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PIEDMONT 
 

Oana Popescu 

 

(ABSTRACT) 

 

Soils are a major component of the global carbon budget and may serve an 

important role in mitigating increasing atmospheric CO2  through their capacity to store 

carbon. In this regard, it is important to evaluate the implications of forest management 

on changes in carbon cycling and sequestration and to determine the magnitude by which 

the efflux of CO2 from the soil surface can vary in time and space. For this study, soil 

CO2 efflux was measured in 5 replicate blocks of naturally regenerated and planted 

loblolly pine (Pinus taeda), shortleaf pine (Pinus echinata), and eastern white pine (Pinus 

strobus) in a 50-acre clear-cut on the Virginia Piedmont. Rates of CO2 efflux were 

measured every 2 weeks immediately adjacent and away (1m) from newly planted 

seedlings and cut stumps using a dynamic, closed-chamber infrared gas analyzer system. 

For each measurement date, volumetric water content was taken in the top 17cm, using 

time domain reflectometry (TDR) and soil-surface temperature was recorded in the top 

7cm, using a temperature probe. For the October measurement a 12cm depth soil core 

(7cm diameter) was collected for each location. Carbon, nitrogen, coarse fragments, 

roots, surface litter and coarse woody debris were measured separately for each core. 

Position (near and away from seedling) had a strong effect on soil CO2 efflux rates. For 

the first measurement date, rates were higher near the newly planted seedlings 

(3.09µmol/m
2
/s) than those taken away from the seedlings (2.29 µmol/m

2
/s). The same 

trend was maintained for the CO2 efflux rates measured near a cut stumps (3.51 

µmol/m
2
/s) and those taken away from the stump base (2.56µmol/m

2
/s). Species proved 

to have no significant effect on respiration rates for any date and no interaction between 

species and position was observed. Regression analysis was used to model the influence 



of soil and plant factors on efflux rates. Temperature (29.2%), position (near and away 

from the seedlings and stumps base)* temperature, (7.7%), soil carbon (4.1%), organic 

matter (1.6%), and soil moisture (0.7%) proved to be the major drivers for soil respiration 

(R
2
 = 0.4329).  When only data near seedlings or stumps were modeled, species had a 

significant effect on soil CO2 efflux rates. The largest seedlings, loblolly pine (100 cm3 

seedling value), had on average the highest rates followed by shortleaf pine (30 cm3 

seedling value) and eastern white pine, which were the smallest (9 cm3 seedling value). 

Stumps had the highest efflux rates. The mean soil respiration rate measured over a seven 

month sampling period was 2.58 µmol/m
2
/s, while the calculated carbon loss from the 

soil over the same period added up to 575 g C/ m
2
. The annual carbon loss was estimated 

to be 675 g C/ m
2
.  
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1. INTRODUCTION 

The rapid increase of carbon dioxide concentration due to fossil fuel burning and 

ecosystem disturbance is likely to cause large changes in the structure and function of 

terrestrial ecosystems.  Although, the magnitude and nature of these changes is far from 

clear, forests could potentially act as sinks for atmospheric CO2 (Ceulemans et al., 1999). 

In temperate ecosystems, mineral soil and forests account for almost 45% of total 

ecosystem carbon storage. Some analyses suggest that increases in atmospheric CO2 can 

be mitigated by changes in soil carbon storage; however, soil CO2 flux may increase as 

the result of increases in atmospheric CO2 (Jenkinson et al., 1991; Nakayama et al., 1994, 

Schlesinger, 1977). Many impact studies have centered on aboveground tree responses 

and have showed that increasing concentrations of atmospheric CO2 may lead to changes 

in forest ecosystems (Ceulemans et al., 1999; Bazzaz, 1990).  

In order to more completely understand the role of forest soils in absorbing CO2 

we need to understand the fundamental processes controlling soil carbon content. Several 

issues have emerged recently to focus questions on the role of soils in the global carbon 

cycle over a decade to century time scales. First, soils have historically played the roles 

of both source and sinks of carbon associated with changes in land management 

including forest management. Second, how might climatic changes influence soil carbon 

stores knowing that organic matter decomposition rates are linked to soil temperature and 

moisture regime. Third, soils contain the largest active terrestrial carbon pool on earth, 

and through soil respiration, contribute 10 times more CO2 to the atmosphere than fossil 

fuel combustion (Schlesinger, 1997).  

Despite recent achievements, many quantitative gaps are still present in knowing the 

relative size of soil carbon pools and the mean residence time of carbon in the soil. For 

example, in the conversion of virgin soils to a cultivated state the exact part of the carbon 

cycle affected by this process remains unknown (Trumbore, 2000).  

Further, the impact of common forest management practices on soil CO2 efflux is 

largely unknown. Since soil CO2 efflux is a major mechanism controlling soil carbon 

pools a thorough understanding of factors influencing this process is essential before we 

can determine how managed forest can contribute to absorbing CO2.  
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Therefore, the aim of our study was to examine the relationship between soil respiration 

rates, environmental factors, and soil variables in a naturally regenerated and a planted 

clear-cut on the Virginia Piedmont. Furthermore, we investigated the effect of three 

planted pine species varying greatly in initial growth rate (eastern white pine (Pinus 

strobus), loblolly pine (Pinus taeda), and shortleaf pine (Pinus echinata), on soil CO2 

efflux with particular emphasis on spatial patterns that might appear at the seedlings level 

at such an early stage. The temporal and spatial patterns of soil CO2 efflux were studied 

over a seven-month period in order to develop an empirical model to predict seasonal 

rates on similar sites.  
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1.1. Specific Objectives 

The specific objectives of this study are: 

1. To determine temporal and spatial patterns of soil CO2 efflux as influenced by 

regeneration with the following tree species: eastern white pine (Pinus strobus), loblolly 

pine (Pinus taeda), and shortleaf pine (Pinus echinata). 

2. To compare temporal and spatial patterns of soil CO2 efflux in a replanted clear-

cut in comparison to a naturally regenerated clear-cut. 

3.        To determine the relative contribution of microbial and root respiration to total soil 

CO2 efflux. 
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2. LITERATURE REVIEW  

2.1. Soil and Soil Respiration 

2.1.1. Soil  

Global total carbon efflux from the soil is estimated to be between 50 and 75 GT 

(C) y-1 (Raich and Schlesinger, 1992). After the deep ocean, the soil is considered the 

second largest pool in the global carbon cycle, comprising more than twice the estimated 

pool of carbon in living biomass (Rayment and Jarvis, 2000). Of particular importance 

are the soils in the boreal region, which form the largest soil organic matter reserve, due 

to low soil temperatures (Rayment and Jarvis, 2000). In addition, Schlesinger (1977) 

reported that forest and mineral soil in temperate forests, account for 45% of the total 

ecosystem carbon storage. More recently, Rhoades et al. (2000) also added the 

contribution of tropical soils to an increased emission of CO2 from terrestrial ecosystems 

and showed that 32% of the global soil carbon (including the above and belowground 

storage) is contained in tropical soils. Finally, the areas with the lowest soil carbon input 

to the global total soil CO2 efflux rates are the deserts, tundra and swamps (Raich and 

Schlesinger, 1992). 

Soil is an important component of the global carbon budget for several reasons. 

As Mielnick and Dugas (1999) suggested, soil contributes carbon to the atmosphere 

through plant root respiration and decomposition of soil organic matter by soil 

microorganisms that transform organic plant-inaccessible carbon to the plant-accessible 

form (CO2). Secondly, soil contains twice the amount of carbon as the atmosphere and 

therefore is an important component of the global carbon budget. However, knowing only 

the size of the reservoir of carbon stored in soils is not sufficient to predict its influence 

on atmospheric CO2 concentrations. In this perspective, Trumbore (2000) discussed the 

importance of soil carbon dynamics.  

