plcdmont (VA) and South Carollna Coastal Platn (SC) In cfforts to assess the
lnlpact cl~matc,productlv~ty,and cultural practlccs have on F, in the managed loblolly plnc ecosystem The cffect of qtand dge on F, was cxamlncd using a rcplicaled chronoscqucncc approach In
whlch stands ranging from 1 to 25 years slncc plallltng were lnvestlgated Soil COz cfflux was
~ncasuredon both VA and SC sites for over a ycar using a closed dynamlc system Multiple lillear
regrcsslon was used to evaluate F, correlates and examlnc the rclatlonshlp betweell candidate
explanatory vartablcs and F, So11temperature (top 10 cm) was the major correlate wlth F, on both
locattons We obscrvcd a posltivc age effect on F, in VA stands and no rclatlonshlp between age
and F, in SC stands Annual sot1 C efflux decltncd wlth stand age In SC due to both reduct~onsIn
soil temperatures as crown closure occurs and a diminishing heterotrophlc C substrate pool. Annual cstllnated cfflux ranges from 16.7 to 13.2 Mg C ha-' for 1 and 20-year-old stands, rcspectlvely In contrast, annual so11C cfflux lncrcased wlth age tn VA stands as a result of the posltrve
relationship bctwccil stand age and F,, which appears to be related to an increase In the contrlbut1011of root respiration to total F, over time In VA stands, cfflux cstlmates range from 7 6 to
12 3 Mg C ha-' for 1 and 20-ycdr-old stands, rcspecttvcly These results demonstrate the need to
furthe1 consider the impact forcst management dnd wlthln-rcglon varlabllity have on sol1 C cfflux
over tlmc when estimating C budgets

Introduction

Intensively managed loblolly pine (Pinus tueciu L.) stands comprise over
13 million hectares of forested land in the southeastern United States (Wear
and Greis 2002) and represent a considerable carbon (C) store. However, the
impact forest management has on belowground C dynamics across extensive
spatial and temporal scales remains uncertain despite the fact that soils may

1995; Hernandez et al. 1997). Stand age may also impact F, rates and therefore
is an important consideration when developing C budgets for forest stands
(Ewe1 et al. 1987a; Klopatek 2002; Pypker and Fredeen 2003).
Across the southeastern United States, loblolly pine is managed on sites
varying in productivity, climate, and common cultural practices. Therefore, it
is crucial to investigate multiple locations within the region over time in efforts
to quantify Fqover the range of managed loblolly pine. We present an extensive
examination of trends in F,observed on Virginia Piedmont (VA) and the South
Carolina Coastal Plain (SC) sites across a range of stand age classes. We also
present expected trends in yearly soil C efflux for each study location over the
course of a 20-year rotation. Finally, we discuss how within-region differences
in loblolly pine forest management may impact F,.

Materials and methods
Study sites

The SC Coastal Plain study sites were located approximately 40 km northwest
of Charleston, SC in Berkeley County (33.1g0N, 79.95"W) on managed
industrial forestlands. Stands were even-aged and ranged in age from 1 to
24 years-old at the beginning of the study (Table 1). The average annual
temperature in Berkeley County is 17.7 "C, with an average daily maximum of
28.2 "C and an average daily minimum of 9.89 "C. Average annual rainfall is
1250 mm. Flooding is relatively common; however, severe droughts frequently
occur during the summer and fall seasons. Precipitation for the months coinciding with measurements was on average 15.5% lower than the 30-year
average (SRCC 2003). Elevation ranges from 1.5 to 4.6 m above sea level with
mild slopes of less than 2%. Inter-beds are frequently submerged during the

Tl1h6c I Stand age, sitc indcx (basc agc 25 years), soils dcscription, and common sitc preparation
incthods associated with SC Coastal Plarn and VA Ptcdnlont study plots

Locatton

Stand age (Ycars) Sitc

(m) Solis dcscrtpt~oil

Site prcparat~on

SC Coastal Platn

I, I, I, 1
5. 7, 6, 5
9 1 I, 1 3 1 1
24, 20, 19, 20

24.
22,
22,
20,

23, 18, 21
22, 21, 20
2 1, 24, 21
20, 20, 20

Dccp, poorly dratncd,
Bcddtng
actd~c,low P, sdndy to
sandy-loam dcr~vcd
from marine scdimcnt

