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(ABSTRACT) 

 

Managed loblolly pine forests comprise an important pool in the global carbon cycle.  

Understanding the influences upon inputs and outputs of this pool, including the effects of 

management activities, will allow landowners to understand how carbon can be sequestered in 

their stands.  Specific to this study, we sought to create multivariate models of the output of 

carbon from the soil in the form of soil CO2 efflux (Rs) and a component of that total efflux, 

heterotrophic respiration index (Rh), from data collected across the managed range of loblolly 

pine in the Southeastern U.S.  We also performed tests of significance on controlled subsets of 

these data for the effects of fertilization and of thinning.  Finally, we sought a connection 

between stand leaf area index (LAI) and total soil CO2 efflux or heterotrophic respiration.  Our 

models indicated variability in both Rs and Rh across latitude and physiographic province, 

respectively, within this range.  The Rs (R
2
 = 0.56) model included temperature, latitude, a soil 

moisture by temperature effect, soil nitrogen, and bulk density variables.  The Rh (R
2
 = 0.50) 

model included soil moisture, a temperature by moisture interaction, and physiographic province.  

Rs was not significantly affected by either fertilization or thinning, yet Rh was influenced by both 

(negatively and positively, respectively).  This indicates a shift in relative contributions of 

heterotrophic respiration and root respiration components to Rs in response to these treatments.  

Heterotrophic respiration was shown to have a weak negative response (R
2
 = 0.04) to increasing 

stand LAI. 
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Introduction and Justification 

Managed Pinus taeda forests as carbon sink 

Managed pine forests of the southeastern United States have been shown to be 

an important carbon sink.  Jokela,  et al (2004) estimated that forests in the northern 

hemisphere trap around 0.6 Pg of C per year.  Given that over 13 million hectares 

across the southeastern US are planted in managed loblolly pine (Pinus taeda L.) 

(Schultz 1997), this species likely contributes significantly to that carbon sink.   

It is well known that global temperatures have risen 0.3 - 0.6 °C over the last 

century, and that this rise may be the result of anthropogenic additions of greenhouse 

gases, such as carbon dioxide, to the atmosphere (Watson 1990).  The first scientific 

assessment by the International Panel on Climate Change (IPCC) was published in 

1990; this began a change in the scientific and political consensus on, and world 

societal attitudes towards, climate change that quickly gave rise to the Kyoto Protocol in 

1992.  Refinements to IPCC reports and the creation of similar environmental policy 

frameworks filled the years that followed. 

As suggested in Murray et al. (2000), the goal expressed in accordance with the 

Kyoto Protocol may directly affect the way forests in the U.S. are managed.  

Landowners, environmental groups and policy makers have begun to consider the 

possibility of managing forested land for increased carbon sequestration, as Shvidenko 

et al. (1997) put forth.  Johnsen (2004) pointed out that loblolly pine plantations could 

become an essential component of efforts to sequester carbon in the U.S.  Han et al. 

(2007) carried this idea further:  they cite southeastern forests as a means of mitigating 
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carbon emission within the same region and have estimated possible sequestration of 

54 teragrams of carbon in the soil alone.   

The advent of carbon emissions trading (e.g. – Chicago Climate Exchange) and 

carbon offsets represents the latest and most direct expression of public interest in the 

fate of atmospheric carbon.  A system of carbon crediting provides one way for 

governments to meet their emissions reduction goals while allowing companies and 

stakeholders to trade credits for falling above or below a proposed emissions cap, for 

example.  Timber industries and nonindustry forest landowners are interested in 

garnering carbon credits for the carbon storage their managed land represents.  In fact, 

some stakeholders have begun to see financial return from the carbon their forested 

and afforested lands have stored (Wilent 2008).  Assessing the changing balance in soil 

carbon fluxes will play a critical role in a complete carbon budget for these lands. 

Research Context 

Assessing the role of a specific carbon pool such as forest soil in the global 

carbon cycle requires some approximation of the fluxes into and out of that pool.  This 

was done for managed loblolly pine as early as 1977 (Kinerson et al) when these 

authors indirectly estimated that over 650 g C m-2 year-1 were lost from the forest floor 

through root and heterotrophic respiration in their plantation study.  Almost three 

decades later, the U.S. Department of Agriculture issued a general technical report 

calling for standard, accessible means of measuring carbon pools in this extensive and 

productive ecosystem (Johnsen et al. 2004).  This report points out that most estimates 

of the soil carbon pool in managed loblolly stands are based upon repeated 

measurements of soil carbon content in soil samples (utilizing a variety of techniques) in 
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a regenerating stand.  A few years earlier, an attempt was made to quantify the relative 

contribution of root respiration to total efflux by measuring the depletion of C-13 in the 

soil in a loblolly Free-Air Carbon Enrichment (FACE) study (Andrews et al. 1999), 

though the authors admitted that their results may represent the higher end of this 

proportion because the conditions of elevated CO2 could have stimulated root activity.   

Soil CO2 efflux is derived mainly of belowground respiration, which in turn is 

composed primarily of root (autotrophic) and microbial (heterotrophic) respiration.  It is 

conceivable that a regime that left the sum of these relatively unchanged or increased, 

yet lowered heterotrophic respiration, would mean a net increase in total soil carbon 

content; this might mean increased carbon sequestration under such a regime across a 

range of climates and soils, as was recently suggested by Sampson et al. (2008).  Maier 

et al. (2004) concluded that soil CO2 efflux contributed the highest proportion of total 

ecosystem respiration in their fertilization and irrigation study of managed loblolly pine 

on infertile deep sands.  A number of studies like this one have examined the influence 

of fertilization on the components of soil respiration in a variety of ecosystems (see Lee 

and Jose 2003; Bowden et al. 2004; Steven D. Allison 2008; Xu and Wan 2008); often it 

is found that total soil respiration is suppressed or unchanged, while microbial activity is 

significantly suppressed, though this is not conclusive.  In a study of the effects of N 

additions upon microbial and soil respiration in the Alaskan boreal forest (Allison et al. 

2008), total soil respiration and rates of C cycling by heterotrophic organisms  did not 

respond to N additions despite changes in fungal community structure and handling of 

N cycling.  
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Relatively few studies have examined the effect of another widespread 

management practice of thinning.  Root respiration in the soil may decrease for a brief 

time after thinning as the root systems of removed trees die, unless significant root 

grafting occurs (Selig et al. 2008).  However these dying root systems could provide a 

dramatic increase in carbon substrate within the soil for decomposing microbes, thus 

ultimately increasing heterotrophic respiration.  The net effect may be that the sum of 

these soil respiration components changes little, though total soil carbon may decrease.  

Other authors, such as Concilio, Ma et al. (2005), have observed an increase in soil 

respiration with thinning.  This study takes as its subject both a hardwood and a mixed-

conifer forest and broadly defines thinning treatments.  It and other studies like it cite a 

number of possible causes for this, such as increases in soil temperature under a more 

open canopy and increased carbon substrate for heterotrophic respiration.  What 

happens in the soil may also depend on the level of fertilization and its timing relative to 

thinning. 

In order to have an accurate estimate of net carbon capture in the managed 

loblolly pine ecosystem, we have selected for our study the influence of thinning and 

fertilization in particular because of their widespread and common use in plantation 

management.  We thus intend to model these two management options, along with soil 

and stand variables, in our investigation of total soil CO2 efflux (Rs) and belowground 

heterotrophic respiration (Rh).  A number of models (Samuelson et al. 2004; Gough et 

al. 2005; Selig et al. 2008) have already been developed for carbon flux in managed 

loblolly pine, albeit from large datasets produced in limited geographic contexts; we will 

compare our models to some of these predecessors.  Further, because the effects of 

such categorical variables as fertilization and thinning treatments are sometimes difficult 
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to capture in a general model we will test this variable using t-tests and other tests of 

significance.  

Leaf area index (LAI) is one of the key stand variables we examined for its effect 

on Rs. This is a forest characteristic that can be monitored relatively easily using remote 

sensing with a number of sensor resolutions and formats, as in Running et al. (1986).  

At the ground level, LAI can be estimated via allometric calculation, litter traps and other 

intensive field methods, and photometric methods such as light transmittance 

measurements using a LiCor LAI-2000 (LI-COR Inc., Lincoln, NE, 1992).  A number of 

studies (Hall 2003; Lu et al. 2005) have shown a reasonable relationship between 

satellite estimates of LAI and LAI-2000 estimates; Norman et al. (1992) established a 

relationship between soil CO2 efflux and LAI in grasslands, similarly Reichstein et al. 

(2003) and Hibbard et al. (2005) found LAI to be a robust regressor for soil respiration.  

Thus, establishing this relationship for soil CO2 efflux and remotely sensed LAI would 

translate into the ability to easily predict this carbon flux on a landscape level.  The 

difficulties inherent in this task are highlighted by, for example, the work of Rahman et 

al. (2001).  These authors intended to extrapolate tower-based carbon flux data for 

boreal forest cover to higher spatial scales based upon vegetative cover using remotely 

sensed spectral data and were able to explain much of the variance they found in tower-

based gross CO2 flux with a two-term model, using NDVI and PRI.  Despite a fairly high 

degree of correlation for their model (R2 = 0.82), the authors recognized the limited 

nature of the model due to its reliance on flux tower data, the possibility of 

misinterpretation due to pixels that mix vegetative with non-vegetative cover (e.g. – 

incomplete canopy cover), and other problems. 
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Hence examining how factors influencing soil carbon loss can vary across a 

landscape or between regions has been of interest to researchers for a number of 

years.  We compared our new models with previous ones which were developed at 

Virginia Tech using data from intensive, but smaller studies in South Carolina and 

Virginia (Gough et al. 2005).  In this two location study, the investigators primarily 

consider environmental and other factors that vary within a specific stand or other small 

geographic extent, so it is unclear whether their findings can be scaled up to larger 

regions.  A key feature of our study is the broad sampling area that we were able to 

incorporate:  soil and climate conditions as widely different as those in the Ouachita 

Mountains of Arkansas and the subtropical converted hammocks of northern Florida 

were considered in our models. 

This specific study is a key component of the larger, NASA-funded project:  

Decision Support for Loblolly Pine Carbon Management: From Research to Operations, 

and the results will be used to parameterize, validate, and verify the relevant portion (i.e. 