Within the context of increased interest regarding the significance and nature of 

the terrestrial biosphere as a global carbon source or sink, better knowledge of carbon 

flow is needed to understand the importance of its role. Carbon flow through the 

ecosystem may be defined as the transfer of plant, animal and microbial biomass carbon 

from one trophical level to another (Buyanovsky et al., 1987). In this process, one portion 

of the carbon accumulated by plants is incorporated into different forms of organic matter 
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and the rest is mineralized to CO2 and returned to the atmosphere. The rate of carbon 

transferred through the system and deposited in the soil profile is functionally related to 

the biological productivity and decomposition potential. In a steady-state system, the soil 

organic carbon content remains at equilibrium levels, since the input of carbon from 

primary production and output as a result of mineralization are balanced (Buyanovsky et 

al., 1987).  

 

2.1.2. Soil respiration  

Early studies of soil respiration by Lundegardth (1927) and others were 

performed generally in the laboratory or under agronomic conditions. Only in more 

recent years has the complexity of the heterotrophic processes in the soil been decoded. 

Soil respiration is the process by which the carbon dioxide produced by soil 

microorganisms and plant roots is released at the soil surface (Witkamp and Frank, 1969; 

Rochette et al. 1991; Akinremi et al. 1998). Soil respiration is the major pathway of 

ecosystem carbon flow and can contribute a significant fraction of the carbon dioxide 

fixed by photosynthesis. Reiners (1968) compared the forest floor to a major arena of 

heterotroph activity and considered it a heterotrophic subsystem of the forest as a whole.  

Carbon storage in soil is regulated by a balance between aboveground and 

belowground production. The aboveground primary production is considered the main 

source of organic matter for most soils. Photosynthetically fixed carbon is transferred 

from the aboveground parts of living plants to the soil via litterfall and through 

translocation to the roots and from the roots into the soil (van Veen et al., 1991). 

Microbes utilize the transformed root-derived carbon compounds for energy production 

and biosynthesis. The functioning of soil ecosystems is possible only through the 

microbial activity which drives the nutrient cycling in soil and which uses the production 

of root-derived carbon. Toland and Zak (1994) also mentioned the large portion of the 

CO2 flux emerged from soil as a result of the decomposition of the belowground litter and 

plant root respiration. Root respiration is defined to include all processes occurring in the 

rhizosphere following the definition of Wiant (1967) who stated that “root respiration 

includes all respiration derived from organic compounds originating in plants including 

all respiration of living root tissue, the respiration of symbiotic myccorrhizal fungi and 
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associated microorganisms, and decomposing organisms operating on root exudates and 

recent dead root tissues in the rhizosphere.” 

Kelting et al. (1998) addressed the issue of three biologically relevant 

compartments among which carbon is transferred in soils: root tissue, rhizosphere, and 

root-free soil. The most easily distinguished is the root tissue compartment, consisting of 

living roots bounded by the soil matrix. The rhizosphere compartment is more disperse, 

being populated by a relatively large microbial community (Hanson et al. 2000), which 

utilizes root-derived organic matter as the primary energy substrate. The third 

compartment, known as the root-free soil compartment consists of a smaller microbial 

community, which obtains its energy from the root turnover, and organic matter from 

above ground litter via secondary products diffused into the root-free soil.  

Most investigators have found it difficult to quantify the contribution of roots to 

the total forest floor respiration. One approach suggested by Edwards and Sollins (1973) 

was to measure CO2 evolution from upper, root-free horizons, while measuring oxygen 

uptake from roots separated from portioned, lower horizons. Another procedure described 

by Hanson et al. (2000) was the root exclusion method that indirectly estimated root 

contribution to total soil CO2 efflux rates, by measuring soil respiration with and without 

the presence of root.  Much of the variability in these estimates might originate from the 

variety of measurement techniques, each with its unique set of limitations. Some 

estimates of total root respiration include soil disturbance and an extrapolation of the 

rates from individual roots to a whole system. Other estimates do not reflect conditions 

found in natural environment, depending on data from laboratory studies or greenhouses 

(Andrews et al., 1999).  

  In spite of these difficulties, CO2 evolution data are useful in comparing rates of 

biological activity and as diagnostic parameters of ecosystem types. Microbial 

respiration, root respiration, and plant litter production exert an important influence in the 

CO2 efflux from soil, and factors affecting these processes could change the release of 

stored carbon to the atmosphere. 
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2.2. Factors affecting soil respiration  

Critical factors reported to influence CO2 efflux rates include: temperature and 

moisture, nutrient content, root respiration, microbial processes, organic matter, soil 

aeration, soil porosity, soil water, net primary productivity (NPP), and vegetation type 

(Lundegardh, 1927; Reiners, 1968; Rixon, 1968, Edwards, 1974; Weber, 1990; Johnson, 

1993; Mielnick and Dugas, 1999, Maier and Kress, 2000; Schlesinger and Andrew, 

2000).  

3.2.1. Temperature and other environmental factors 

Temperature is an important parameter known to determine most of the major 

processes in the carbon cycle. It affects the allocation of carbon between roots and shoots 

(Farrar, 1988), respiratory losses of carbon by plants (Ryan, 1991), and mineralization 

potentials of the microbial populations (Ross et. al., 1999). The exact nature of the 

relationship between respiration and temperature is still not perfectly clear, thus 

understanding how temperature effects soil respiration is vital for predicting soil response 

to climate changes. Soil is a complex medium of an organo-mineral matrix of variable 

depth and because it supports a broad range of plants and microorganisms, reductionist 

approaches to modeling individual components of soil processes are extremely difficult 

(Davidson and Trumbore, 1998).  

Under field conditions soil temperature and moisture exhibit large amplitude with 

respective influences on soil respiration. The increase in reaction rate per 10° increases in 

temperature is known as the Q10. The exponential function Q10 is commonly used to 

express the relationship between soil biological activity and temperature, although 

Holland et al. (1995) has shown that estimates of global soil respiration are very sensitive 

to the selected Q10 value for various biomes. Howard and Howard (1993), Lloyd and 

Taylor (1994), and Raich and Potter (1995) noted that the Q10 value is frequently 

observed to change with temperature, with higher values typically found in colder 

climates. It also may be affected by soil moisture conditions (Mathes and Schriefer 

1985). Most of the empirical relationships that have been established between field 

measurements of soil respiration, soil moisture and soil temperature (Raich and Potter, 

1995; Howard and Howard, 1993) tend to be site specific. Compiling literature values 

from year–round field studies, Raich and Schlesinger (1992) calculated an average Q10 of 
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2.4. In a study initiated by Davidson and Trumbore (1998) in the Harvard Forest, 

Massachusetts relatively high Q10 values of 3.4 – 5.6 were reported. In contrast, Raich 

and Potter (1995) found the Q10 of soil CO2 efflux in two empirically based, semi-

mechanistic models to be only 1.5. These contradictory results appear to be related to the 

use of air versus soil temperature as an independent variable. Air temperature typically 

fluctuates more in vegetated sites than does soil temperature (Raich and Potter, 1995). 

Another explanation suggested by Davidson and Trumbore (1998) is the fact that many 

of the values reported in the older literature are based on soda lime measurements of soil 

respiration, which probably underestimated high fluxes and therefore would 

underestimate Q10 values. The possible differential response of microbial and root 

respiration to temperature could also be reflected in the relatively high Q10 values noted 

in Davidson’s (1998) study. Because of the different temperature sensitivities showed by 

various components of soil respiration, Q10 values vary considerable among ecosystems 

and across temperatures ranges. These components include respiration by live roots, 

associated mycorrhizae, root exudates and humified organic matter by soil heterotrophs 

(Trumbore et al., 1996).  

In fact, root respiration is considered a primary contributor to the soil CO2 pool 

and a major factor affecting soil respiration. The proportion to the total soil respiration 

flux that is attributed to root respiration ranges from 50-93% in artic tundra (Raich and 

Tufekcioglu, 2000), from 40-50% in temperate forests (Epron et al., 1999; Ohashi et al., 

2000), and from 17-60% in grasslands (Kucera and Kirham, 1971; Dugas et al. 1999). 