VA P~cdmont

1, I 1 , I
4, 4, 4, 4
8. 8, 8, 12
2 I . 24. 25, 24

14,
19,
18,
19,

15, 15, 20
18, 16. 18
19, 18, 18
18, 16, 18

Dccp, nlodcratcly
well-to wcil-drained,
loam to sand)-loam
dcrlvcd from
scdtrnciltary bcdrock

-

Chop and burn

Indivtdual stand agcs and corrcspondirlg sltc ii~dcxcsarc prescntcd In scqucncc for each plot by agc
class In rcpltcatioi~ordcr Scc tcxt for Inore detailed site and soils description

cooler, wetter winter months. Soil parent material is Wicoxnico or Penholoway
backberrier flats, former shoreline, or offshore deposits. Soils are deep to very
deep, acidic, and low in phosphorus. Common soil series and taxonomic
classifications are: (1) Coxville series: fine, kaolinitic, thermic Typic Paleaquults, (2) rains series: fine-loamy, siliceous, semiactive, thermic Typic Palequults,
(3) Bonneau series: loamy, siliceous, thermic Arenic Paleudults, and (4)
Lynchburg series: fine-loam, siliceous, semiactive, thermic Aeric Paleaquults.
All sites were bedded prior to planting. Site indexes, which provide a measure
of site productivity in terms of stand height for a given age, range from 20.0 to
22.3 m at 25 years for loblolly pine. The native forest cover type is a loblolly
pine-hardwood mix. The degree of competing vegetation within a stand is
highly variable. However, understory competition is generally minimal following crown closure. Common associated species include Quercus rnariliandica, Acer rubrum, Sasscfias albiciurn, and Liquidambar sryraciua
(MeadWestvaco Corporation, unpublished data).
The VA Piedmont sites were located on managed industrial forestland in
Buckingham County, VA (37.34"N, 78.26"W). Stands were even-aged and
ranged from 1 to 25 years of age at the beginning of the study (Table 1).
Average annual precipitation for this region is 1070 mm. Precipitation during
the measurement months on the VA sites averaged 9.0% lower than the 30year average (SRCC 2003). Elevation ranges from approximately 40-55 m
above sea level with broad ridges and moderate slopes ranging from 5 to 25%.
The average annual temperature is 13 "C, with an average daily maximum of
23.9 "C and an average daily minimum of 2.0 "C. In general, soil parent
material is derived from stratified, metasedimentary bedrock of the western
Piedmont geologic formation. Soils are moderately well-drained to welldrained and deep. Major soil series and associated taxonomic descriptions
found on the study sites include: ( I ) Cecil series: fine, kaolinitic, thermic Typic
Kanhapludult (moderately well-drained), and (2) Appling series: fine, kaolinitic, thermic Typic Kanhapludult (well-drained). Site indexes range from 15.8
to 18.4 m at 25 years for loblolly pine. Site preparation prior to planting involved varying intensities of broadcast burning, chopping, and raking. As with
SC sites, competing vegetation levels vary and understory vegetation is generally predominant only prior to crown closure. Common associated species
include Quercus albct, Nyssa ~ylvarica,Acer rubrunz, S~tssufiasulbicium, and
Liquiclambur stvraciflzlu (MeadWestvaco Corporation, unpublished data).

Four replications of four chronosequences were selected from each study
location (SC and VA) from existing loblolly pine stands. The average stand age
across replications was 1, 6, 11, 21 (SC) and 1, 4, 9, 24 (VA) years-old since
planting at beginning of the data collection. A replicate included one stand
from each age class. Stands comprising a replicate had similar soil and drainage

characteristics. This design allowed for the replication of four chronosequences
on multiple soil types common to each location within the region. All stands
within a replicate were in close proximity ( < 1 km) to each other. All stands
were accessible via roads and measurements were taken at least three planting
rows from the stand perimeter in efforts to avoid edge effects. Within each
study plot, t;,,temperature, and moisture measurements described below were
taken near the base of the tree and between rows (two measurement positions)
in order to account for spatial variability within a loblolly pine stand as described by Pangle and Seiler (2002). Three sets of measurements, considered
subsamples, were taken at each replication x age class x measurement position
combination. Subsamples were averaged for analyses. Measurements began in
April 2000 on the VA location and continued monthly through March 2001.
Measurements in SC began in August 2001 and continued bimonthly through
the following August. An additional SC measurement date in January 2003
was added in order to cover the range in temperature variability that is representative of the study location. A total of 96 measurernents (on each
parameter described below) were collected on a sampling date (4 replications x 4 age classes x 2 measurement positions x 3 subsamples). The resulting
datasets for the SC and VA locations include 768 and 1152 soil C 0 2 efflux
measurements, respectively.