- soil CO2 efflux in the managed geographical range of loblolly pine in the southeastern 

U.S.) of the CASA (Carnegie-Ames-Stanford approach) ecosystem model.  CASA 

models net ecosystem productivity (NEP) by subtracting belowground fluxes such as 

soil respiration from net primary productivity (NPP) estimates; these NPP estimates are 

calculated based upon remotely sensed values of incident solar radiation and the 

fraction of photosynthetically active radiation absorbed by the vegetative cover (Potter 

et al. 1999).  CASA estimates soil respiration using a number of terms such as historical 

climate data and known soil attributes such as texture (Potter 1993).   
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Objectives 

The three major objectives for this study are: 

1. To determine the effects of fertilization and thinning, in addition to soil and stand 

characteristics, on soil CO2 efflux and heterotrophic soil respiration over the 

range of the managed loblolly pine ecosystem. 

2. To examine the variation in these relationships across the geographic range of 

managed loblolly pine in the US and compare our region-wide models to 

previously published models developed for small geographic regions. 

3. To explore specifically the relationship between leaf area index and soil carbon 

efflux across the range of managed loblolly pine. 
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Literature Review 

Soil Temperature and Moisture 

A number of factors have been established as significant in predicting soil 

respiration.  Of these, soil temperature and soil moisture take a key role in explaining 

most of the variation in this carbon flux.  Early attempts to describe the effect of soil 

temperature on soil respiration took the form of an Arrhenius equation, linear 

regression, or a Q(10) exponential function (Lloyd and Taylor 1994).  Notably Lloyd and 

Taylor’s overview of these means of modeling soil respiration’s response to temperature 

was exclusive to studies where soil moisture was not limiting;.  Raich and Schlesinger 

(1992) estimated a value of 2.4 for this Q(10) relationship based upon a review of total 

soil efflux studies.  A 2002 study (Burton et al.) examining the effects of soil temperature 

and root N concentration in various tree species across North American biomes found a 

range of Q(10) values of root respiration from 2.4 to 3; the authors cited other studies 

with a range of Q(10) values, pointing out that the range may be greater or narrower 

depending upon the temperatures in which the measurements were taken.  Another 

study (Ming Xu 2001) posited that Q(10) values varied depending upon volumetric soil 

moisture levels measured by 30 cm TDR in a study of Ponderosa pine; at levels below 

14% they cite a Q(10) value of 1.4, and a value of 1.8 for moisture levels above 14%.  

Other research (Fang and Moncrieff 2001) found that the Arrhenius model type was 

better than a Q(10) in a laboratory study of soil core respiration.  They were unable to 

find a clear influence of soil moisture (measured using the method described in Ming Xu 

2001) in this same study, providing one example that the interplay of temperature and 

soil moisture effects with soil respiration is not completely understood.  That this is so, 

and that the degree of their influence is unclear, is detailed in Davidson et al. (2006).  
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The authors suggest that both temperature and moisture influence soil respiration in a 

complex way by affecting not only enzymatic rates but substrate supply; they believe 

that models should address these aspects individually and at scales appropriate to the 

area of interest, from cellular to landscape. 

More recently, Inclán et al. (2007) reported soil temperature to be the main driver 

of soil respiration at soil moistures above 15%, below this soil moisture became a better 

predictor; Pangle and Seiler (2002) noted a similar effect in their study.  In 2001 (Qi and 

Xu 2001) noted that the response curve of soil CO2 efflux to soil moisture reached a 

maximum at about twenty percent, when examined independently of soil temperature 

effect; in this same publication, they introduced a power function to attempt to describe 

the interplay of temperature and moisture.  Of some concern is the possibility, as noted 

by Bouma and Bryla (2000), that the reduced porosity with increasing moisture in fine-

textured soils may restrict soil CO2 efflux and thus confound moisture effects.  This is 

contradicted, however, by the results of a 2006 rainforest study (Sotta et al.) where 

optimal (highest) efflux rates were obtained at higher moisture levels in clay soils versus 

sandy soils.  On the other hand, Metcalfe et al. (2007) concluded that neither soil 

temperature nor soil moisture significantly explained spatial variation in total soil 

respiration in a rainforest study; these authors cited root and O layer mass for 

explaining most of the variation in, respectively, root and heterotrophic respiration 

components.  The overall findings of Janssens et al. (2001) suggest temperature may 

be a good predictor of temporal variation in soil respiration, but a poor one of spatial 

variation; their study involving 18 forest sites across Europe supported the hypothesis 

that productivity, rather than temperature, is the main driver of soil respiration rates.  On 

a similar note, a landscape-level study of soil organic matter decay rates by microbes 
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(i.e. – heterotrophic respiration) found no significant latitudinal correlation between this 

portion of belowground carbon flux and annual temperature (Giardina and Ryan 2000).  

This suggests that other factors may play a more dominant role in predicting soil carbon 

efflux in broader spatial perspectives. 

Fertilization and Thinning 

Fertilization and thinning are common management practices for loblolly pine, but 

the effects of these activities on soil carbon and soil CO2 efflux are not completely 

established, particularly in a geospatial context.  Sampson et al. (2006) report NEP 

being 10 times higher for fertilized than unfertilized loblolly pine in the sandhills of North 

Carolina; on the Virginia Coastal Plain, Tyree et al. (2006) report finding no significant 

difference in rates of total soil CO2 efflux in fertilized stands versus unfertilized stands, 

while heterotrophic respiration was significantly lower for fertilized treatments.  This 

suggests that fertilization increases NEP by increasing stand productivity, particularly 

root growth and respiration, even if belowground efflux from this pool seems to remain 

effectively constant.  Gough et al. (2004) supports this with their direct measurements of 

the increase in root respiration for fertilized treatments; furthermore, Gough and Seiler 

(2004) found a decrease in soil microbial respiration for fertilized treatments in their 

greenhouse study.  Bowden et al. (2004), however, found total soil respiration to be 

lower in fertilized red pine stands in a Massachusetts study.  Albaugh et al. (1998) and 

Gebauer et al. (1996) also seem to contradict the idea of increased root growth with 

fertilization by suggesting a negative correlation between N availability and fine root 

growth.  In their greenhouse study of Douglas-fir seedlings, Lu et al. (1998) found that 

fine root growth was deterred only in fertilized treatments where the soil was already 

somewhat rich in nitrogen and, in fact, that total root respiration was highest for a 
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moderate (50 mg/L) level of nitrogen content compared to a low (10 mg/L) or high (200 

mg/L) treatment. 

One study of the effect of thinning in a ten year old Ponderosa pine plantation 

(Tang et al. 2005) concluded that increased soil temperature and availability of soil 

carbon acted to counter the decrease in root respiration, so that there was no clear 

difference in total soil respiration for thinned stands.  Similarly, a study in 22-year-old 

loblolly pine (Selig et al. 2008) reported a significant decrease in soil CO2 efflux in 

thinned stands were only found when the effect of temperature was removed.  A model 

developed by Garcia-Gonzalo et al. (2007) demonstrated how soil carbon storage might 

decrease in thinned stands due to the increase in nutrient availability to heterotrophic 

organisms.  If the conclusion of Tang et al. (2005) is correct and net CO2 efflux may stay 

relatively constant in a thinned stand, or even if the relative rates of total soil respiration 

are increased in the warmed soils of thinned stands as Selig et al (2008) suggest, it 

would seem that thinning causes belowground autotrophic (root) respiration to decrease 

relative to heterotrophic respiration for a time (these being the two principal components 

of total soil respiration), causing a temporary reduction of soil carbon content.  Another 

portion of the findings reported by Selig et al. (2008) seem to indicate, however, that 

such a trend would be temporary since soil carbon was higher in thinned stands 14 

years after thinning in their study. 

Soil Carbon 

 A number of studies have found a relationship between soil carbon content and 

soil respiration.  In 2007, Inclán et al. suggested soil carbon as a positive contributing 

variable in their study of a Mediterranean ecosystem.  Gough and Seiler (2004) had 
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similarly found soil carbon content to be one of three significant variables in their study 

in loblolly pine.  Soil carbon can be a predictor of total soil respiration, but can explain 

variation in one of the relative components of this flux as well; the carbon content of the 

soil most likely influences total soil respiration by providing substrate for heterotrophic 

organisms.  As Ekblad et al. (2002) reported in their boreal forest study, heterotrophic 

respiration may increase due to the availability of substrate in the form of soil organic 

carbon.  Another study (Scott-Denton et al. 2006) examining the interplay of climate and 

substrate factors on the components of soil respiration found that while rhizospheric 

respiration (composed of roots and associated soil microbiota) was acutely influenced 

by available carbon from the shoots and was hence linked to productivity, heterotrophic 

respiration (free-living decomposers of soil organic carbon) seemed to be most strongly 

influenced by soil moisture conditions.  They reached this conclusion after finding that 

the differences between girdled (substrate-limited) and control total soil respiration rates 

were smaller during the drier portions of their sampling period, during which rates were 

correlated to soil moisture; it follows that heterotrophic respiration was the main 

contributor to soil respiration during those times. 

Soil Physical Characteristics 

 Many studies that have examined the relationship of soil physical characteristics 

such as bulk density to soil CO2 efflux have focused upon the changes in those 

characteristics due to management activities (tillage, compaction, organic matter 

incorporation, etc.) and on how such properties affect soil water holding capacities, 

water potential, and aeration.  The work of Pengthamkeerati et al. (2005), in a lab and 

field agricultural study of a silt loam soil, suggests that increases in bulk density 

resulting from compaction not only have a direct suppressive effect on soil CO2 efflux 
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but an interactive negative effect with soil moisture and that this may be due to reduced 

soil porosity.  This is consistent with a lab incubation study (Neilson and Pepper 1990) 

that found increasing bulk density (as an inverse correlate of pore space) increases soil 

respiration rate sensitivity to soil moisture.  Another study (Ming Xu 2001) agreed as 

they found that bulk density was one of a number of soil and site predictors of spatial 

variation in soil respiration across an eight-year old ponderosa pine plantation.  Studies 

such as an old-growth Eastern Amazonian study of soil CO2 efflux show that soil texture 

can be an important predictor of soil respiration (Sotta et al. 2006); they demonstrated 

that because soil moisture was an important predictor of this flux across temporal scales 

and the dynamics of soil moisture are different for sandy versus clayey soils, this soil 

physical characteristic plays an important part in explaining spatial variation in soil 

respiration.  Sampson et al. (2008) echo this with their inclusion of soil texture variables 

in models of NEP and NPP produced for loblolly pine stands in the Virginia Coastal 

Plain. 