A study by Boone et al. (1998) in a mixed temperate forest has reported that systems 

most sensitive to temperature rise are those in which roots and the associated rhizophere 

contribute the largest portion of total CO2 flux. This statement is in agreement with the 

findings of Lawrence and Oechel (1983) who noted an average four time increase in total 

root respiration for Alnus crispa, Populus balsamifera, Populus tremuloides and Betula 

papyrifera determined by 20°C increase in soil temperature. Atkin et al. (2000) explained 

that the response of root respiration to changes in temperature would be critical in 

determining the response of vegetation to global environmental change. In trying to find 

an answer for the prediction of the likely impacts of global warming on root respiration, 

Atkin et al. (2000) suggested that short-term changes in temperature are likely to have a 
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profound impact on root respiration. Complicating things further, Kandeler et al. (1998) 

pointed out the effect of elevated temperature on root biomass. CO2 enrichment 

associated with elevated temperature reduced root biomass in the 0-10 cm depth and 

increased N content of roots in deeper layers. Given the recognized uncertainties 

associated with assigning the appropriate Q10, and that changes in temperature can 

influence where roots grow it will be difficult to predict how changing soil temperature 

may influence root respiration patterns. 

Soil organic matter is considered another factor affecting soil respiration. A few 

field experiments suggest that soil organic matter increases with elevated CO2 

(Schlessinger, 1977). Large accumulations of organic matter are expected where 

environmental factors (e.g. temperature) limit decomposers. Thus, increased delivery of 

labile organic matter to the soil could influence soil microbial communities and 

furthermore soil respiration rates. It is expected that soils with high organic matter and 

high root and microbial activities would vent more CO2 than do soils with low organic 

matter (Bazzaz and Williams, 1991). 

Soil respiration could be altered dramatically by changed soil moisture since 

moisture affects rooting depth, root respiration, and soil microbial community 

composition. Scientists have debated the effect of moisture availability on soil metabolic 

activity. Raich and Potter (1995) synthesized three phases of moisture effects on soil 

biota that were identified over time: 1) when soils are relatively dry, metabolic activity 

increases with increasing moisture availability; 2) when soil are 50-80% saturated, soil 

biological activity is almost at its potential; 3) when soils are to wet, oxygen deficiencies 

inhibit aerobic respiration.  

The effect of drying and rewetting soils (Birch, 1958) confirmed an increased rate 

of the CO2 evolution after rewetting compared to soil kept continuously moist, due to the 

well-established influence of a wetting-drying carbon cycle on microbial activity 

(Orchard and Cook, 1983). In agreement with this statement, Rochette et al. (1991) found 

high CO2 fluxes from the soil following by rainfall after a dry period. In three hours after 

the rainfall, soil respiration was nine times higher than before and gradually decreased 

with time. Schimel et al. (1999) stated that the nature of the moisture regime had 

significant effects on the size and activity of the microbial community in Alaskan birch 
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litter. Furthermore, Orchard and Cook (1983) defined a relationship between soil 

respiration, as a measure of microbial activity, and soil water content. The decrease of 

respiration rates as the soil dried caused a 10 % decrease in microbial activity and led the 

authors to conclude that further study is needed to better understand the individual effects 

of the heterogeneous nature of the soil matrix, the distribution of water and available 

substrate on microbial activity. 

Other researches have examined the effects of experimentally altering water 

availability in surface efflux and carbon dioxide dynamics (Kowalenko et. al 1978; Chen 

et al. 2000). But the application of laboratory-based mechanistic understanding of the 

effects of soil water content on soil respiration to a field setting has not been fully 

achieved.  

Johnson (1993) also suggested the importance of incorporating soil air-filled porosity into 

CO2 flux models. Generally, transport of gases through soil is greater in a porous soil than 

in a less porous soil, and this is going to accelerate soil respiration and increase CO2 

efflux from the soil surface. Bouma and Bryla (2000) pointed out that CO2 efflux from 

the soil surface was restricted after watering in finer textured soils than in sandy soils 

because of reduced porosity. Though, the dependence of soil respiration on soil porosity 

is improbable to be linear and cannot be expressed simply (Fang et al., 1998).  

Several scientists have discussed the relationship between net primary 

productivity (NPP) on soil respiration (Raich and Potter, 1995; Maier and Kress, 2000). 

Predicted soil CO2 emissions were positively correlated with NPP in various biomes, such 

as deserts, tundra, and perennial grasslands (Raich and Potter, 1995). Since it influences 

the quantity of detritus supplied to the soil, soil microclimate and structure, and the 

overall rate of root respiration, vegetation is another factor affecting the rate of soil 

respiration (Raich and Tufekcioglu, 2000). Changes in vegetation have been shown to 

have the potential to modify the responses of soil to environmental change. Raich and 

Tufekcioglu (2000) observed constantly greater soil respiration rates in grasslands than in 

forests growing under similar conditions. The differences suggested that forest 

conversion to grassland would stimulate soil CO2 emissions to the atmosphere. 

Grasslands may have more photosynthate available to allocate belowground than do 

forests trees.      
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Furthermore, several findings indicate that soil respiration rates in coniferous 

forests are lower than those in broad-leaved forests located on the same soil types 

(Weber, 1990; Raich and Tufekcioglu, 2000). In contrast Raich and Potter (1995) found 

no consistent differences between soil respiration rates in coniferous and broad-leaved 

forests. These divergent outcomes seem to be related to differences in C allocation 

patterns, litter quality, number of sites, and root respiration (Raich and Tufekcioglu, 

2000). But the relatively small differences in soil respiration rates between these 

vegetation types sustain the conclusion that climatic and substrate factors have the 

biggest impact on soil respiration, with vegetation having a secondary effect only.  

 

2.3. Spatial and Temporal Variability 

In order to accurately model CO2 efflux we must begin to understand the complex 

interactions between the biotic and environmental factors that influence it. The most 

difficult part is to build models based on small-scale studies and to extrapolate them on 

larger temporal and spatial scales (Reynolds et al., 1993). The space-time principle is 

present in many biological responses thus, the finding of the appropriate scales to 

different ecological phenomena are critical. Foreman (1995) specified that phenomena at 

broad scales are more persistent or stable in comparison to those at fine scales, which 

should be more variable in both time and space. Soil respiration is difficult to 

characterize spatially and temporally for most ecosystems, especially in clear-cuts which 

are notoriously heterogeneous. Past studies completed on total soil respiration have 

shown high spatial and temporal variability and a dependence on the method of 

measurement and type of ecosystem. 

 

2.4. Ecosystem influences on soil CO2 efflux 

Gupta and Singh (1981) measured soil respiration in a tropical grassland and 

found a significant positive relationship between the rates of CO2 flux and temperature. 

Increased soil respiration rates in these habitats did not correlate with the amount of roots 

in the soil. In agreement with this result, Schulze (1967) found no good relationship 

between root respiration to the total soil respiration. His study in tropical vegetation types 

demonstrated that this warm and wet habitat has respiration rates five times larger than 
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vegetation in a temperate zone. In general, the highest soil respiration rates are found in 

the tropics, where plants growth is luxuriant and the conditions are ideal for decomposers 

(Schlesinger and Andrew, 2000).   

Rates of carbon dioxide evolution from soil a tallgrass prairie were reported to be 

highly correlated with temperature of the soil surface (Kucera and Kirkham, 1971). More 

recently, Mielnick and Dugas (1999) in an effort to quantify year-round soil CO2 fluxes in 

a tallgrass prairie also found a strong relationship between soil CO2 fluxes, soil 

temperature and soil moisture. Both soil temperature and moisture were combined into 

one equation that explained about 52% of the flux variance.  

On the contrary, Fitter et al. (1998) showed that root growth under grassland 

types and the consequent input of carbon to soil is controlled by radiation flux not by 

temperature. One possible explanation for this discrepancy could be the short-term nature 

of this study. Another crucial unknown parameter in the root-production-temperature 

relationship is the effect of climatic changes on root longevity and turnover. It is likely 

that increased temperature will also increase root production and turnover, but the 

increase in carbon storage in root biomass remains hard to predict (Fitter et al., 1998).  