Soil C 0 2 qfJtux rnecrsurcments
Soil C 0 2 efflux was measured using a LiCor 6200 (LiCor Inc., Lincoln,
Nebraska) closed dynamic system with a LiCor 6250 infrared gas analyzer
(IRGA) and a self-built chamber. The chamber allowed us to extensively
monitor F, across the landscape without disturbing or severing vegetation prior
to sampling. The chamber was constructed from a 20.3 cm internal diameter
PVC end cap assembled with a 1 cm think foam gasket around the base to
provide a seal with the ground. The chamber height at the center was
approximately 10 cm. A single gas sampling port was located at the top of the
chamber. Circulated air (coming from the IRGA) was redistributed evenly in
the chamber through circular perforated plastic tubing that lined the top inner
perimeter of the chamber. The internal chamber volume was 4105 c m h i t h an
area of 368 cm'. Paired field F, measurements taken with our self-built
chamber and an automated open dynamic system described by Butnor et al.
(2003) yielded similar results in a I-year-old SC stand. Mean rates between
systems differed by only 2.5% within an efflux range of -3-8 pmol m s-I.
The LiCor was calibrated to a C 0 2 standard and zeroed prior to field
measurements. Prior to measurernents, the chamber was flushed with ambient
atmospheric air close to the soil surface and then placed firmly on the ground
to maintain a seal with the forest floor. After a steady rise in C 0 2 concentration
was observed (usually within 1 min), soil C 0 2 efflux rates were determined by
measuring C 0 2 evolution over a 30 s period and calculating the respiration rate

-'

per unit land area from the following equation:

where C, [C02]; t, time; P, atmospheric pressure; V,, system volume; R, universal gas constant; 7; temperature; and SA,, soil surface area. Measurements
were taken on the surface of the forest floor where living plant material was not
present. This was an effort to eliminate the measurement of C 0 2 efiux from
aboveground plant tissues and respiring senescent tissue.

Soil temperature alzcl muislure measuren~cnts
Concurrent with Fs measurements, soil temperature at 10 cm was measured
upon stabilization using a digital thermometer (model no. 8528-20, ColeParmer Instrument Co., Niles, Illinois). Volumetric soil moisture was determined to a depth of 10 crn using a time domain reflectometer (Soil Moisture
Equipment Corporation, 6050X 1, Golena, CA).

Soil excavation
In SC, a cylindrical corer was used to extract a 0.0157 m h o i l sample from
beneath the measurement location on each measurement date in order to
evaluate soil parameters after F,, temperature, and moisture measurements
were completed. The 0 horizon (L, F, W layers) was removed prior to the
excavation of the mineral soil and associated roots to a 20 cm depth. No roots
were apparent in the removed 0 layer. In VA, a 0.003814 m3 soil sample was
collected below the measurement area following F,, temperature, and moisture
measurements only on the last measurement date. Mineral soil and roots were
excavated to a depth of 10 cm as described above.

In efforts to examine trends in belowground root dynamics over the chronosequence, soils were sampled for root volume density and coarse woody debris
(CWD) content. Soil samples were sieved through a 6.4 mm screen to separate
soil from live roots and CWD. Visible fine roots that passed through the sieve
were removed from the soil and added to the collection of live roots. No
attempt was made to separate pine from non-pine roots. Live roots were
scanned, digitized, and surface area and root volunle were determined using the
WinRhizo 5.0A software (Regent Instrun~entsInc., Quebec, Canada). Coarse
woody debris (CWD) was oven-dried at 65 "C for 48 h, weighed, and then
ashed in a muffle furnace (Sybron'Thermolyne F-A1740, Debuque, IA) at

500 "C for 24 h. The ash weight was subtracted from the pre-ashed mass to
correct for mineral content.