Stand Characteristics 

The effect of stand age on soil CO2 efflux has been the subject of a number of 

studies, including some in managed loblolly pine of the Southeastern U.S.  For 

example, Gough et al. (2005) found that overall rates of soil CO2 efflux were higher in 

young South Carolina Coastal Plain loblolly pine stands than in comparable stands of 

the same age in the Virginia piedmont; these rates began to converge with increasing 

age as the rates for the piedmont stands significantly increased.  In other words, the 

Virginia piedmont stand experienced a rise in total soil respiration rates, while the SC 

Coastal Plain stand showed a decrease in total soil respiration rates, likely due to the 

heterotrophic contribution to the total rates.  The authors note that, on the SC site, site 
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preparation by bedding (e.g. – incorporation of organic matter in rows into the mineral 

soil) may have increased microsite-specific increases in heterotrophic respiration via 

increased substrate, and that this spatial heterogeneity and increased heterotrophic 

respiration seemed to diminish with increasing stand age.  Gustavo et al. (2006) noted a 

negative correlation of stand age and total soil respiration in their Sitka spruce 

plantation study and pointed out that while root respiration declined steadily with 

increasing age, heterotrophic respiration closely tracked (positively) changes in soil 

carbon, ultimately with a slight increase in the oldest stand.  Even in cases where the 

age of a stand doesn’t directly predict soil respiration, it may be that the age of a stand 

changes the roles stand and site characteristics play in prediction.  For example, when 

one study compared factors influencing soil respiration in young and old-growth 

Ponderosa forests, soil moisture played a more significant role in young forests (Irvine 

and Law 2002).   

Among the noticeable changes an aging stand undergoes are the eventual 

canopy closure and changes in leaf area index (LAI).  The results of some recent 

studies have been suggestive of a link between soil CO2 efflux and LAI.  A grassland 

study conducted by Norman et al. (1992) resulted in a model for soil CO2 efflux that 

used only soil temperature, soil moisture, and leaf area index as variables.  Another 

grassland study, examining influences upon methanogenesis (Whiting et al. 1991) 

reported an indirect connection between aboveground biomass and NEP.  Others, such 

as Lindroth et al. (2008) and Hibbard et al. (2005), found LAI to be a unifying factor in 

the numerous forest and ecotypes covered in their study of soil respiration.  Rahman et 

al. (2001) had some success with their two variable model intended to predict gross and 

net CO2 capture (i.e. – GPP and NPP, respectively) in a boreal forest.  Their model 
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features the product of two remotely sensed forest canopy measures:  one intended as 

a measure of the relative light use efficiency of stand vegetation and another that has 

been used to estimate LAI (normalized difference vegetation index, NDVI) .  This and 

other studies have used LAI as a measure of site productivity, as was suggested by the 

work of Sampson et al. (2008), and the correlation could be a response either to 

increased photosynthate (Göttlicher et al. 2006)  or the higher production of organic 

matter for heterotrophic substrate (Hibbard et al. 2005).    At any rate, LAI is relatively 

easy to measure via remote sensing technology; this fact coupled with the possibility of 

using this measure of site productivity to as a predictor opens the possibility of studying 

soil carbon flux at a landscape level. 

Geographic Variation 

The idea of analyzing the geographic variation in soil carbon fluxes is by no 

means new.  In 1977, Schlesinger reported a positive latitudinal gradient in soil CO2 

efflux in a meta-analysis of this component of the global carbon cycle. This was 

supported by Bird et al. (1996) who used 13C/12C ratios in soils at globally distributed 

sites to find a positive gradient in carbon turnover times for forest soils with latitude.  

The authors suggest that the higher latitude sites could have longer turnover times 

because of reforestation or because of an increase in carbon influx at these sites due to 

increasing global atmospheric CO2 and nitrogen fertilization, and conclude that the large 

timescales involved in establishing equilibrium from standing biomass carbon to soil 

organic carbon will be responsible for high latitude sites acting as a net carbon sink.  

Further, one study (Bond-Lamberty et al. 2004) supported the notion that the two main 

components of Rs, autotrophic and heterotrophic, maintained the same stable 

correlation across latitudes; this would mean that heterotrophic respiration, associated 
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with net soil carbon loss, generally contributes the same proportion of total soil 

respiration in all the biomes studied.  Another study (Raich and Potter 1995) attempted 

to describe global patterns and seasonal variation of soil CO2 efflux with a resolution of 

about half a degree latitude by longitude using somewhat mechanistic models; the 

investigators found that soil temperature and precipitation rates were the best predictors 

at that scale, and soil nutrient characteristics were less important to their models.   

Other studies have hinted at patterns in soil CO2 efflux that vary, not necessarily 

across latitudes, but across biomes or other distinguishable regions.  Gough et al. 

(2005) found that their complete 4-parameter model of total soil respiration explained 

more of the variance (R2 = 0.70 vs. 0.50) in the portion of their data from the Virginia 

Piedmont than from the portion from further south, on the South Carolina Coastal Plain.  

Braswell et al. (1997) chose to approach their investigation of global patterns in 

interannual responses of terrestrial carbon storage to temperature by tracking changes 

in designated biomes; they found that each biome had a unique, lagged response of 

rate of increase in atmospheric CO2, noting that biomes situated generally more to the 

north (e.g. – temperate) had a positive influence of temperature on this rate of increase 

while semiarid biomes showed a negative lagged response.  Abiotic factors such as soil 

nutrients and temperature are, of course, a few of the many soil respiration-influencing 

factors that can vary across the landscape:  aboveground biomass could be a predictor 

of soil CO2 efflux rates and apparently has some geospatial variance within the loblolly 

pine ecosystem.  Amateis et al. (2006) found basal area to be higher for more northern 

and western sites in loblolly pine, all other factors being equal.  
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Methods 

Site and Plot Selection 

We have worked with members of the Forest Nutrition Cooperative (FNC), the 

Loblolly Pine Growth and Yield Cooperative (LG&YC), and forest industry to choose 

sites throughout the range of managed loblolly pine (Figure 1.).  We specifically targeted 

the FNC Regionwide 18 fertilization trials and the LG&YC thinning study sites.  We 

added study sites and locations to supplement the range in treatments and spread the 

geographic distribution of our study.  Criteria for site selection were as follows:    

1. adds to the array of ages captured by our study (after canopy closure, 

within the typical plantation age range) 

2. provides control and treatment levels of fertilization, thinning, or both 

3. lies within the managed loblolly pine range in the southeastern U.S.  

4. supplements the study’s sampling of the diversity of soils, planting 

densities, and other cultural and site conditions common to managed 

loblolly pine. 
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Figure 1.  Map of study plot locations within the loblolly pine (Pinus taeda L.) natural range 
(Little 1971) in the southeastern U.S. 

 Field sampling began in the summer of 2006.  At each site selected, two to ten 

plots were established based on the availability of treatments.  At a typical FNC 

Regionwide 18 installation two unfertilized control treatments, a heavy fertilization 

treatment (120 kilograms per hectare N every 2 years), and a light fertilization treatment 

(260 kilograms per hectare N every 6 years) were chosen.  At the LG&YC’s thinning 

study installations, all three treatments were sampled; these treatments included a light 

thinning treatment in which approximately 40% of the number of stems per hectare were 

removed (“light thin”), a heavy thinning treatment which had about 65 percent reduction 

in stem number (“heavy thin”), and an unthinned control treatment (“control”).  Additional 

treatments at or near the site were often used when possible.  For example, a nearby 

thinned operational stand may supplement the fertilization treatments from a 

Regionwide 18 installation.  A 1/50 acre, fixed-radius plot was used so that biomass 

estimates were closely coupled to soil efflux measurements (see below); each plot was 

randomly placed within the chosen treatment area and georeferenced with a global 
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positioning system (GPS) unit (Garmin eTrex, Garmin Ltd., Kansas, USA) so that we 

were able to revisit the plots at a later date.  A majority of these plots were sampled 

again during the winter months of 2007 to capture intra-annual variation.  Further field 

sampling, in locations selected primarily to expand the geographic and cultural range of 

the study plots, occurred during the summer of 2007. 

Field Measurements 

Within each 1/50 acre plot, three randomly located subplots were used for soil 

respiration measurements.  At each of the three subplots, total soil CO2 efflux (RS) was 

estimated from a 500 cm2 area of the forest floor that was free of photosynthesizing 

vegetation using a closed system infrared gas analyzer (IRGA, LiCor-6200 field unit, LI-

Cor Inc., Lincoln, Nebraska) fitted with a cylindrical sampling chamber constructed of 

PVC pipe and a plexiglass top.  Following placement of the chamber on the soil surface 

and after CO2 concentrations were found to be rising steadily from a near-ambient level, 

the IRGA measured the increase of carbon dioxide over a 30 second time interval; the 

measured increase in concentration was used to automatically calculate the rate of Rs 

according to the following formula:  (see Tyree 2005) 

Equation 1.  Rs = [(ΔC/Δt)*(PVt/RT)] / soil surface area 

Where C = CO2, t = time, P = atmospheric pressure, Vt = system volume, R = universal 

gas constant, and T = temperature.  Rs was reported in micromoles per square meter 

per second (μmol m-2 s-1). 

 Concurrently with these three soil respiration measurements, soil temperature 

was recorded to the nearest 0.1°C at a depth of 15 centimeters using a Digi-Sense 
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temperature gauge (Model 8528-20, Cole-Parmer Instrument Co., Niles, IL) and  

average volumetric soil water content across a depth of 13-cm using time-domain 

reflectometry (Hydrosense 620 system, Campbell Scientific Inc., Logan, UT) to the 

nearest percent.  The average of these three subplot locations was used as the 

experimental unit.  Subsequently, a small litter sample was taken at each subplot for a 

composite plot sample, and a soil pushtube was used to gather three subsamples of 

soil, to approximately a 10 cm depth.  These soil samples were homogenized and a 

root-free soil sample was placed in a small (8L × 2W × 1.5D cm) aluminum sample tray 

and immediately put in a closed chamber cuvette attached to a LiCor-6200 IRGA for an 

index of microbial, or heterotrophic, respiration (RH) on a per unit soil mass basis.  This 

sample was then oven-dried at 65°C and measurements expressed on a unit soil dry 

weight basis; the results are reported in units of micromoles per gram per second (μmol 

g-1 s-1). 