In an article about the effects of temperature and moisture on CO2 efflux rates in a 

deciduous temperate forest, Edwards (1975) showed that changes in soil and litter 

aeration determined by moisture had the greatest influence on CO2 efflux evolution rates. 

Temperature was considered an accurate predictor of soil CO2 efflux rates in this 

ecosystem on an annual basis. However, moisture was most limiting during periods after 

heavy rain and drought. 

Billings et al. (1998) pointed out the importance of understanding how soil 

temperature and moisture affect soil respiration in boreal forests. Believing that any 

future changes in climate could increase depth of thaw in these soils, the altered soil 

moisture could influence rooting depth, root respiration, and soil microbial community 

composition. 

In a study about temporal and spatial variation of soil CO2 efflux in a Canadian 

boreal forest, Rayment and Jarvis (2000) concluded that soil temperature predominantly 

limited soil CO2 respiration and other factors such as soil moisture had little effect.  
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2.5. Effects of harvesting on soil respiration 

Forest harvesting can have dramatic effects on soil physical and chemical 

properties as a consequence of tree removal and soil modification by harvesting 

equipment (Pritchett and Fisher, 1987). Depending on the amount of trees removed, 

forest harvesting increases soil heating, its diurnal fluctuations, decreases transpiration, 

and leaves a large amount of forest litter and dying tree roots that decompose easily 

(Startsev et al., 1997). When a forest is harvested by clear-cutting even greater changes 

can take place. The direct effect of heavy equipment on soil properties is reflected in a 

reduction in air diffusion, a significant decrease of soil macroporosity and an increase of 

soil strength (Pritchett and Fisher, 1987). The exchange of soil gases with the atmosphere 

is reduced by decreased macroporosity causing the soil environment to become more 

anaerobic (Bird and Chatapaul, 1987). Soil compaction decreases soil respiration due to a 

build up of carbon dioxide or other gases resulting from poor aeration (Startsev et al., 

1997).  

In a study by Striegel and Wickland (1998) in a clear-cut harvest in a jack pine-

lichen woodland, soil respiration was reduced by 40% compared to that in an undisturbed 

mature jack pine stand in the first season following harvest. They attributed the majority 

of this reduction to destruction of near-surface soil autotrophic and heterotrophic 

respiration and to tree root die-off. Although the clear-cut harvest of mature jack pine 

decreased total CO2 emission across the forest floor by 40 % in the first growing season 

following clear-cutting, the authors expect that soil respiration and photosynthetic uptake 

should increase substantially in the years following a clear-cut. Tree roots will begin to 

decompose and surface-soil microbial communities will re-establish.  

Root respiration is highly correlated with CO2 efflux rates and declines after 

harvesting. Weber (1990) reported that root respiration is normally considered to 

contribute about 50% to the total amount of soil CO2 efflux and therefore represents an 

important factor in the recovery of soil respiration rates to pre-harvesting. Thierron and 

Laudelout (1996) noted a fraction of over 90% of total forest soil CO2 efflux is caused by 

root respiration. Furthermore, Maier and Kress (2000) estimated in an 11 year-old 

loblolly pine plantation that 50-73% of the annual soil surface CO2 was derived from root 

respiration. 
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Contrary to the previous findings that a decrease in root respiration rates occurs 

after harvesting, Weber (1990) showed that root respiration rates in immature aspen 

ecosystems may not be significantly affected at any time after cutting because the root 

system continues to function in support of the next generation of vegetatively produced 

stems. Despite the fact that harvesting is usually followed by an increase in soil 

temperature and a further increase in microbial activity, Toland and Zak (1994) found no 

significant influence of clear-cut harvesting on total soil respiration. Their study in a 

northern hardwood forest showed that the initial decrease in root respiration was 

compensated by a proportional increase in microbial activity. The additional amount of 

soil carbon following harvesting, the increase of soil temperature, and organic matter 

accumulations from logging debris resulted in higher rates of microbial respiration. 

Generally, the effect of harvesting on microbial respiration may be more difficult to 

predict. That could account for the contradictory results reported in the literature. 

Contrary to Toland and Zak (1994) findings in the northern hardwood forest, Mattson and 

Swank (1989) showed an inhibition of the microbial activity in drier and hotter post-

harvest ecosystems located in the southern Appalachians.  

The substantial loss of organic matter is another commonly observed factor 

following forest cutting. Mattson and Smith (1993) showed a direct relationship in the 

decline of organic matter during the first ten years following harvesting in hardwood 

stands in West Virginia and an increase in soil CO2 rates. The reduced litterfall inputs 

during the first years following harvesting are considered one of the causes for the severe 

loss of the forest floor. Contrary to these findings, Toland and Zak (1994) suggested that 

forest harvesting undoubtedly altered the soil carbon dynamics, but did not significantly 

alter the flux of carbon to the atmosphere in the short term (in one year following 

harvesting). 

Other factors affected by clear-cutting are soil temperature and soil moisture. 

During the first growing season after harvesting in immature aspen ecosystems Weber 

(1990) found higher temperature values in open conditions on the cutting treatments 

compared to those recorded on the forest floor for the control plots. Similar results were 

reported by Marra and Edmonds (1996) in a study regarding a clear-cut on the Olympic 

Peninsula, Washington. Soil temperatures in harvested stands are observed to be higher in 
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the summer months and cooler in the winter months. Soil moisture commonly decreased 

on clear-cut sites due to increased insolation of the upper few cm of forest floor, and to 

greater evaporation rates from the soil surface, particularly during the growing season 

(Weber, 1990; Marra and Edmonds 1996).  

Londo et al. (1999) examined forest-harvesting effects in a bottomland hardwood 

forest on soil temperature and moisture. Temperature exerted a stronger control than did 

soil moisture over respiration rates. The results were not unexpected since soil respiration 

reflects heterotrophic and autotrophic activities that are highly temperature dependent.  

 

2.6. Carbon efflux measurements techniques 

Soil respiration can be measured using several techniques. According to Janssens 

et al.  (2000), accurate measurements of soil CO2 efflux can be taken only by a system 

that does not change either soil respiratory activity, the CO2 concentration gradient, or the 

pressure and air motion near the soil surface. Given the fact that the methods of 

measuring soil CO2 efflux might have large differences in accuracy, spatial and temporal 

resolution, and applicability, the option of a specific technique is in most cases an 

exchange between accuracy and feasibility (Janssens et al. 2000). Soil CO2 fluxes were 

usually measured by using closed chambers covering small patches of soil (Rochette et 

al. 1997; Janssens et al. 2000), although techniques based on the vertical gradient of CO2 

concentration in the soil air (De Jong and Shappert, 1972) or the atmospheric turbulence 

above the soil (Baldocchi et al. 1988) have also been used. Witkamp and Frank (1967) 

have categorized the chamber methods for measuring carbon dioxide evolution from soil, 

in situ, as either static or dymanic. Static methods are based on covering a known area of 

soil surface with an airtight chamber, with a container of CO2 absorbant (usually KOH) 

placed inside. After a measured period of time, the absorbant is removed, and the amount 

of released CO2 is determined by analytical methods. Nay et al. 1994 pointed out the risk 

of using the static-chamber methods because of their tendency to overestimate small 

fluxes. On the contrary a comparative study of static and dynamic closed chambers 

conducted by Rochette et al. (1992) suggested an underestimation of soil respiration in 

the static chamber. Furthermore, depending on the range of effluxes, true differences in 

soil CO2 efflux could be nearly impossible to detect with this method. The dynamic 
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method, also involves enclosing a known area of soil surface with a chamber. Two 

approaches have been developed with the dynamic methods: the closed-chamber IRGA 

systems and the open-chamber systems (Janssens et al. 2000). In closed-chamber IRGA 

systems, CO2 evolution is determined by passing a stream of air through the chamber at a 

known rate of flow and than measuring the CO2 content of the outflowing air by passing 

it either through an infrared gas analyzer (IRGA) or CO2 absorbant (Schwartzkopf, 1978, 

Janssens et al. 2000). Open-chamber systems have a constant airflow through the 

chamber, which is vented to the atmosphere, instead of being circulated (Schwartzkopf, 

1978, Janssens et al. 2000). The relative accuracy of these methods has been and 

probably will continue to be a subject for debate.  
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3. METHODS AND MATERIALS 

3.1. Study area 

The experiment was conducted in a planted and a naturally regenerated clear-cut 

at the Reynolds Homestead Forest Resources Research Center, Critz, Virginia (Figure 1). 