Assessing soil C 0 2 eflux correlates
Multiple linear regression analyses were used to assess the relationship between
F, and candidate explanatory variables including soil temperature, soil moisture, stand age, site index, and measurement position. A linear regression
approach was taken for three reasons. First, a linear regression approach allowed us to assess and compare the significance of explanatory variables and
determine which variables explain the most variance in F, across our sites.
Second, using linear regression we were able to determine if the relationship
between Fs and explanatory variables differed between sites by testing for
statistical differences among coefficients. Lastly, we were able to use regression
equations to examine trends in soil C efflux across stand ages (Schabenberger
and Pierce 2002).
Regression analyses initially were performed using the SAS stepwise procedure (SAS Inst., Cary, NC) in order to identify the primary variables driving
F, across our sites. In the stepwise selection procedure, datasets for SC and VA
sites were examined together and separately. Main effects, two-way, and threeway interaction terms initially were included in the stepwise model selection
procedure. Standardized residuals and normality plots were examined and
variable transformations were applied to minimize bias in models when
appropriate. Parameter coefficients (i.e. slopes) calculated for SC and VA
models were compared statistically using indicator variables to determine
whether the relationship between F, and explanatory variables differed between
locations. All statistical analyses were performed using PROC REG and
PROC GLM in SAS.
A seven-parameter model requiring 5 input variables explained the greatest
amount of variance in F, across both SC and VA sites when data from both
0.60). Note that the term 'parameter'
study locations were combined (R"
includes the y-intercept. The model contains all of the five possible input
variables including soil temperature, soil temperature, soil moisture, stand age,
site index, and measurement position. The model form is as follows:

where 7;is the soil temperature (OC) at 10 cm; A the stand age in years; P the
measurement location (dummy variable where 1 = near the base of tree and
2 = between rows); M , the soil moisture at 10 cm; S125the site index in meters
at 25 years; and E , is the error associated with estimate of F,. When SC and VA
sites were modeled separately, slope comparisons revealed that the relationship
between 7;,[(ln[A]) x T,], M , and F, differed between the two locations

Tohk 2. Modcl R' values, y-intercepts, and paranleter coefficients associated with models
developed for lobiolly pine stands located on the SC Coastal Plain and the VA Piedmont
Model

Site R'

Paramctcrs

Coefficients are presc~itcdfor the seven-parameter and the four-parameter models. Cruciform (+)
ind~catesthat the paramctcr is significant to the modcl (p < 0.05). Stars (*) indicate a significant
diffcrcncc between alike paramctcr cocflicicnts (I c. slopcs) calculated for each location (p < 0.05).
Y-intercepts were not evaluated statistically stncc we did not monitor efflux at or below 0 "C and
therefore represent extrapoldled value outsidc the range of data. Abbreviations: Y-inl, y-intercept;
T,, soil temperature ("C);A , stand age in years: P, mcasurcmcnt location, M,, soil niolsturc; STZS,
sitc tndex in mctcrs at 25 years

( p < 0.05), indicating a need for location-specific models (Table 2). Separate
modeling of each location improved the amount of variance in F, explained on
the VA Piedmont sites (R-A
= 0.77) and reduced the variance explained on
C 0.54).
the SC Coastal Plain ( R ~ =
We developed a simpler four-parameter model that reduced the number of
input variables from five to two without greatly compromising the amount of
variance in F, explained. The model developed has the following form:

where symbols are identical to the seven-parameter model presented above.
The four-parameter modeling results indicate that soil temperature and stand
age alone explained 50 and 70% of the variance in F, in the SC and VA stands,
respectively.

Assessing annual soil C cflux trends across stand ages
Using regression models and rneterological data, we estimated annual soil C
efflux for each stand age ranging from 1 to 20 years-old. This exercise allowed
us to compare expected trends in soil C efflux over time on both the SC and VA
study locations, and to relate these trends to site characteristics. However, our
estimations are only representative of the sites, and the time period and conditions during which we measured soil CO? efflux. Interannual climate variability, stochastic weather events, changes in management, and other potential
driving forces will alter the annual estimates. However, our analyses provide a
reasonable 'snapshot' of soil C etflux across stand ages within the range of
conditions we monitored.
Soil GO2 eMux was scaled up using the simpler, four-parameter model
developed for each study location, which requires soil temperature and stand

age inputs. Since we did not continuously monitor soil temperature on our
study sites, we developed regression models for each study location in an effort
to predict soil temperature based on air temperature and stand age. To do this,
we acquired daily air temperature averages from onsite meteorological
stations. Daily temperature averages were regressed against average soil temperature data collected from study sites on the same measurement date. Since
canopy cover moderates soil temperature, stand age was also included in the
model. Air temperature and stand age explained 94 and 95% of the variability
in soil temperature at 10 cm in the SC and VA study sites, respectively. The
following common model allowed us to estimate soil temperatures for both
measurement locations within the region across the range of air temperatures
and stand ages examined in the current study:

+ 1.04Ti, + 0.196A - 0. 103(T2,* In A ) +
T5= 1.58 + 0.988Tc,+ 0.0784A - 0.0812(T:i * 1n A) +

South Carolina :
Virginia :

7; = -0.153

E,

E,

where T, is the estimated soil temperature at 10 cm, Tclthe average daily air
temperature, and A is the stand age.
In order to scale up soil C efflux to the stand level, we obtained daily temperature averages from onsite meterological stations corresponding to the time
period during which we measured F,. Using the above location-specific
regression equations, air temperature and stand age inputs were used to estimate average daily soil temperature at 10 cm for stands ranging from 1 to
20 years-old. Daily soil temperature estimates for each location were then input into the location-specific four-parameter F, model along with stand age to
estimate average daily F, rates for stand ages 1-20 years. To obtain year-long
soil C efflux estimates for each stand age, daily F, was summed over each 1 -year
stand age increment. Efflux estimates were expressed in terms of grams of C
rather than C 0 2 .

Results
Ranges in soil C 0 2 efiux, soil temperature, and soil nzoisturc
Soil C 0 2 efflux rates on the SC Coastal Plain ranged from a mean high of
8.5 ,urn01 m-' s t in I-year-old stands on the August 2001 measurement date
to a mean low of 1.1 pmol m % s ' in I-year-old stands on the January 2003
measurement date (Figure 1). On the VA Piedmont, FS ranged from an
average high of 6.5 pmol m-' s-' in the 24-year-old age class on the June
2000 measurement date to a low of 0.31 pmol m - S s ' in the 1-year-old
stands on the December 2001 measurement date. Soil C 0 2 efflux rates generally paralleled soil temperature values, which ranged from 6.0 to 28.3 "C in
1-year-old SC stands and 0.5 to 27.3 "C in 1-year-old VA stands. The range in
observed soil temperatures covers the average range in air temperature for
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Date (month-year)

F1gut.r. I Mean soil surfacc C 0 2 eftlux rates (a,d), soil temperatures (top 10 cm, b,e), and soil
nlotstures (top 10 cm, c,f) of loblolly pine stands during mcasurcment days on the SC Coastal P1al11
(a-c) and thc VA Plcdmont (d-f) Means are presented for each age class invcst~gatcd. Bars
assoclatcd with means illustrate one standard error.

both locations, demonstrating that our measurements captured a range of soil
temperature conditions that are typical of each location. Mean soil moisture
at 10 cm ranged from 5.8% volumetric water content in the 21-year-old age
class to 20.5% water in 1-year-old SC stands. In contrast, volumetric water
content was a low of 8.8% in 9-year-old stands to 28.1% in I-year-old stands
in VA.

Soil C 0 2 eflux correlates
In the seven-parameter model, only T, and P were significantly related to F, on
SC Coastal Plain sites ('p< 0.05), e ~ p l a i ~ i n49g and 3.8% of the variance in IF;,,
respectively (Table 2). Soil surface C 0 2 efflux in SC was positively correlated
with T,. The negative relationship between P and F, indicates that efflux rates
were greater near the base of trees compared with rates between rows. We did
not discard the non-significant variables from the common model since all
parameters were highly significant in explaining variance in F, on the VA
Piedmont location @ < 0.05) and we wished to compare how relationships
differed between SC and VA sites. However, non-significant parameter coefficients should be interpreted with caution since they do not express a statistically meaningful relationship with F,. In contrast, on the VA sites where all
model parameters explained a significant amount of variance in F, (p < 0.05),
partial R~ values for each parameter were 7; = 59.3%, ln[c] = 0.28O/;,
[(ln[A]) x 7;]= 11.996, P = 1.78%, M, = 3.05%, A x S125=0.80°A. Once
again, parameter coefficients imply a positive relationship between F, and
temperature and higher efflux rates near the base of trees. Note that the negative sign associated with the ln[7;] coefficient is responsible for the mild
curvilinear relationship between F, and temperature (Figure 2), but does not
negate the overall positive relationship between the variables within the range
of temperatures we observed. Additionally, the positive [(ln[A]) x Ts] term
implies that the F, response to temperature is increasingly greater with stand
age. Soil moisture (M,) had a positive impact on F, and site index was negain VA plots. In the
tively related to F, with increasing stand ages (A x
four-parameter model, T, explained the greatest variance in F, on both locations. All parameters explained a significant amount of variance in F, on the
VA sites @ < 0.05) and had similar partial values and relationships with F?
as in the seven-parameter model. Only T, was significant in explaining variance
in SC stands however.
Trend lines generated for the SC and VA locations using the fourparameter model illustrate the distinctly different relationship between stand
age and F, across temperatures observed on the two locations (Figure 2). On
the SC Coastal Plain, the effect of age on F, was not significant or apparent
when plotted. In contrast, there was a positive relationship between stand
age and F, on VA sites. Overall, F, rates across soil temperatures were higher
on the SC Coastal Plain relative to the VA Piedmont, except in the oldest
age class.