 Additionally, a number of the soil and stand characteristics were sampled in each 

1/50th acre plot.  We collected two bulk density samples from each plot using a slide 

hammer fitted with a bulk density bit and sleeves.  Each sample was separated into a 0 

– 5 and 5 – 10 centimeter depth sample.  We also visually assessed the density of the 

understory in the plot, ranking it on a scale of 0 to 4 with 0 being no understory and 4 

being very dense understory vegetation; height (Haglof Vertex hypsometer 111, 

Sweden) and diameter at 1.37m (dbh) of in-plot trees greater than 1” in dbh were also 

recorded.  We sampled leaf area index (LAI) of the plot with an LAI-2000 field unit.  We 

chose to use one out-of-canopy reading for reference against every six within-canopy 

readings for each plot.  We used a wedge-shaped excluding viewcap to remove the sun 

and the user from the unit’s image of the sky for all images.  On partly cloudy days 
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during which the sun was sometimes occluded by cloud cover, we took care to ensure 

all readings were taken either while the sun was occluded or free of clouds, for 

consistency of lighting. 

Laboratory measurements 

 Bulk density samples were weighed at their field moisture content, after which a 

representative subsample of between 25 and 30 grams was oven-dried at 65°C.  The 

resultant dry weight of these subsamples provided a moisture-correction value for the 

total bulk density sample.  The remaining soil sample was then used for determination 

of carbon and nitrogen.  Each sample was air-dried and sieved using a 2mm mesh 

screen and the coarse and fine portions weighed to obtain a ratio of these soil 

components.  We used the fine soil fraction for analysis of carbon content, nitrogen 

content, and carbon to nitrogen ratio (Elementar varioMAX, Hanau, Germany). 

Statistical Analysis 

Successful construction of a soil respiration model requires gathering data in 

many variables from a number of sources.  For each plot sampling, we collected the 

data shown in Table 1.  In the case of some variables, we either performed lab 

measurements of samples collected in the field or gathered information from outside 

sources such as online databases; these are indicated with an asterisk in the table.   
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Table 1.  Dataset variables collected at each plot, with their respective regression analysis 
symbols, units of measurement and sorted by category.  Those variables indicated with an 
asterisk (*) indicate data that were obtained via either lab analysis or an outside source such 
as online databases.   

Respiration and Environmental Soil and Site Stand characteristics 

Total soil CO2  efflux, μmol/m
2
/s 

(Rs) 
Bulk density, g/cm

3
 (BDhi & --lo) Stand Age, yrs. (Ag) 

 Soil Moisture, volumetric % 0 – 
11 cm (Ms) 

Elevation, m (Alt) Leaf Area Index (LAI) 

Soil Temperature, °C 0 – 15 cm 
(Tc) 

Geographic coordinates, decimal 
degrees (Lat & Long) 

Understory density (U) 

Heterotrophic respiration index, 
μmol/g/sec (Rh) 

Percent carbon and nitrogen (%Nhi, 
--lo, %Chi, --lo) 

Basal Area, m
2
/ha (BA) 

Current weather and ambient 
air conditions (unmodeled) 

Percent coarse fragments (%CFhi & 
---lo) 

Stand Density, stems per plot 
(PP) 

Climate data: avg. annual high, 
average and low temperature, 

°C; average total annual 
precipitation (cm)* 

% Sand* and % Clay (%Sn & %Cy)* 
Aboveground biomass, m

3
/ha 

(BM) 

Physiographic Subsection* (PPs) 
 

Soil Series* (unmodeled) 

 

Intensive geospatial techniques were considered and ruled out as inappropriate 

for this dataset.  This was primarily due to the heterogeneity of the geographic 

distribution of our plots and the relatively small sample area of each study plot.  

However, shapefiles of the geolocated plot points were overlaid with STATSGO and 

SSURGO data layers in ArcMap (ESRI, 1999 – 2006).  The map units coinciding with 

our points were found in these soil survey datasets; additional soil variables were 

estimated based upon the NRCS description of the mapped soil series. Further, we 

included average maximum July temperature, average minimum January temperature, 

mean annual temperature, and total annual precipitation for each location in our study 

(Hoare 2003).  

 For each plot, all soil subsample measurements (e.g. - bulk density, percent 

carbon, percent nitrogen, etc.) were averaged and used as the experimental unit.  We 

analyzed the compiled data including time of year, latitude, longitude, time of day, and 
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treatments using JMP (SAS Institute, Cary, NC) statistical software with an α = 0.05 

level for significance throughout our analyses.  We began our efforts to model RS and 

RH using all subsets regression analysis, then continued to isolate strong regressors 

(those that repeatedly appeared in models with a significant R2 and low Mallow’s Cp)  

using backward stepwise regression.  The residuals demonstrated nonconstant 

variance in the RS and Rh data.  We thus applied a natural logarithm transformation to 

the Rs data and a square root transformation to the Rh data to adjust for this and 

repeated our process of regressor identification.  We also considered interactions, 

regressor transformations, and covarying factors to refine and complete our model.   

 We also tested the effects of fertilization and thinning on Rs and Rh by performing 

t-tests of significance on subsets of our data.  For example, Regionwide 18 study plots 

were used to test fertilization effects, while LG&YC thinning study plots were used to 

test the effects of thinning.  When appropriate, a Welch’s t-test or least squares means 

were used instead of a simple ANOVA. 
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Results 

Dataset description 

At the conclusion of our field research in August of 2007, we had sampled in a 

total of 154 plots throughout the eleven states of the southeastern U.S.  Many (101) of 

the plots established in the summer of 2006 were revisited during the following winter.  

This extensive sampling scheme captured tremendous variation in soil series and 

physiographic subsection, as indicated by Table 2 and Figure 2, respectively.   

Table 2.  Soil series that were sampled in this study and their textural classification, from 
USGS SSURGO data.  Not all of the plots had soil series information available (n = 121). 

Series Texture Suborder  
Number 
of plots 

Drainage Class 
Physiographic 

Subsection 

Appling sandy loam Udult 4 Well Piedmont Upland 

Betis loamy fine sand Udult 2 Somewhat excessively West Gulf Coastal  

Bonneau loamy sand Udult 2 Well Embayed 

Brantley fine sandy loam Udalf 4 Well East Gulf Coastal 

Bude silt loam Udalf 2 Somewhat poorly East Gulf Coastal 

Caddo-Messer complex silt loam  1  West Gulf Coastal 

Caddo-Tickfaw complex silt loam  2  West Gulf Coastal 

Calhoun silt loam Aqualf 2 Poorly West Gulf Coastal 

Cecil sandy loam Udult 4 Well Piedmont Upland 

Chaires-Chaires depressional 
complex 

fine sandy loam  3  Floridian 

Chaires-Leon complex 
fine sandy loam-fine 
sand 

 1  Floridian 

Clebit-Carnasaw-Stapp complex gravelly loam  1  Ouachita Mts. 

Conasauga-Firestone complex silt loam  4  Tennessee R&V 

Cowarts loamy sand Udult 2 Moderately well East Gulf Coastal 

Dickson silt loam Udult 4 Moderately well Highland Rim 

Glenmora silt loam Udalf 3 Moderately well West Gulf Coastal 

Goldsboro loamy sand Udult 2 Moderately well Embayed 

Herndon silt loam Udult 4 Well Piedmont Upland 

Keithville very fine sandy loam Udalf 4 Moderately well West Gulf Coastal 

Kurth fine sandy loam Udalf 3 Moderately well West Gulf Coastal 

Lakeland sand Psamment 6 Excessively Piedmont Upland 

Leaf silt loam Aquult 7 Poorly Embayed 

Meggett loamy fine sand Aqualf 4 Poorly Sea Island 

Norfolk sandy loam Udult 1 Well Embayed 

Oktibbeha-Hannon complex clay loam  3  East Gulf Coastal 

Pacolet sandy loam Udult 1 Well Piedmont Upland 

Pelham loamy sand Aquult 4 Poorly Sea Island 

Pickens gravelly silt loam Udept 2 Somewhat excessively Ouachita Mts. 
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Rains fine sandy loam Aquult 5 Poorly Sea Island 

Rosenwall fine sandy loam Udult 2 Moderately well West Gulf Coastal 

Sacul very fine sandy loam Udult 5 Moderately well West Gulf Coastal 

Savannah fine sandy loam Udult 5 Moderately well East Gulf Coastal 

Seagate loamy sand Humod 1 Somewhat poorly Sea Island 

Sherwood fine sandy loam Udult 3 Well West Gulf Coastal 

Smithdale-Lucy-Lexington 
complex 

fine sandy loam  2  East Gulf Coastal 

Smithdale-Saffell-Lucy complex sandy loam  3  East Gulf Coastal 

Tatum silt loam Udult 1 Well Piedmont Upland 

Wahee silt loam Aquult 2 Somewhat poorly Sea Island 

Wakulla-Candor complex sand  4  Sea Island 

Waynesboro silt loam Udult 3 Well Piedmont Upland 

Wekiva-Shired-Tooles complex fine sand-muck  2  Floridian 

Total   121   

 

 

Figure 2.  Study plot locations and the physiographic subsections in which they were located 
(physiographic data from Fenneman 1998). 
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Total Soil Respiration Model 

 Our total soil respiration data were found to have non-constant variance which 

required a natural logarithmic transformation to normalize.  Variance across the region 

was best explained (R2 = 0.559) by a model that contained soil temperature (Tc), 

latitude (Lat), percent nitrogen in the 5 – 10 cm soil depth (%Nlo), and bulk density at 

this sampling depth (BDlo); the interaction of temperature and moisture terms also 

contributed significantly to our model (Table 3). 

Table 3. Model parameters used to predict the logarithmic transformation of soil respiration 
(μmol/m2/s), terms with a double asterisk (**) are significant at the α = 0.01 level and those 
with a single asterisk (*) are significant at the α = 0.05 level. 