Most of the stand was in agricultural fields before abandonment in the 1940’s and 1950’s. 

In 50 years, the 52-acre clear-cut became a predominantly Virginia pine with mixed 

hardwoods including yellow-poplar, oak, red maple, and hickory.  The native soils are 

classified as CECIL series of clay loam to a fine sandy loam with an erosion class of 

moderate to severe. The site averages 1150 mm of precipitation, an average annual 

temperature of 14.3 oC, a maximum mean of 21.3 oC, a minimum annual average of 7.3 

oC and 193 frosted days extending from mid-March through mid-October (NOAA, 2001). 

Virginia, USA 

Reynolds, Critz 

 
Figure 1 Study area: Reynolds Homestead Forest Resources Research Center, Critz 
Virginia 
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In the summer of 1999 the stand was clear-cut harvested (Figure 2). The remaining debris 

after clear-cutting were left at the site. No burning, fertilizer or other operations were 

applied before planting. Between March and April 2000 three different pine species: 

eastern white pine (2-0) (Pinus strobus), shortleaf pine (1-0) (Pinus echinata), and 

loblolly pine (1-0) (Pinus taeda), were planted in a 8 by 10 feet arrangement and one plot 

was left for natural regeneration. All seedlings were obtained from the Virginia 

Department of Forestry. 

 

 
 
Figure 2. Pre- and post-harvest images of the study area, Critz, Virginia. 
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3.2. Experimental layout 

In May 2000, 5 replicate blocks of naturally regenerated and planted seedlings of 

each species were established. The study was designed as a randomized complete block 

with a split plot. Main plots were pine species or a Virginia pine stump (in the naturally 

regenerated treatment), and the two positions (near and away from the seedling and 

stump base) were assigned as subplots. At each randomly selected location, a soil CO2 

efflux measurement near the seedling and one 3 feet away from seedling was chosen. In 

each block two subsamples were taken one near the top and one near the bottom of each 

block. These subsamples were later averaged and the average used as the experimental 

unit (Figure 3). 

The research plots were kept weed free, by mechanically clipping and spraying them in 

June 2000 with gyphosate (Round-UpTM). At the end of the study in January 2001, all 

seedlings and stumps were measured for height and diameters.  

Volume estimates were obtained by using the following formula:  

Volume (cm3) = d2*h 

where d = seedling diameters (cm) and h = seedling height (cm) 
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Top     Bottom

Near              Away 

3 ft

White

Shortleaf

Loblolly

Stump

Block 3
Block 2

Block 1

Block 5

Block 4

5211

Top     Bottom

Near              Away 

3 ft

White

Shortleaf

Loblolly

Stump

Block 3
Block 2

Block 1

Block 5

Block 4

5211

Figure 3. Field layout of the experimental design. Plot code significance: x1x2x3x4 where x1 = 
block: 1 though 5; x2 = species code: 1= eastern white pine; 2= shortleaf pine; 3= loblolly pine; 4=
Virginia pine stump; x3 = position: 1= near; 2= away; x4 = location within a block: 1= top; 2= 
bottom 
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3.3. Temperature, moisture and soil CO2 efflux measurements 

For each measurement date, volumetric water content was taken in the top 17 cm, 

using time domain reflectometry (Soil Moisture Equipment Corporation, 6050X1, 

Golena, CA), temperature was recorded using a temperature probe in the top 7cm and a 

GPS unit was used to fix the position of each location (Figure 4.). 

 In conjunction with each pair of temperature and moisture measurements, soil CO2 

efflux rates were recorded every 2 weeks immediately adjacent and away (1m) from 

newly planted seedlings or cut stumps. A closed cuvette chamber was placed directly on 

the ground, enclosing 368 cm2 of soil surface. The cuvette was constructed of heavy 

polyethylene poly–vinylchloride pipe caps fitted with a closed-cell foam gasket. Air was 

circulated using a LI-COR 6200 portable photosynthesis system, programmed to measure 

soil respiration. The instrument was calibrated whenever new field measurements were 

 
 
Figure 4. Measurement instruments displayed clockwise
from top: LI-COR 6200, cuvette, temperature probe,
GPS unit, and Time Domain Reflectometry 
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taken and zero calibration was repeated each time the LI-COR 6200 was moved to a 

different block. Before each measurement, the chamber was allowed to equilibrate with 

the ambient air. After equilibration the chamber was placed on the soil surface and CO2 

efflux rates measured over 30 seconds sampling period using the following programmed 

soil respiration equation: 

 

Respiration (µmol m-2 s-1) = [(∆C/∆t) (PV/RT)]/ surface area of soil in cm2 

 

where C = CO2 concentration, ∆t = time, P = atmospheric pressure, V = system volume, 

R = universal gas constant, and T = temperature. 

 

3.4. Laboratory Analysis 

For the October 2000 measurements a 12 cm depth soil core (7cm diameter) was 

collected at each sampling location. Soil carbon and nitrogen, mineral coarse fragments, 

roots, surface litter and coarse woody debris were measured for each sampled soil core. 

Litter samples were collected to the top mineral horizon at 73 locations. These samples 

were corrected for mineral soil contamination by combusting the samples at 380 oC and 

the ash free amount of organic matter calculated using the following formula: 

       OM = preignited sample wt (g) – remaining mineral soil wt (g) – coarse fragments 

Soil samples from each location (80 in total) were sent to the USDA Forest Service 

Research Triangle Park, North Carolina for carbon and nitrogen analysis. Samples were 

weighed on an Ohaus Galaxy 160D analytical scale (20 mg soil) and were run on the 

Carlo Erba Nitrogen and Carbon Series II analyzer (CE Elantech Inc., Lakewood, NY, 

USA) according to the machine’s standard operating instructions.   

Almost no living roots and coarse woody debris were found and the coarse fragments 

summed up only to 200 g for the entire study area.  

 

3.5. Statistical Analysis  

The experiment was conducted as a randomized complete block design with split plot 

factors. All analyses were performed on data from the 5 blocks collected over a seven 

months period. Analyses of variance (ANOVA) were used to test for differences between 
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efflux rates, temperature and moisture in response to position and species for each date 

separately. Statistical differences were considered significant at p ≤ 0.05. Differences in 

means were tested using Tukey procedure at a significant level of p ≤ 0.05. Regression 

analysis was also used to determine the relationship between CO2 effluxes rates, 

environmental variables, and soil variables. In addition, SAS (SAS Institute, Cary, NC) 

step-wise procedure was used to select the significant variables that were included in the 

individual regression models. The presence of multicollinearity effects was investigated 

using variance inflation factors (Myers, 1990). Additionally, analysis of covariance was 

used to check for confounding between treatment effects and other variables. For 

example, higher levels of organic matter were found where seedlings were planted. As a 

result organic matter content was used a covariate while examining position effects. All 

statistical analyses were performed with SAS software (SAS Institute, Cary, NC). 
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4. RESULTS  

4.1. Respiration rates, Temperature, and Moisture Trends 

Respiration rates recorded near the seedlings and stumps were always higher 

(3.088 �mol/m2/s) than those taken 3 feet away (2.292 �mol/m2/s) (Figure 4.1). 

Statistically significant differences were noted for eight out of the twelve dates of 

measurements (p ≤ 0.05). In June 1999, pre-harvest (6.929 �mol/m2/s) and summer post-

harvest respiration rates (5.060 �mol/m2/s) were taken. These rates are much higher than 

June rates one year later. In December 1999 one last set of winter post-harvest respiration 

rates was taken before the stand was planted. The recorded average rates (1.797 �

mol/m2/s) were slightly higher than the December rates, which were taken one year later 

(0.437 �mol/m2/s near the seedlings and 0.265 �mol/m2/s away).  
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Figure 4.1 Soil carbon dioxide efflux rates near and away from seedlings and stumps
over a seven month sampling period (from May to December 2000). Summer pre and 
post-harvest and winter post-harvest average measurements taken before the seedlings
were planted are shown for comparison. Values with an * are significantly different at
p≤ 0.05. 
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Soil CO2 efflux rates varied from a mean high of 4.191 µmol/m2/s near the seedlings and 

stumps at the beginning of September to low 0.265 µmol/m2/s away from the seedlings 

and stumps in December 2000.  