Root volume unci C WD ciensities
We hypothesized that changes in F, over a rotation might be due to variation
over time in respiring root volume and C substrate available to microbes.
Although we are unable to make direct comparisons between measurement
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Fzguw 2. Rclattonshtp bctwccn so11 tclnpcralurc (10 cm depth) and soil COz efflux in four age
classcs of loblolly pine stands located on thc SC Coastal Plan (a) and thc VA Picdmont (b). Trend
Ilncs were gcncratcd for cach age class using the four-paramctcr lincar rcgrcssion modcl, which
requtrcs soil temperature and stand agc inputs.

locations due to different sampling depths at each location, we wished to
observe qualitative trends across stand ages in SC and VA. In a survey of root
volume and CWD below I=, measurement locations, mean root volume density,
although highly variable, increased with age in both the SC and VA soils
sampled (Figure 3). Conversely, mean CWD density in the mineral soil fell
with increasing stand age on the SC Coastal Plain and the VA Piedmont sites
sampled.

Arznual soil C clJjZux trench across stancl ageh
Using the four-parameter model and soil temperature estimates for each site
location, we estimated annual C fluxes for stands ranging in age from 1 to
20 years-old. Two distinctly different trends across stand ages are apparent for
the two study locations (Figure 4). On the SC Coastal Plain, soil C efflux was
greatest in young stands, followed by a decline and a steadier trend in soil C
efflux from age 8-20 years. In contrast, VA Piedmont stands show a trend of
increasing annual soil C efflux as stands age. As stand age increases, annual soil
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Fgure 3. Mcan root volumc detlstty and mean CWD dcnsity tn the mtncral sot1 of loblolly plnc
stands on thc SC Coastal Plain and thc VA Plcdmoi~tfor cach agc class tnvest~gated.A mtncral soil
core was taken In thc top 20 cm on the SC Coastal Platn and top 10.2 cm on the VA Piedmont.
Dc~?sittcsshown wcrc calculated for thc soil depths samplcd at cach locatton. Bars tllustratc onc
standard crror from the mean.

C efflux from the SC and VA sites nearly converges. Soil C efflux estimates in
1-year-old SC stands were 16.7 Mg C ha-' yr-I compared to an estimated
annual rate of 7.6 Mg C ha-' yr-' for VA Piedmont sites. In 10-year-old
stands, an estimated 12.9 and 11.0 Mg C ha-' yr-I are respired from soils in
SC and VA stands, respectively. In 20 year-old stands, C efflux was most
comparable between the two locations with an estimated flux of 13.2 and
12.3 Mg C ha from the soil in SC and VA stands. respectively.