Model Parameter Estimate F Value Pr>F 

Natural Log of Temperature** 0.852 166.861 <.0001 

Latitude** -0.045 11.845 0.0007 

N Percent (lower 5-10 cm)** 0.576 10.482 0.001 

Temperature× Soil Moisture** 0.089 19.053 <.0001 

Bulk Density (lower 5-10 cm)* -0.336 5.421 0.021 

Whole Model:  Pr>F:  <.0001 
Intercept = 0.483  
Total R2 = 0.559 

n = 256 
 

  

 

 Appendix 1a lists the individual relationships of our potential regressors to our 

soil CO2 eflux data.  These are listed in order of their p - value in the case of continuous 

variables.  We also tested a thinned versus unthinned and fertilized versus unfertilized 

effect added to the finished model.  This was done to ascertain whether these treatment 

effects had any significance once the variance due to temperature and other 

parameters was removed.  Neither the thinned/unthinned (P = 0.786) nor the 

fertilized/unfertilized (P = 0.833) effects were found to be significant additions to the 

model. 
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 Holding other parameters constant at their average values allows demonstration 

of how this model performs over the normal environmental range of soil temperatures.  

We chose here to illustrate how the model varies over the range in latitudes represented 

by our study.  Note that at high latitudes (at or around 37 degrees north), the model 

predicts lower soil CO2 efflux values than at low latitudes. 

 

Figure 3.  Soil CO2 efflux, as predicted by the model in Table 3 (NatLog(Rs) = 
0.8591*NatLog(Tc) – 0.0394*Lat – 0.3684*BDlo + 0.5690*Nlo + 0.0858*(Tc*Ms)), across a 
range of soil temperatures and at high (37.595°) and low (29.645°) latitude. 

Heterotrophic Respiration Model 

Best subsets regression proceeded for our heterotrophic respiration model much 

as it did for the total soil efflux model.  Appendix 1b contains the results of individual 

linear regression and t – test analysis performed for each variable in the dataset.  Non-

constant variance in the heterotrophic respiration index data required us to perform a 

square-root transformation before model creation.  The strongest regressors to emerge 

were soil moisture across 0 – 11 cm (Ms), temperature across 0 – 15 cm (Tc), and 

percent coarse fraction (%CFhi) and altitude (Alt). 
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We reasoned that %CFhi and Alt were serving as rough indicators in our model 

of the soil type at that location because both of these coincide with the transition from 

(for example) clayey, upland soils of the Piedmont into the sandy coastal plain soils.  

We thus retrieved percent sand and percent clay data, following Sampson et al. (2008), 

from available SSURGO records, but were unable to get information for all of our 

locations.  So to capture this variation in our model using existing data, we created a 

categorical variable of physiographic province subsection (PPs) from spatial data 

obtained from the USGS (Fenneman and Johnson 1998); this resulted in a highly 

statistically significant (P < 0.0001) additive component in our final model (Figure 4).   

 The resulting simple model of Rh compiled from the strongest regressors in the 

best model subset trials included these factors:  Tc, Ms, and PPs.  This simple model 

was checked for interactions, transformations, and covariates, and a temperature by 

moisture interaction term was added to replace Tc in the final model shown in Table 4.  

We also tested a thinned versus unthinned and fertilized versus unfertilized effect added 

to the finished model.  This was done to ascertain whether these treatment effects had 

any significance once the variance due to soil moisture and other parameters was 

removed.  Neither the thinned/unthinned (P = 0.222) nor the fertilized/unfertilized (P = 

0.275) effects were found to be significant additions to the model. 

 The categorical model parameter (PPs) operates within the model in the 

following way.  For each category level, a set modifier is added to the model.  For 

example, the estimate of heterotrophic respiration index for a location in the East Gulf 

Coastal Plain physiographic subsection would be adjusted by -0.00212 units.  The 

additive factors for levels in each of these terms is represented in Figures 5 and 6. 
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Table 4.  Model parameters used to predict the square – root transformation of heterotrophic 
respiration index (μmol/g/s), terms with a double asterisk (**) are significant at the α = 0.01 
level and those with a single asterisk (*) are significant at the α = 0.05 level. 

Term Estimate F Value Pr>F 

Natural Log of Soil Moisture** 0.0038 26.925 <.0001 

Physiographic Subsection** Category level 
modifiers 

(Physiographic 
subsections) are 
represented in 

Figure 5. 

8.329 <.0001 

Natural Log of (Temperature×Soil 
Moisture)* 

0.0036 15.876 <.0001 

Whole Model:  Pr>F:  <.0001 
Intercept = 0.0197 
Total R2 = 0.502 

n = 250 
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Figure 4.  Heterotrophic respiration (Rh) as explained by the model in Table 4 (√(Rh) =  
0.0038*NatLog(Tc) + PPs + 0.0036*NatLog(Tc*Ms)) across a range of soil moistures and for 
three physiographic subsections. 

 

Figure 5.  Physiographic subsection parameter estimates.  Subsections are generally arranged 
from coastal to mountainous from left to right.  The parameter has the following effect upon 
the model estimates:  for a plot located in the Sea Island physiographic subsection, a scalar of 
0.005606 is subtracted from the total estimate before transformation. 
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Fertilization Treatment Effects 

 For the plots we sampled within the Regionwide 18 study sites, we conducted 

tests of significance among fertilization treatments, using an α = 0.05 level of 

significance.   

Table 5.  The influence of fertilization treatments on total soil CO2 efflux, heterotrophic 
respiration index, total soil carbon and nitrogen using FNC Regionwide 18 study plots.  Total 
soil C and N contents were averaged from the soil C and N content values found for the upper 
(0 to 5 cm) and lower (5 to 10 cm) soil cores. 

Treatment n 
Total Soil Respiration 

(μmol/m
2
/s) 

Heterotrophic Respiration 

Index (μmol/kg/sec) 

Average total C 

(kg/ha) 

Average total N 

(kg/ha) 

Unfertilized 55 3.278±0.210 a 0.17±0.028 a 10637±536 a 579.9±61.5 a 

Light
1
 40 3.348±0.376 a 0.20±0.033 a 10423±785 a 776.6±134.3 a 

Heavy
2
 24 4.040±0.489 a 0.088±0.017 b 9615±1001 a 1073.6±396.3 a 

 

 The Rh data were found to violate assumptions of normality according to 

Levene’s test of unequal variances; the square-root transformed data had acceptably 

equal variances, allowing comparison of pairs of means using student’s t.  We found a 

significant decrease in Rh at the highest fertilizer treatment level.  No significant fertilizer 

effect was found in total soil CO2 efflux. 

 We further conducted tests of significance among the effects of the fertilization 

treatments within the FNC Regionwide 18 study plots upon total soil carbon, soil 

nitrogen, and carbon-nitrogen ratio, using an α = 0.05 level of significance.  These data 

were collected from soil bulk density cores taken at two depths, 0 – 5 cm (hi) and 5 – 10 

cm (lo).  Soil carbon and nitrogen content values were calculated as kilograms per 

hectare for a 5 centimeter depth, based upon bulk densities and corrected for percent 

fine fraction.  We first tested each soil depth range and then averaged the two depths.  

The averaged values are reported in Table 5.  No significant difference was found in soil 

1
 – 260 kg/ha every 6 years  

2
 – 120 kg/ha every 2 years 
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carbon or nitrogen or CN ratio among treatments for either depth or for the average of 

the two depths. 

Thinning Treatment Effects 

 A similar analysis was performed upon the Growth and Yield Cooperative’s 

thinning study sites.  Only 13 study sites, comprising a total sample size of 39, were 

included in this analysis.  No significant thinning effect was found for either total soil 

CO2 efflux or heterotrophic respiration index (Table 6).   

Table 6.  The influence of thinning treatments on total soil CO2 efflux, heterotrophic 
respiration index, total soil carbon and nitrogen using LG&YC thinning study plots.  Total soil 
C and N contents were averaged from the soil C and N content values found for the upper (0 
to 5 cm) and lower (5 to 10 cm) soil cores. 

Treatment n 
Total Soil Respiration 

(μmol/m
2
/s) 

Heterotrophic Respiration 

Index (μmol/kg/sec) 

Average total C 

(kg/ha) 

Average total N 

(kg/ha) 

Unthinned 13 4.292 ±0.557 a 0.264 ±0.030 a 10186±1216 a 625.2±76.6 a 

Light
1
 13 4.225 ±0.456 a 0.273 ±0.068 a 7827±633 a 522.6±56.3 a 

Heavy
2
 13 4.515 ±0.536 a 0.347 ±0.080 a 9402±535 a 572.9±54.5 a 

 

 We further conducted tests of significance among the effects of the thinning 

treatments within the LG&YC study plots upon total soil carbon, soil nitrogen, and 

carbon-nitrogen ratio, using an α = 0.05 level of significance.  These data were collected 

from soil bulk density cores taken at two depths, 0 – 5 cm (hi) and 5 – 10 cm (lo).  Soil 

carbon and nitrogen content values were calculated as kilograms per hectare for a 5 

centimeter depth, based upon bulk densities and corrected for percent fine fraction.  We 

first tested each soil depth range and then averaged the two depths.  The averaged 

values are reported in Table 6.  No significant difference was found in soil carbon or 

nitrogen or CN ratio among treatments for either depth or for the average of the two 

depths. 

1
 – 40% stems per acre removal.  

2
 – 65% stems per acre removal 
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 There is an increasing trend in heterotrophic respiration index with thinning 

treatments (Table 6) so we widened our testing to the whole dataset, using a thinned 

versus unthinned test criterion.  In order to do this, each plot we had visited throughout 

the study was given a numerical value, zero or one, based on whether it was unthinned 

or thinned, respectively.  In this analysis, heterotrophic respiration rates were 

significantly greater (P < 0.0001) in thinned plots than in unthinned (Table 7).   

Table 7.  The influence of thinning treatments on heterotrophic respiration and total soil 
carbon and nitrogen when examined on the full data set.  Total soil C and N contents were 
averaged from the soil C and N content values found for the upper (0 to 5 cm) and lower (5 to 
10 cm) soil cores.  All plots were included and tested using a least-squared means ANOVA due 
to the unequal variance.  Treatments not sharing a letter are significantly different at the α = 
0.05 level of significance. 