When seedlings and stumps were compared separately the same trend was apparent. The 

CO2 efflux rates measured near the seedlings (overall mean 2.956 �mol/m2/s) were 

always higher than those taken away from seedlings (overall mean 2.203 �mol/m2/s) with 

4 statistically (at p ≤ 0.05) significantly different dates (Figure 4.2a).  The CO2 efflux 

rates measured near cut stumps (overall mean 3.513 �mol/m2/s) were also always higher 

than those taken away from the stumps base (overall mean 2.558 �mol/m2/s), although 

just two dates were significantly different at the 0.05 level (Figure 4.3a). Respiration rates 

generally declined during autumn and reached a minimum in December 2000. 

Soil temperature measurements for seedlings averaged between 22.1 oC to 26.2 oC from 

May 2000 to September 2000 with a low of 4.2 oC in December 2000 (Figure 4.2b). No 

significant differences in response to position were noted for any of the twelve 

measurement dates. From 12 May to 8 December 2000 soil temperature for the near and 

away stump measurement dates were very similar to the previous values, ranging from 

20.7 oC (near overall mean) to 21.0 oC (away overall mean) (Figure 4.3b). 

Soil moisture content (vol.%) of the top 17 cm averaged between 8.8% and 25.0% for the 

five blocks both near and away from seedlings and stumps. For the only winter month 

that we measured in our study (December 2000) soil moisture content varied between 

15.7% and 17.4% by volume. Moisture (vol. %) varied little by position for the seedlings 

(Figure 4.2c); however, moisture was always higher away from (18.9%) than near stumps 

(15.5%) (Figure 4.3c).  

Species proved to have no effect on respiration rates and no interaction between species 

and position was observed. 
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Figure 4.2 Soil CO2 efflux rates, temperature, and moisture measurements near and
away from seedlings over a seven month sampling period. Values with an * are 
significantly different at p≤ 0.05. 
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Figure 4.3 Soil CO2 efflux rates, temperature, and moisture measurements near
and away from stumps over a seven month sampling period. Values with an *
are significantly different at p ≤ 0.05. 
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4.2. Soil Respiration as influenced by Soil Variables and Environmental Factors 

Linear regression analysis was used to model the influence of species (including 

Virginia pine stumps), position, soil moisture, soil temperature, soil physical and 

chemical variables on soil CO2 efflux rates. A data set of 480 observations from the five 

blocks, located near and away from seedlings and stumps was used. Correlations between 

soil respiration and environmental variables explained a considerable amount of the 

variation (Table 4.1). Soil temperature accounted for 29.2% of the variation in soil 

respiration. A position (near and away from the seedlings and stumps)*temperature 

interaction and soil carbon (%) explained an additional 7.7% and 4.1% of the variation (p 

< 0.001). Organic matter (g) and soil moisture were also significant and explained an 

additional 4.1% and 0.7% of variation respectively (Table 4.1). The overall regression 

model had a total R2 of 0.4329 (Figure 4.4).  

To examine the effect of species and stumps we divided the data set and examined only 

the near plots. Soil temperature proved to be once again the most significant variable, 

accounting for 28.7% of the variation in soil respiration. Organic matter (%) and soil 

nitrogen were also significant in the model and explained an additional 4.2% and 4.0% of 

the variation. Finally, a temperature*species interaction (including stumps) and soil 

moisture explained 2.2% and 1.5% of variation, respectively (Table 4.2). The effect of 

species and stumps is shown in Figure 4.5. Stumps had the highest rates followed by the 

largest seedling, loblolly pine (100 cm3), than shortleaf pine (30 cm3) and eastern white 

pine, which were the smallest seedlings (9 cm3). 
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Table 4.1 Regression model for soil respiration rates based on 480 observations located near and away from the seedlings and stumps 
in a naturally regenerated and a planted clear-cut, over a 7 month sampling period (from May to December 2000).  
 

 
                                                                                             Soil CO2 efflux (µmol/m2/s) 
  
Parameter                                  
                                                                   N        Mean       Std. Dev.    Partial R2   Parameter Estimate   F value        P>F 
 
Soil Temperature (oC) 

 
 480 

 
21.0 

 
6.2 

 
0.292 

 
0.178 

 
228.4 

 
<0.0001 

 
Position (near and away from seedlings
and stumps)* Temperature (oC) 

 
 480 

 
31.6 

 
14.5 

 
0.077 

 
-0.030 

 
35.92 

 
<0.0001 

 
Soil Carbon (%) 

 
 480 

 
1.92 

 
0.64 

 
0.041 

 
0.541 

 
34.58 

 
<0.0001 

 
O horizon (g/m2) 

 
 480 

 
91.3 

 
74.8 

 
0.016 

 
0.005 

 
31.11 

 
<0.0001 

 
Soil Moisture (vol.%) 

 
 478 

 
18.4 

 
5.7 

 
0.007 

 
0.023 

 
5.89 

 
0.0156 

 
 Model                                                   R2 = 0.4329                                                       Intercept = -1.972 
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Table 4.2 Regression model for soil respiration rates based on 240 observations located near the seedlings and stumps in a naturally 
regenerated and a planted clear-cut, over a 7 month sampling period (from May to December 2000).  
 

 
                                                                                             Soil CO2 efflux (µmol/m2/s) 
  
Parameter                                  
                                                                   N        Mean       Std. Dev.    Partial R2   Parameter Estimate   F value        P>F 
 
Soil Temperature (oC) 

 
 240 

 
21.0 

 
6.2 

 
0.287 

 
0.118 

 
47.01 

 
<0.0001 

 
O horizon (%) 

 
 240 

 
37.4 

 
15.8 

 
0.042 

 
0.029 

 
19.27 

 
<0.0001 

 
Soil Nitrogen (%) 

 
 240 

 
0.069 

 
0.026 

 
0.040 

 
14.53 

 
14.07 

 
<0.0001 

 
Temperature*species (including stump) 

 
 240 

 
52.23 

 
28.6 

 
0.022 

 
0.014 

 
19.27 

 
<0.0001 

 
Soil Moisture (vol.%) 

 
 239 

 
17.88 

 
5.65 

 
0.015 

 
0.040 

 
5.85 

 
0.0164 

 
 Model                                                   R2 = 0.406                                                   Intercept = -2.889 
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Soil respiration (umol/m2/s) = -2.889 + 0.118 (Temperature) + 0.040 (Moisture) + 
14.532 (Nitrogen) + 0.029 (Organic matter %) + 0.014 (Temperature*species or stump)

R2 = 0.4063

 
Figure 4.5 Soil CO2 effluxes in a naturally regenerated and a planted clear-cut on the 
Virginia Piedmont. Soil respiration rates were measured for 240 observations near
species and stumps, over a seven-month sampling   period (from May to December
2000). Mean parameters values were used to model soil CO2 efflux rates against soil 
temperature. 
Legend: EWP- eastern white pine, SLP- shortleaf pine, LP – loblolly pine, Stump –
Virginia pine stump  
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In order to better evaluate factors that influence soil respiration across the site (spatial 

variation) regression analyses was also performed for individual biweekly sampling 

periods (Table 4.3).  

Organic matter (%), temperature and nitrogen (%) were significant in more models and 

tended to explain the most variability. Temperature was still significant since even on a 

given day temperatures changed considerably across the measurement period. Not 

surprisingly moisture was not retained in any of the 12 regression models since moisture 

did not change substantially over an individual measurement period. It should be noted 

that even though position was highly significant in the overall model it was only 

significant on the last two sampling dates.  Likely, this is due to high collinearity between 

position and organic matter. As it turns out organic matter tend to be higher where 

seedlings were planted possibly due to planter bias.  