'

Discussion
Soil GO2 e f l u x correlates
Regression modeling results indicate that soil temperature explains the greatest
fraction of variance in Fs across each location within the region (Table 2),
which is consistent with previous findings (Pajari 1995; Buchmann 2000; Maier
and Kress 2000; Pangle and Seiler 2002). Soil surface C 0 2 efflux was consis-

4- South Carolina Coastal Plain

Stand age (years)
Annual trends in soil surface C efflux across loblolly pine stands ranging In age from 1
to 20 years-old. Trends arc presented for SC Coastal Plain and VA P~cdmontsites. Estimates wcrc
dcrlvcd by scaling up chamber-based measurements using a four-paramcler regression model
requiring so11 tempcraturc dnd stand age Inputs. So11 temperature inputs were estimated using alr
temperature data collcctcd from onsltc mctcorologtcal stations
Ftgurr 4.

tently higher adjacent to trees in comparison to measurements taken between
rows. Pangle and Seiler (2002) attributed higher rates near the base of a tree to
respiring root biomass in recently planted loblolly pine stands. We found no
significant interaction between stand age and position indicating a similar
spatial trend in F, exists in older stands as well as recently planted stands.
Other variables, including soil moisture, site index, and stand age were significantly related to F, on the VA Piedmont, but not on the SC Coastal Plain.
Soil moisture has been repeatedly shown to impact F,, especially under extreme
flooding or drought (Maier and Kress 2000; Pangle and Seiler 2002). While we
observed a narrower range in mean volumetric moisture contents across
measurement days on the SC Coastal Plain in comparison to VA, we observed
individual volumetric moisture contents ranging from 2 to 69% in SC compared with a range from 2 to 35% in VA. Soil moisture was generally more
variable on the SC sites, especially in I-year-old bedded stands in which microtopography highly influenced soil water content. Despite the fact that soil
moisture was not autocorrelated with temperature, we did not detect a relationship between I;, and soil moisture on the SC sites, suggesting that soil water
status was not a major correlate with f;; over the range of soil moistures we
recorded. Site index only slightly explained variance in F, on the VA Piedmont
(Ax
partial R' = 0.008) despite evidence that faster growing stands have
greater respiring root biomass at an earlier age (Ewe1 et al. 1987b). However,
we may not have captured an adequate range of site indexes within a given age
class on each study location, which would prevent us from detecting a strong
stand age by site index interaction.

Withi~l-regiorzcfiferences in soil C 0 2 ejflu-x
Cultural practices on the Coastal Plain and Piedmont differ considerably,
which likely provides some explanation for the inconsistent age effect we
observed between the two locations. Generally, F, and C turnover increase as
management intensity and soil disturbances increase (Edwards and Ross-Todd
1983; Londo et al. 1999; Lee et al. 2002). For example, the intensity of site
preparation and the amount of organic matter incorporated into the soil have
been shown to affect F, (Ewel et al. 1987a; Mallik and Hu 1997). Bedding,
which was performed on our SC Coastal Plain sites prior to planting, incorporates slash into the soil and severely tills the mineral soil, disrupting soil
structure. Bedding may have created a more favorable microenvironment for
soil heterotrophs in part by providing accessible C substrate (Trumbore et al.
1996; Progar et al. 2000; Wang et al. 2002).
Our results indicate that the contribution of microbial respiration to total F,
is greater in young SC stands. Specifically, F, was higher on SC sites relative
to VA sites across temperatures in 1-year-old stands. The difference in F,
across soil temperatures between the two locations must primarily be the
result of a greater contribution of microbial respiration in SC stands since
residual pine roots from the previous rotation were not likely respiring and
because live root biomass is at a minimum in young pine stands (Ewel et al.
1987b; Hogberg et al. 2001). Further, we found evidence that CWD incorporated into beds during site preparation is subjected to microbial decomposition early in the rotation since CWD density sharply declined with stand
age on the SC sites. In contrast, the amount of Fs attributable to root respiration likely increases over time (Ewel et al. 1987b), which is consistent with
the increase in root biomass we observed with stand age. Therefore, it is likely
that inverse shifts in contributions from root respiration and microbial respiration resulted in no detectable change in F, across stand ages in the SC
stands. Our results are similar to those of previous authors who concluded
that increases in microbial respiration following clear-cutting were offset by
reductions in root respiration, resulting in no detectable difference in Fs between recently cut and intact stands (Edwards and Ross-Todd 1983; Toland
and Zak 1994).
The strong positive relationship between F, and stand age in VA was most
likely the combined result of both a less intensive mineral soil disturbance and
the use of burning during site preparation. Growth of respiring root biomass
and recovering microbial populations impacted by burning may account for
the positive trend in 16; we observed in VA stands with age (Ewel et al. 1987b;
Chang et al. 1995; Litton et al. 2003). Investigators have shown that burning
reduces microbial respiration in European coniferous forests by changing soil
physical and chemical properties, by reducing C substrate availability, and
also through surface sterilization (Fritze et al. 1993; Pietikainen and Fritze
1993, 1995; Hernandez et al. 1997). Further, the contribution of microbial
respiration to F, may be less in young VA stands relative to SC sites since the