 

n 

Heterotrophic Respiration 

Index (μmol/kg/sec) 

Average total C  

(kg/ha) 

Average total N  

(kg/ha) Treatments
1 

Unthinned 158 0.155 ±0.015 a 9760.6±361.4 a 649.3±58.5 a 

Thinned 87 0.271 ±0.020 b 10858.2±489.9 a 609.6±79.3 a 

 

  We completed our round of tests of significance among the effects of the 

thinning treatments in the complete data set by testing the effects upon total soil carbon 

and soil nitrogen using an α = 0.05 level of significance.  These data were collected 

upon soil bulk density cores taken at two depths, 0 – 5 cm (hi) and 5 – 10 cm (lo).  No 

significant differences or apparent trends were uncovered for any of the treatments at 

either depth or in the averaged values from the two depths.

1
 – Plots were classified based upon a thinned versus unthinned criterion.  This includes all Loblolly 

Growth and Yield Cooperative plots (both light and heavy thinning) and any other thinned plots 
examined in study plots or on industrial timberland. 
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LAI Correlations 

During best subsets regressor selection, LAI consistently dropped out of our 

modeling efforts.  In cases where another indicator of stand biomass remained in the 

models, LAI could usually serve as a less effective substitute; regardless, no stand 

variables persisted in our final models.  A simple model using our temperature and LAI 

data found LAI to be not significant as a predictor when variance due to temperature 

was accounted for; similarly, LAI was not significant as a regressor in a model 

containing it and soil moisture.  Direct linear regression analysis of this variable against 

our Rs data revealed that it was not at all a significant predictor of total soil respiration (P 

= 0.7515). 

 A weak but significant negative (P = 0.0117) correlation was found between LAI 

and the square-root transformed heterotrophic respiration index, however.  This 

negative relationship suggests that as stand values of leaf area index increase, 

heterotrophic respiration decreases (R2 = 0.032).  Figure 6 demonstrates this 

relationship with the full dataset.  It is clear that there are three highly influential LAI 

values (larger dots to right).  These high values, all above 5, greatly skew the 

distribution of the LAI data; from a physiological standpoint, it is unlikely that these 

values represent true stand leaf area indices.  With the outliers are removed, the LAI 

distribution is normal and the significance of the model improves (P = 0.0067) and the 

correlation increases slightly to R2 = 0.0387. 
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Figure 6.  The relationship of leaf area index (LAI) to the index of heterotrophic respiration 
(Rh) for the full data set; Rh data was square-root transformed for normality.  (√(Rh) = 
0.015077 – 0.001138*LAI)  The seemingly influential points to the right are not accounted for 
by the final calculated relationship. 
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Discussion 

Fertilization and Thinning 

 One fundamental goal for this project was to determine what effects the two 

widely implemented management practices of fertilization and thinning may have upon 

total soil and heterotrophic respiration in loblolly pine plantations on a region-wide basis.  

Using data gathered in the FNC’s Regionwide 18 study sites and the LG&YC’s thinning 

study plots for fertilization and for thinning, respectively, we performed tests of 

significance of these treatments.  Neither fertilization nor thinning had a significant effect 

upon total soil CO2 efflux in our study; however, both had some effect upon 

heterotrophic respiration index. 

 We found no significant relationship between fertilization and total soil efflux for 

the treatments used in our study, but heterotrophic rates were significantly lowered in 

the heaviest (120 kg/ha every 2 years) fertilization treatment.  Gough and Seiler (2004) 

found in their greenhouse study that total soil respiration may fluctuate, yet show no 

significant change, following fertilization while microbial respiration remains suppressed.  

This finding was supported by Tyree et al. (2008) in the report of their field 

measurements of root, soil and heterotrophic respiration components at a field site in 

Virginia.  Other researchers either found that total soil CO2 efflux remained unchanged 

(Mattson 1995; Pangle and Seiler 2002; Lee and Jose 2003) or was significantly 

lowered (Haynes and Gower 1995; Maier and Kress 2000; Butnor et al. 2003; 

Samuelson et al. 2004) following fertilization.  It may be that, as the authors of Tyree et 

al. (2008) point out, the relative contributions to total soil respiration of root and 

heterotrophic respiration components shift in opposite ways, which results in little or no 
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net change in total soil CO2 efflux.  That occasionally a lowered total rate may be found 

could be attributable to other confounding factors:  Gough et al. (2005) suggest that the 

influence of the heterotrophic respiration component becomes less important in stands 

of greater age as root biomass increases, citing a 1987 study that found 11%  more 

contribution of root respiration to the total in a 29-year old slash pine stand versus a 9-

year old one (Ewel et al. 1987b) .  Thus fertilization may have little effect on total soil 

respiration in an older stand, whereas the same treatment in a younger stand may result 

in a net decrease in the total soil respiration due to the increased relative contribution of 

heterotrophic respiration. 

 We were unable to uncover a significant effect of thinning in the LG&YC’s 

thinning study plots included in our study.  We did find a trend in this analysis, though, 

that led us to test the whole dataset based upon a thinned versus unthinned criterion.  

In thinned stands, heterotrophic respiration index was significantly higher.  This effect 

may be due to increased substrate via dying root systems and other organic debris left 

from the thinning.  A t – test of this thinning effect on soil moisture revealed that thinned 

stands had significantly higher soil moisture than unthinned stands (Thinned = 18.3% 

versus Unthinned = 11.4%), so it could also stem from a response to higher soil 

moisture values. 

 Even though our results for the comparison of fertilized versus unfertilized stands 

were not strongly conclusive, the combined facts of a trend for higher total soil 

respiration rates and lower rates of heterotrophic respiration with fertilization seems to 

support Sampson et al. (2006).  They found that fertilized loblolly stands yielded a much 

higher NEP that unfertilized ones in their modeling efforts of carbon flux data from 

Carolina Sandhills plantations.   That is suggestive that fertilization may cause an 
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increase in root respiration while suppressing heterotrophic respiration, causing a net 

increase in soil carbon.  In their 2006 study of site preparation and fertilization in a 33-

year-old loblolly stand, Tyree et al.  found no significant difference in soil CO2 efflux 

rates in fertilized treatments, whereas heterotrophic respiration index was lower with 

fertilization.  This idea is further supported by Gough et al. (2004), who found a positive 

response of root respiration to fertilization in their direct measurements of this soil 

respiration component in a greenhouse study.  A grassland study of soil respiration (Xu 

and Wan 2008) reported rates about 11% higher in fertilized plots versus unfertilized.   

 The high degree of variance in our thinned versus unthinned stand 

measurements of soil CO2 efflux is likely attributable to the differences among stands in 

time since thinning; no record was made in our study of this variable.  In their report of 

the effects of thinning in a Japanese cedar forest, Ohashi et al (1999) pointed out that 

soil respiration rates were higher in thinned stands in the first and second year of 

measurements (i.e. – third and fourth years after thinning) but not in the third, 

suggesting elevated rates that are dependent upon time.  Other studies followed the 

changes in soil respiration in a thinned stand over the course of a year, finding no 

significant change unless normalized for temperature (Selig et al. 2008).  Despite this, 

when thinning was added to our regression model as a categorical variable, no 

significant effects were found for total soil respiration or heterotrophic respiration index.  

It may be that thinning has the opposite effect of fertilization on the relative contributions 

of soil respiration components.  Root respiration would be suppressed after thinning, 

while heterotrophic respiration would increase temporarily.  The key next step for 

determining the effects of thinning upon soil carbon sequestration and soil respiration 

should be an intensive time series study in  thinned versus unthinned stands. 
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Modeling Efforts 

 We created models using JMP statistical software to isolate and describe the 

effects of the primary stand and soil characteristics driving total soil respiration and a 

separate model for heterotrophic respiration.  When a satisfactory model was achieved, 

we compared our results to a model previously developed in the same system 

(intensively managed loblolly pine plantations) on specific sites in South Carolina and 

Virginia (Gough et al. 2005).  We chose this study primarily because of the similarity of 

study areas under consideration, but also because the simplicity of this model allowed 

us to easily apply it to our own data.  The four- parameter model posed in this paper 

uses two variables, stand age and soil temperature, to predict total soil CO2 efflux.  The 

authors were able to explain 70 percent and 50 percent of the variance in data (R2 = 

0.70 and 0.50) from the Virginia Piedmont and the South Carolina Coastal Plain, 

respectively. 

 Figure 7 displays our set of data with a depiction of the rangewide model holding 

all other variables constant at their mean values and across a typical range of soil 

temperatures.  It is accompanied by trendlines of the two four-parameter models used 

by Gough et al (2005).  It is clear that our rangewide model and the Gough models 

follow very similar trends.  While prediction lines are quite similar, the Gough model 

explained very little of the variation in our data with the given parameter estimates.  We 

applied the Gough model with its published parameters directly to our transformed and 

untransformed soil CO2 efflux values, finding the best fit to have a correlation coefficient 

(R2) of about 36 percent.  Reparameterization improved its explanatory power 

considerably (R2  = 0.51), bringing it nearer to our own model’s R2 value of 56 percent. 
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 Worth noting is the fact that the model used by Gough et al. (2005) includes a 

factor for age.  Every effort was made to include a range of ages in our data; however, 

since most of our data comes from study sites included in the Regionwide 18 and 

LG&YC thinning trials, this range is underrepresented (Range:  9 to 27 years; mean:  

13.8).  The model we’ve used in comparison is from one of many studies that consider 

stand age as a principal variable in soil respiration prediction (Clark et al. 2004; 

Wiseman and Seiler 2004; Gustavo Saiz 2006).  Perhaps most recently, Sampson et al. 

(2008) determined stand age-related characteristics to be key in determining NEP in 

managed loblolly pine. 

 

Figure 7.  Temperature range comparison of our rangewide model and two variations of the 
Gough et al. (2005) model using average values of age (in Gough model), moisture, latitude, 
bulk density and soil nitrogen.   