A regression analysis of monthly treatment means (n=96) over the entire sampling 

period was performed to evaluate seasonal variation across the study site (Table 4.4; 

Figure 4.6). Soil temperature explained 51.3 % of the variation in soil respiration, 

followed by species (3.7%), soil carbon (2.6%), moisture (1.8%), and 

position*temperature (1.5%). The regression model had an overall R2 of 74.5% (Table 

4.4). Position and organic matter were highly collinear; therefore the parameter 

explaining the most variation was used in the regression model. 
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Table 4.3 Regression models comparing individual biweekly soil respiration measurements to significant soil and environmental 
variables over a seven month sampling period (from May to December 2000). 
 

 
 

Percent O 
horizon 

 

Soil Temp 
(tempsq, 
lntemp) 

Soil 
Nitrogen 

(%) 

 
Species 

O horizon 
(g/m2) 

Soil 
Carbon 

(%) 

Position 
(near and 

away) 

 
Model R2 

Date Partial R2       

5/12/00 
 

- 0.3127 - - - - - 0.3127 

5/13/00 
 

0.1692 - - - - - - 0.1692 

6/9/00 
 

0.1027 0.2022 - - - 0.1292  0.4341 

6/23/00 
 

0.1126 0.3464 0.1421 - - 0.205 - 0.6012 

7/3/00 
 

- 0.1206 - - 0.1074 - - 0.2280 

7/19/00 
 

0.0839 - 0.1534 - - - - 0.2390 

8/16/00 
 

- 0.1377 - - - - - 0.1377 

 8/29/00 
 

0.1825 - - 0.2262  0.2075 - 0.6162 

9/14/00 
 

- - - - 0.1407 - - 0.1407 

9/26/00 
 

0.2070 - 0.090 0.2433 - - - 0.5403 

10/12/00 
 

- 0.329 0.0332 0.0350 - - 0.0729 0.4705 

12/8/00 
 

- 0.0308 0.1410 0.1480 0.0614 - 0.2406 0.6218 

Mean CO2 efflux 
rates over the 
total sampling 
period 

 
0.2134 

 
- 

 
0.0930 

 
- 

 
- 

 
- 

 
- 

 
0.3064 
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Table 4.4 Significant environmental and soil parameters influencing soil respiration rates over a 7 month sampling period (from May 
to December 2000) based on 96 monthly treatment means located near and away from the seedlings and stumps in a naturally 
regenerated and a planted clear-cut. 
 

 
                                                                                             Soil CO2 efflux (µmol/m2/s) 
  
Parameter                                  
                                                                   N         Mean       Std. Dev.    Partial R2   Parameter Estimate   F value        P>F 
 
Soil Temperature (oC) 

 
 96 

 
21.0 

 
5.92 

 
0.514 

 
0.189 

 
215.16 

 
<0.0001 

 
Position (near and away)* temperature 

 
 96 

 
31.6 

 
14.26 

 
0.149 

 
-0.037 

 
46.43 

 
<0.0001 

 
Species 

 
 96 

 
2.50 

 
1.12 

 
0.038 

 
0.256 

 
21.84 

 
<0.0001 

 
Soil Carbon (%) 

 
 96 

 
1.92 

 
0.27 

 
0.027 

 
0.649 

 
8.06 

 
0.0056 

 
Soil Moisture (vol. %) 

 
 96 

 
18.39 

 
4.44 

 
0.018 

 
0.035 

 
6.34 

 
0.0135 

 
 Model                                                   R2 = 0.7449                                                          Intercept = -2.633 
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Figure 4.6 Soil CO2 efflux rates in a naturally regenerated and a planted clear-cut on 
the Virginia Piedmont. Soil respiration rates were averaged into monthly treatment
means over a seven month sampling period from May to December 2000. Mean 
parameters values were used to model soil CO2 efflux rates against soil temperature. 
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5. DISCUSSION 

5.1. Soil CO2 Respiration Rates, Temperature, and Moisture Trends 

The small set of soil CO2 efflux rates measurements taken in June 1999 before 

(6.929 �mol/m2/s), immediately after (5.066 �mol/m2/s) and in December (1.797 �

mol/m2/s) after the stand was harvested indicated higher respiration rates than one year 

later. This could be an indication of the immediate effect of the mortality and reduction of 

microbial and root respiration. In fact, Striegel and Wickland (1998) documented a 40% 

reduction in soil respiration after harvesting and emphasized the direct effect of the 

disruption of soil surface and the death of tree roots. On our study site we found a 27% 

decrease in soil respiration after clear-cutting during the same day. 

The soil CO2 efflux rates measured biweekly over a seven month period near (3.088 �

mol/m2/s overall mean) and away (2.292 �mol/m2/s average mean) from seedlings and 

stumps were within the range of respiration rates from other forest soils. Hollinger et al. 

(1994) reported a 7-12 �mol/m2/s midday summer average respiration rates in a virgin 

Nothofagus forest in New Zealand, Fang et al. (1998) found a 6.9 �mol/m2/s daily 

average efflux in a Florida slash pine plantation, Koizumi et al. (1999) noted a maximum 

summer rate of 4.1 �mol/m2/s in agricultural Finnish ecosystems, while Billings et al. 

(1998) showed a range of surface CO2 flux from 0.6 �mol/m2/s to 6.0 �mol/m2/s in a 

boreal forest. The higher respiration rates near than away from the seedlings and stumps 

base were in agreement with a study by Pangle (2000) regarding soil CO2 efflux in 

response to fertilization and mulching treatments in a two years old loblolly pine 

plantation on the Virginia Piedmont. It was surprising how this trend was shown in our 

study at such a young stage, giving that the measurements were taken immediately after 

planting. We reasoned that the diffusion of carbon dioxide from the even small pine root 

systems might have substantially contributed to the CO2 fluxes.  

In studying the effect of seasonal root distribution on soil surface carbon efflux for one-

year-old Pinus radiata trees, Thomas et al. (1996) showed that root distribution 

decreased with horizontal distance from the tree and 35% of the total root carbon density 

was concentrated within a 0.15 m radius from tree stems, at a depth of 0.3 m. Although 

the contribution of root and rhizosphere respiration to the total soil CO2 fluxes is well 

documented (Thomas et al., 1996; Kelting et al., 1998; Boone et al. 1998), it was 
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unexpected to find such a significant root respiration influence on soil CO2 efflux rates, at 

this early stage of seedling development. Based on the differences between the 

respiration rates near and away from the seedlings and stumps, we concluded that the 

young pine roots and the stumps contributed 34% of the total soil CO2 efflux. Although, 

this estimate does not account completely for the spatial distribution of seedling roots on 

total CO2 efflux, the newly planted seedlings should be taken into account as a 

presumptive contributor to total soil fluxes. As Dewar et al. (1994) noted newly planted 

seedlings could exert a significant effect on soil processes, due to seedlings root systems 

development, and to their capacity to utilize the soil volume for nutrients and water 

availability.  

Soil moisture varied little by position, but was consistently higher (18.8%) away than 

near the stumps (17.9%), and was statistically significant in two months. This could be 

attributed to the elevation of soil surface, lower bulk density, and increased organic 

matter due to prior root activities.  

An interesting fact noticed on the study site was the higher organic matter near the 

seedlings (including stumps) and the subsequent higher soil CO2 efflux rates. Analyses of 

covariance, using organic matter as a covariate showed position to still have a significant 

impact on soil CO2 efflux rates. While testing the effect of position on organic matter 

through analysis of variance (ANOVA), position was significantly correlated with 

organic matter (p < 0.0001). This outcome could be due to root decomposition of stumps 

or rapid turnover rates of seedlings roots, planter bias while seeking to find a softer spot 

that would facilitate the establishment of the future stand, or the influence of slope on 

some locations with larger seedlings or stumps, where more organic matter might have 

been captured.  