mineral soil was less disturbed during site preparation. Relatively minor
changes in CWD density across stand ages in VA stands is likely due to site
preparation typical in the Piedmont region, which does not involve the
incorporation of residual organic matter into the mineral soil. While CWD
densities are not directly comparable between the two locations due to the
fact that we sampled to a shallower depth in VA, we expect that deeper
sampling would reduce our CWD density values for VA since total C tends to
decrease with depth (Jobaggy and Jackson 2000) and because no tillage occurred during site preparation. Mean root volume density values for each
location are less comparable due to the difference in sampling depth and
because rooting depths may differ between locations. Rooting depths of pines
vary according to genetics and the soil environment (Eisenstat and Van Rees
1994).
The distinct difference in the amount of variance in F, explained on the SC
and VA sites may be due to more intensive site preparation on the SC Coastal
Plain, which appeared to result in high site heterogeneity relative to the VA
Piedmont location. Further, variability in Fs decreased with increasing stand
age, implying that high heterogeneity due to site disturbance diminishes over
time. The coefficient of variation (CV) was highest in the SC 1-year-old age
class with a value of 52.2% and lowest in the 21-year-old age class, which had a
CV of 33.4%. In comparison, the 1- and 24-year-old VA age classes had CV
values of 47.4 and 33.4%, respectively. Bedding on SC sites may have
encouraged pockets of high microbial respiration in young stands. Localized
pockets of high microbial activity might explain why we observed the highest
variance in F, across temperatures in 1-year-old stands. Again, previous reports
attribute high site disturbance to a rise in F, (Edwards and Ross-Todd 1983;
Londo et al. 1999; Lee et al. 2002).

Annual soil C e@ux trench ucross stancl ages
Differences in annual C efflux estimates are due to the variable effect of age on
F, described in detail above and in response to the changing relationship between stand age and soil temperature. Soil temperature was most variable in
young stands, especially prior to crown closure, since less foliage is present to
moderate soil temperatures. In SC, high annual soil C efflux in young stands
was directly related to greater soil temperatures early in the rotation since we
observed no effect due to stand age. In VA, where t;, was positively related to
stand age, changes in soil temperature with stand age dampened the strong
effect of age on estimated annual C efflux rates, explaining why annual C efflux
values do not simply parallel the relationship between F, and stand age shown
in Figure 2. Gordon et al. ( 1 987) attributed increases in F, following a clear-cut
in Alaska white spruce (Picca gluucu Voss) forests mainly to higher soil temperatures, which supports our findings that changes in soil temperature associated with crown cover strongly influence annual estimates of soil C efflux.

efflux from the two locations will have a profound influence on NEP calculated
in part from gas fluxes by impacting the estimated time that a stand transitions
from a C source to a sink and further by affecting integrated C storage estimates over the entire rotation.

Conclusions

We have shown that forest management practices along with inherent site and
climate differences within a region have a considerable impact on temporal
patterns of F, and annual soil C efflux across stand ages. Our results agree with
previous reports that cultural practices influence F, (e.g. Lytle and Cronan
1998; Londo et al. 1999). With plantation forestry increasing in area worldwide
by 31°h from 1990 to 2000 and opposite trends occurring in natural forests
( F A 0 2001), the impact that management has on C sequestration is becoming
increasingly relevant to global estimates of terrestrial C storage. The rise in
managed forests has prompted several investigators to emphasize the need for
continued study in managed systems (Field and Fung 1999; Richter et al. 1999;
Valentini et al. 2000). Long-term investigatioils in managed forests remain a
priority since a limited number of studies exist in these systems and mechanisms
influencing changes in C cycling processes over time have not been thoroughly
defined. Specifically, uncertainties regarding belowground shifts in autotrophic
and heterotrophic processes over time reveal the need for integrated studies
that monitor both source components of soil C 0 2 simultaneously across a
range of management intensities. Addressing the impact cultural practices have
on C cycling and storage will remain essential in efforts to identify specific
forest management practices that enhance or deplete C stores relative to less
disturbed natural systems (Field and Fung 1999; Valentini et al. 2000).
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