 We additionally compared our model to an exponential model based upon 

temperature published in Samuelson et al. (2004).  This model performed reasonably 

well when model parameters were set for either extreme of the treatment options 

outlined in the paper, herbicide-only and the full combination of herbicide, pesticide, 

irrigation, and fertigation (Figure 8); either set of parameters allowed the model to 
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Figure 8.  Temperature range comparison of our rangewide model and two variations of the 
Samuelson et al. (2004) model using average values of moisture, latitude, bulk density and 
soil nitrogen. 

explain approximately a fourth of the variance in the data (R2 = 0.25 and 0.23, 

respectively).  This is similar to the amount of variance explained by the temperature 

term in our model.  Reparameterization did little to improve the function of the model (R2 

= 0.27).  The Samuelson model is essentially a temperature model, and thus may be 

limited in its capacity to explain variance across a region-wide dataset.  As many 

authors have pointed out, temperature often plays a key role in predicting soil CO2 efflux 

variation over temporal scales, but perhaps less so in spatial ones.   

 

 Over the course of our sampling period we took data from sites around the 

Southeast during eight of the months of the year, resulting in a range of soil 

temperatures from about 3 to 29 degrees Celsius that only slightly correlates (R2 = 0.11) 

with the latitudes these data were taken in. With that in consideration and the existing 

literature supporting the relationship of temperature to soil respiration, the fact that 

temperature is the main explanatory variable in our model should by no means be 

surprising.  Most studies examining influences upon soil respiration find temperature to 
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be the strongest predictor; a number of authors (e.g. - Janssens et al. 2001) have 

pointed to soil temperature as an effective predictor of temporal variation in soil 

respiration, but less so of spatial variation.  This is highlighted by the findings of (Burton 

et al. 2002) who found that the Q(10) value for root respiration across nine biomes 

examined in their study depended upon the range of temperatures used in the 

measurements.  Ryan (1991) attenuated Q(10) values based upon the range in daily 

and annual temperatures being studied in their modeling paper.  Our model appears to 

have a Q(10) value of about 2, which is in keeping with other estimates of this 

relationship, ranging from as low as 1.4 to as high as 3 (Ming Xu 2001; Burton et al. 

2002, respectively).  Specific to managed loblolly pine, Maier and Kress (2000) cited 

values ranging from 2.2 to 2.4 in the results of their modeling paper for 11-year old 

stands.   

 The term in our Rh model that explains the greatest portion of the variance is soil 

moisture.  Many estimates of the optimal soil moisture for total soil respiration fall within 

a range of about 15 to 20 percent; our model may show less constraint in the upper 

range of values due to the smaller number of samples falling within that area.  We 

therefore suspect our model may best predict Rh within typical to low soil moisture 

values.  Soil temperature appears in our heterotrophic respiration model solely as an 

interactive element with soil moisture.  A considerable amount of our data were taken in 

hot, dry conditions.  Several studies have shed light upon the effects of temperature and 

moisture on soil microbial respiration by approaching the subject in a number of ways.  

Giardina and Ryan (2000) compiled studies using two common methods of determining 

soil carbon loss, 13C/12C ratio comparisons and lab incubations; they found that 

temperature, specifically mean annual temperature, was not a key determinant of 
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microbial respiration across latitudinal and perennial scales.  They go on to assert that 

microbial respiration is strongly affected by low available soil moisture.  Yuste et al. 

(2007) found that daily time scales were needed to reveal the response of their soil core 

incubation experiments to temperature (during wet incubations) or temperature and 

moisture combined (during relatively dry incubations).  Other authors (e.g. - 

Bhupinderpal et al. 2003) used tree girdling to remove root respiration from the total soil 

respiration to infer heterotrophic rates.  In the case of Bhupinderpal et al., this revealed 

that point-in-time heterotrophic respiration rates were more responsive than root 

respiration to temperature.  The interaction of soil moisture and soil temperature in our 

heterotrophic model is key in our total soil respiration model as well.  Many authors 

have worked to describe the interplay of these two factors and total soil respiration.  

Pangle and Seiler (2002), noted a simple interaction of these factors to be key in 

modeling soil CO2 efflux.  Inclán et al. (2007) found that soil moistures above 15% were 

the better predictor of total soil respiration, while temperature was the better predictor at 

lower levels; similarly, Ming Xu reported finding Q(10) values of total soil respiration 

temperature response to vary with soil moisture levels at a threshold of 14%.  Thus an 

interaction term highlighting the importance of these abiotic factors in soil, and soil 

microbial, respiration is well in keeping with the work of previous authors. 

 Latitude emerged as a component of our regionwide model.  Since sites 

generally increase in mean annual temperature as one travels south, it might seem as 

though the variation in respiration with temperature follows or covaries with the 

geographic variation we covered during our sampling.  Yet latitude proved to be a 

strong regressor in our model, without covarying with temperature.  Since productivity 

correlates with increased root respiration (Ewel et al. 1987b) and total soil respiration 
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(Janssens et al. 2001), it may be that the correlation with latitude is capturing some 

partial dependence of soil respiration upon site productivity.  Loblolly pine productivity 

has been shown to be positively related with nearness to the equator (Lockaby and 

Caulifield 1989).  However, we were unable to uncover an effect of site productivity in 

our study using site index estimates from our available stand data.  Amateis et al. 

(2006) demonstrated a latitudinal gradient in basal area (greater at higher latitudes) in 

managed loblolly pine given the same stand variables such as age, management 

history, and site index.  Dominant height was found to negatively correlate with latitude 

in this same study (Amateis et al.).  Additionally, Schlesinger (1977) and Bird et al. 

(1996) agree that soil respiration may increase with nearness to the equator; the former 

reports a meta-analysis of soil respiration rates across biomes globally while the latter 

demonstrates the tendency of increased residence times of soil carbon in higher 

latitudes through analysis 13C/12C ratios across globally distributed sites.  Thus it is not 

only conceivable, but likely, that our model highlights a very real phenomenon of 

latitudinal rangewide variation in soil respiration rates in managed loblolly pine. 

 Physiographic province had an unexpected influence on heterotrophic respiration 

in our study.  Our model of heterotrophic respiration index included a categorical 

measure of the geographic variation in this study.  We found that the physiographic 

province provided a scalar modification of predicted respiration rates.  What this means 

is that predicted rates will be augmented by a factor of 0.002 (squared, for the 

transformation applied at the end of the model) for sites located in the Sea Island 

physiographic section, for example.  An examination of the trend in physiographic 

characteristics included leads one to suspect that this is an indirect measure of some 

unmeasured soil variable, such as soil texture or drainage.  Sampson et al (2008) were 
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able to use values of percent clay and percent sand in their modeling efforts, and we 

therefore attempted to use recorded data from existing databases for this purpose.  

Drainage class was also considered and ruled out, due to the same lack of complete 

records in existing databases.  Most of our sites were not located in areas where these 

data existed.  Additional work could include soil analyses on these sites.  For purposes 

of generalization, this model is obviously applicable only to regions included in the 

categorical analysis.  Notably, a number of authors (Hasenauer et al. 1994; Amateis et 

al. 2006) have demonstrated that physiographic province plays a role in predicting 

productivity in loblolly pine plantations; such plantations increase in productivity across 

Gulf Coastal Plain, Piedmont, and Atlantic Coastal Plain sites.  If heterotrophic 

communities depend upon carbon substrate inputs from root exudates in the 

rhizosphere (Scott-Denton et al. 2006) or in fine-root mortality or litter inputs as free-

living decomposers (Buchmann 2000, respectively; Ruess et al. 2003), then 

heterotrophic respiration would be tied to stand productivity at broader temporal and 

spatial perspectives.  The work of these researchers thus lends support to our inclusion 

of physiographic subsection to the heterotrophic respiration model. 

 Underlying causes for the effect of physiographic locale or bulk density on total 

soil and heterotrophic respiration may be soil characteristic differences across the range 

of loblolly pine as they relate to Rh and to Rs; for example Sampson, Wynne et al. 

(2008) which found that in younger stands, sandy soils had lower values of NEP than 

clayey soils.  When the physiographic subsections in our study are arranged generally 

from lowland, sandy sites to upland, clayey sites, as indicated in Figure 5, we may see 

that our heterotrophic model shows some response to soil texture or drainage class as 

well.  Further, upland sites tend to be well drained, allowing heterotrophic respiration to 
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proceed upon carbon substrates in an environment of high aeration.  This effect could 

carry into the lowland, poorly drained sites:  a wet, anaerobic environment would slow 

heterotrophic respiration, hence increasing soil carbon.  Six et al. (2006) report that soil 

physical characteristics play an important role in determining microbial contributions to 

soil carbon in their review of relevant research in agricultural systems.  Another study 

(Creighton Litton 2003) in thirteen-year-old lodgepole pine had findings contrary to this; 

they found that soil characteristics such as texture were not important in predicting soil 

CO2 efflux in a young stand.  One study of microbial incubations under various moisture 

contents and bulk densities (Neilson and Pepper 1990) illustrated the importance of bulk 

density as an inverse correlate of pore space in predicting heterotrophic respiration 

dynamics; similarly, Bouma and Bryla (2000) point to soil texture’s influence upon the 

response of soil CO2 efflux to soil moisture.  They are echoed by Dilustro et al. (2005) 

who suggested that clayey-textured soils may moderate soil moistures effect upon soil 

respiration. 

 We attempted to add fertilization treatments to our total soil CO2 efflux model as 

a categorical variable in order to determine if some treatment effect could be found after 

the variance due to other effects was removed.  The lack of consensus in literature 

about the effects of fertilization is reflected by the fact that no effect was found in our 

study.  For example, Tyree et al. (2006) found no difference in soil respiration rates for 

fertilized versus unfertilized treatments in loblolly pine, Bowden et al. (2004) found 

lowered rates with fertilization in red pine, and Xu and Wan (2008) found a positive 

response in semiarid grasslands.  A study of the effects of fertilization on root 

respiration in loblolly pine (Gough et al. 2004) found a positive response to N additions.  

However, these and other studies focus upon the effects of N additions, rather than soil 
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N concentrations, in their effects upon soil respiration.  We found that the highest level 

of fertilization not surprisingly had the greatest increase in soil nitrogen and average 

decrease in heterotrophic respiration in our study, even though fertilization treatment 

was not significant to total soil respiration. 

 Of the two soil characteristics used by our model to predict Rs, soil nitrogen has 

the most support from previous work in the literature.  We found that our percent 

nitrogen content values had a weak but significant (P = 0.0017) positive relationship in 

predicting total soil CO2 efflux in our model.  Inclán et al. point out greater soil N content 

as a contributing factor to higher total soil CO2 efflux rates in the pine stands versus the 

oak stands in their 2007 study.  This is echoed by other authors working in Ponderosa 

pine (Ming Xu 2001).  Our inclusion of soil nitrogen content in a rangewide model 

predicting total soil CO2 efflux is thus well supported by previous studies 

 The dynamics of soil nitrogen response become more complex when one 

examines the components of total soil CO2 efflux, however.  Perhaps in contrast to 

Gough et al. (2004), one study (Lu et al. 1998) demonstrated that fertilization only 

produced a positive effect in root respiration when a moderate treatment level was 

applied to soil not already nitrogen rich.  Neher et al. (2003), among others, cite high 

soil nitrogen content as a predictor of increased decomposition rates in the soil, while 

Pangle and Seiler (2002) are among a number of authors that report the effect of 

reduced soil microbial activity in response to frequent fertilization.  This suggests that 

heavy fertilization shifted the contributions of autotrophic and heterotrophic respiration 

towards autotrophic, suppressing heterotrophic respiration while slightly elevating the 

total.  The shift towards slightly higher rates in nitrogen rich soils may indicate optimal 

levels were reached for root respiration. 
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LAI and Soil Respiration 

 Though LAI did not prove to be a significant factor in either of our models, it 

correlated well with various stand factors, as may be expected.  In our rangewide 

model, such measures of stand biomass are not accounted for.  Other works have 

included some indicator of the biomass present, such as stand age in one loblolly pine 

study (Gough et al. 2005) or a combination of LAI and stand age in explaining 

ecosystem respiration differences across several forest types in another (Lindroth et al. 

2008).  An even-aged study across multiple silvicultural treatments and fertilization 

levels in loblolly pine found that soil respiration was predicted by treatment-induced 

differences in aboveground biomass (Tyree et al. 2006).   

 Surprisingly, LAI did correlate negatively with heterotrophic respiration index.  It 

may appear that this correlation would be due to the warming effect of a more incident 

radiation reaching the forest floor through a thinner canopy, yet there was no significant 

relationship to temperature.  Further, LAI did not remain in a model with temperature or 

moisture.  LAI did correlate negatively with soil moisture, however (Prob > F:  0.0002).  

This agrees with one recent study of the effects of thinning in loblolly pine (Selig et al. 

2008), which pointed out that thinned stands typically had about 5% higher soil moisture 

values compared with unthinned; the same study reported that soil temperatures were 

warmer during the growing season, and cooler in the dormant season, for thinned 

stands relative to unthinned.  Stands that have a higher LAI may reduce soil moisture 

contents by having higher evapotranspiration rates; conversely, producing a lower LAI 

may be an acclimation strategy to reduce transpirative demand in a water limiting 

environment (Law et al. 2002).  In either case, this easily obtained measure of the forest 
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canopy significantly predicts the dynamics suggested by our soil heterotrophic 

respiration index model. 

Summary and Conclusions 

 Our efforts to model total soil respiration and heterotrophic soil respiration across 

the managed range of loblolly pine were in many ways consistent with previous studies 

in this ecosystem.  Temperature and moisture, and their interaction, play fundamental 

roles in point-in-time estimates of this carbon flux; there is some reason to believe that 

these variables are most useful in temporal variation estimates.  Both models included 

variables indicative of geographic locale.  In the case of total soil respiration, the 

inclusion of latitude hints at the possibility that some measure of productivity other than 

site index and volume is related to total soil CO2 efflux.  For heterotrophic respiration, 

physiographic province suggests a possible dependency on soil texture, as was 

suggested by other authors.  Neither model included stand variables such as LAI, stand 

age or density, or basal area. 

 Direct tests of the effects of fertilization in our sites seem rather inconclusive.  

Our total soil respiration model includes soil nitrogen percentage as a positive variable, 

however, and heterotrophic respiration index was suppressed in the highest fertilization 

level.  There was also a noticeable trend for higher rates of soil nitrogen content with 

fertilization.  This is more or less consistent with available literature, which finds some 

degree of consensus as to the usually non-significant effect of fertilization upon total soil 

respiration, a positive response of root respiration to some optimal level of nitrogen, and 

a suppression of heterotrophic respiration under a fertilization regime.  The implication 

is that a fertilization regime that maintains an optimal soil nitrogen level may boost soil 
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carbon sequestration by inhibiting heterotrophic respiration while encouraging fine root 

growth.  Despite this, the soil carbon content values in our study fail to support this 

conclusion. 

 Thinning was a more difficult effect to understand in our study.  We were unable 

to find a difference in total soil respiration rates among any thinning treatments either 

within the GYC thinning treatments or across all plots using our thinned versus 

unthinned designations.  Heterotrophic respiration rates were significantly higher in 

thinned stands throughout our study, however.  This relationship could be due to 

microbial decomposition of dead root systems and other debris in the thinned stands.  

Yet given that thinned stands tended to have lower values of LAI, and increasing LAI 

values predict lower rates probably via lowered soil moistures, tests of our data suggest 

that our thinned stands had consistently higher heterotrophic respiration rates due to 

higher soil moisture values. 
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Appendix A 
A linear regression was performed on the log transformed soil CO2 efflux data for each 

continuous variable in our data set, thereby creating a one-parameter model for each.  

These are arranged here in order of increasing p – Value.  For variables that are 

significant at the α = 0.05 level, we have included the R2 and term estimate.  Categorical 

variables are listed separately at the end of this table. 

Term p-Value R2 Estimate 

Temperature 0.0001 0.367 0.060 

Latitude 0.0001 0.15 -0.110 

Mean Annual Temperature 0.0001 0.12 0.112 

Average January Low Temperature 0.0001 0.116 0.079 

Altitude 0.0001 0.092 -0.001 

Total Annual Precipitation 0.0001 0.059 0.001 

Average July High Temperature 0.0006 0.046 0.138 

Sand Percent 0.0058 0.037 0.004 

Coarse Fraction - upper 0.0069 0.029 -0.007 

Longitude 0.0131 0.024 -0.018 

Coarse Fraction - lower 0.0214 0.021 -0.006 

Bulk Density - upper 0.0430 0.016 0.366 

Bulk Density - lower 0.0556   

Total N per Hectare - average 0.0770   

C Percent - upper 0.0779   

Age 0.1052   

N Percent - lower 0.1431   

Soil Moisture 0.2450   

Basal Area 0.3034   

Height of Dominant 0.3170   

LAI 0.3743   

Total C per Hectare - average 0.4060   

C Percent - lower 0.5020   

Lower CN Ratio 0.5356   
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Term p-Value R2 Estimate 

Plot Biomass - pine 0.6619   

Clay Percent 0.7729   

Upper CN Ratio 0.7916   

Plot Biomass - all 0.8342   

Pines Per Hectare 0.8660   

N Percent - upper 0.9760   

Categorical Variables 

Physiographic Subsection 0.0001 0.219  

 Piedmont Upland  0.7800 

 West Gulf Coastal Plain  1.0390 

 Embayed  1.0915 

 Tennessee Ridge and Valley  1.2163 

 Highland Rim  1.2756 

 East Gulf Coastal Plain  1.3729 

 Sea Island  1.4805 

 Floridian  1.6449 

 Ouachita Mountains  1.8529 

Understory 0.3159   

Fertilized versus Unfertilized 0.6514   

Thinned versus Unthinned 0.8423   
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Appendix B 

A linear regression was performed on the square root transformed heterotrophic 

respiration index data for each continuous variable in our data set, thereby creating a 

one-parameter model for each.  These are arranged here in order of increasing p – 

Value.  For variables that are significant at the α = 0.05 level, we have included the R2 

and term estimate.  Categorical variables are listed separately at the end of this table. 

Term p-Value R2 Estimate 

Soil Moisture 0.0001 0.298 0.0352 

Sand Percent 0.0001 0.204 -0.0001 

Clay Percent 0.0001 0.144 0.0004 

Pines Per Hectare 0.0001 0.111 -3.61E-06 

Coarse Fraction - upper 0.0001 0.065 9.97E-05 

Coarse Fraction - lower 0.0001 0.065 0.0001 

C Percent - upper 0.0001 0.063 0.0009 

N Percent - upper 0.0017 0.039 0.0085 

Mean Annual Temperature 0.0029 0.035 -0.0006 

Average January Low Temperature 0.0032 0.034 -0.0004 

Temperature 0.0039 0.033 -0.0002 

Basal Area 0.0058 0.03 -9.67E-05 

LAI 0.0069 0.032 -0.0011 

Latitude 0.0089 0.027 0.0005 

C Percent - lower 0.015 0.024 0.0008 

Altitude 0.0155 0.024 3.70E-06 

Total C per Hectare - average 0.0185 0.023 2.02E-07 

Bulk Density - upper 0.0193 0.022 -0.0043 

Lower CN Ratio 0.0211 0.021 -0.0001 

N Percent - lower 0.0242 0.02 0.0059 

Total N per Hectare - average 0.0274 0.02 1.24E-06 

Average July High Temperature 0.0414 0.017 -0.0008 
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Term p-Value R2 Estimate 

Plot Biomass - pine 0.0414 0.017 -2.55E-05 

Upper CN Ratio 0.0674   

Plot Biomass - all 0.0719   

Bulk Density - lower 0.1466   

Total Annual Precipitation 0.1512   

Longitude 0.1769   

Age 0.2071   

Height of Dominant 0.2957   

Categorical Variables 

Physiographic Subsection 0.0001 0.205  

 Ouachita Mountains  0.0226 

 Tennessee Ridge and Valley  0.0170 

 Embayed  0.0167 

 Highland Rim  0.0150 

 Piedmont Upland  0.0129 

 East Gulf Coastal Plain  0.0128 

 Floridian  0.0119 

 West Gulf Coastal Plain  0.0118 

 Sea Island  0.0073 

Thinned versus Unthinned 0.0001 0.090  

 Thinned  0.0151 

 Unthinned  0.0110 

Understory 0.0003 0.082  

 No understory  0.0094 

 Light understory  0.0130 

 Moderate understory  0.0133 

 Heavy understory  0.0136 

 Very heavy understory  0.0160 

Term p-Value R2 Estimate 

Fertilized versus Unfertilized 0.4036   
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