 

5.2. Environmental and Soil Variables Influence on Overall Soil CO2 Efflux Rates 

(Seasonal variation) 

In many research studies, soil temperature was noted to be a strong and positive 

predictor of soil respiration, accounting for 43%-75% of the variation in soil CO2 efflux 

rates (Weber, 1990; Toland and Zak, 1994; Londo et al. 1999; Ohashi et al. 2000; 

Bajracharya and Kimble, 2000; Tufekcioglu et al. 2001). Our study revealed that soil 
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temperature explained 29.2% of the total soil respiration rates in the overall model. The 

lower R2 in our regression model could be explained by the relatively short duration of 

the study and the lack of more winter measurements. However, this strong relationship 

between soil respiration and temperature is not unexpected since soil respiration rates 

reflect heterotrophic and autotrophic activities that are highly temperature dependent 

(Londo et al., 1999). The response of soil respiration to soil temperature is commonly 

expressed using different types of equations such as exponential (Winkler et al., 1996), 

Arrhenius (Lloyd and Taylor, 1994), or linear (Rhochette et al., 1991). Each of these 

models have been successful in fitting data under specific circumstances. The Q10 value, 

which defines the temperature dependence or sensitive to temperature variation of soil 

respiration, proved to be different, whether by magnitude or with respect to temperature 

when derived from different models (Fang and Moncrieff, 2001). Our regression models 

for the overall soil CO2 efflux rates and mean treatments (Figures 4.4 and 4.6) showed 

two distinctive clouds of data points, with no data between 6 and 12 oC. As a result non-

linear relationship between soil respiration rates and soil temperature was not found. In 

an effort to test the abilities of describing the temperature dependence of soil respiration 

of different models and their limitations, Fang and Moncrieff  (2001) demonstrated that 

linear equation gives a larger Q10 at low temperature and than decreases quickly with 

temperature.  

A temperature*position interaction proved to be a significant variable in the 

model, explaining 7.7% of the variability on soil respiration rates. This is not surprising 

since soil CO2 efflux rates near the seedlings and stumps were on average 34% higher 

than efflux rates taken away and that the position differences were larger at higher 

temperatures. 

Soil carbon was an anticipated variable in the overall model assuming that the 

amount of microbial biomass carbon and carbon substrates available for decomposition 

are included in total soil carbon (Raich and Tufekcioglu, 2000). Studies by Kelting et al. 

(1998), Winkler et al. (1996), and Rayment and Jarvis (2000) showed that microbial 

respiration was correlated with the organic matter decomposition rates, the availability of 

carbon in the substrate, and especially with temporal changes in environmental variables 

such as temperature and moisture. 
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Organic matter explained only 1.6% of the variation in the overall regression 

model. Conventional management was shown to cause losses of organic matter 

(Buyanovsky et al. 1987). On our site the harvest in the summer of 1999 removed all 

trees, disrupted the groundcover, and left the soil surface littered with slash and 

remaining debris. These detrital remains and decomposing roots from harvested trees 

likely contributed to the CO2 efflux rate. In comparison another Virginia Piedmont site, 

which was burned following harvest, had soil CO2 efflux rates 27% lower than on our site 

(Pangle, 2000). 

 Unlike other results reported in some review articles, soil moisture showed a less 

limiting effect on the variability in soil CO2 efflux rates. The influence of moisture 

content on soil respiration is complicated through its effect on respiratory activity of roots 

and microbes and on transport through the soil. The inhibition of soil moisture content on 

soil CO2 efflux is significant only at its lower (dry soil) or higher (wet soil) end. Moisture 

content has no obvious effect on respiration rates between dry and wet soil (Fang and 

Moncrieff, 2001). The relatively small range of moisture values accounted for the low 

percentage of the overall variability in soil CO2 efflux rates in our study explained by 

moisture.  

 

5.3. The effect of Species and Stumps on Soil CO2 Efflux Rates  

Based on the regression analysis the highest soil CO2 efflux rates were observed 

near the stumps, followed by loblolly pine, shortleaf pine and eastern white pine 

seedlings. These results could be expected, since loblolly pine seedlings have the highest 

growth rate and were the largest (100 cm3), followed by shortleaf pine (30 cm3), and 

eastern white pine seedlings (9 cm3), which were the smallest. Stumps exerted the highest 

effect on soil respiration rates likely due to a higher decomposing root biomass and 

subsequent increased microbial activity. Dead roots can be an important carbon pool in 

soil accounting for up to one-third of total soil respiration in temperate soils (Bowden et 

al, 1993).  

 



 51

5.4. Parameters influencing Spatial Variation in Soil CO2 Efflux Rates 

The spatial variability of soil respiration rates over the seven month sampling 

period was investigated through individual biweekly regression analyses, which revealed 

organic matter (%), temperature, and soil nitrogen to be significant in more models and to 

explain the most variability. In consensus with previous explanations, these three 

variables showed the strongest influence on soil CO2 efflux rates, except for soil nitrogen, 

which replaced soil carbon in some of the individual regression models. Organic matter 

processed by microorganisms either as litter or as root-derived material has been shown 

to contribute greatly to total soil CO2 efflux rates (van Veen et al., 1991). Temperature, as 

the single most important variable in predicting soil CO2 efflux rates (Raich and Potter, 

1995), was significant, since even on daily basis temperature generally changed 

considerably across the measurement period.  Although, position was a significant 

variable in the overall model, it was only significant on the two last sampling dates. This 

at first seems surprising since position was so often significant in the analysis of variance. 

However, position and organic matter proved to be collinear parameters, which might 

explain the fewer occurrence of position in the individual regression models in 

comparison to organic matter. (In fact organic matter averaged 108.4 g/m2 near seedlings 

and 74.2 g/m2 away from seedlings). Although soil moisture is considered an important 

environmental variable affecting soil and root respiration (Rustad et al., 2000; Akinremi 

et al., 1998; Raich and Potter, 1995), moisture can have little controlling influence on 

CO2 efflux rates, since it did not change substantially over an individual measurement 

period.  

 

5.5. The relative contribution of microbial respiration and root respiration to total 

soil respiration 

As previously stated soil CO2 efflux measurements are an amalgam of microbial, 

microfauna, mycorrhizal, rhizospheral, and root respiration (Weber, 1990). Partitioning 

of soil respiration into its component parts has proven to be extremely difficult, inducing 

uncertainties regarding comparative indices of substrate metabolic activity (Buchmann, 

2000). Therefore, in our study, the contribution of microbial respiration to total soil CO2 

efflux rates has been determined only indirectly. As noted before, root respiration 
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accounted for 34% of total soil CO2 efflux near the plants. It appears that microbial 

respiration, which occurs mostly in the rhizosphere, (Ben-Asher et al. 1994) represented 

a dominant fraction of total soil CO2 efflux rates. In fact, microbial biomass plays a 

critical role in mediating residual decomposition, nutrient cycling, and organic matter 

turnover (Fauci and Dick, 1994; Garcia and Rice, 1994). Studies by Buchmann (2000) 

and Kelting et al. (1998) also revealed similar results with higher contribution from 

microbial than from root respiration rates. Our harvested study site received organic 

matter additions from logging debris and as might be expected, microorganisms and 

microflora exerted a large influence on total soil metabolism (Bradly, 1990). Moreover, 

under conditions of increased substrate availability, the microbial population can 

increase, if temperature and soil moisture are not limiting factors (Holmes and Zak, 

1994). Our results suggested that the presumed increase in carbon substrate availability, 

the fact that the study site was not burned after forest management practices, and the size 

of the seedlings root biomass, are presumptive factors contributing to the increased 

microbial activity.  

 

5.6. Annual Soil Carbon Losses 

The mean soil CO2 efflux rate measured at our study site over a seven month sampling 

period was 2.58 µmol/m2/s. This value was obtained as a weighted average of the 

respiration rates near the seedlings and stumps. The weights were calculated assuming 

550 seedlings/acre, 200 stumps/acre and an area of influence for stumps and seedlings of 

2.11 ft2. This yields a carbon loss from the soil over the seven month period of 575 g 

C/m2. Respiration rates were extrapolated over the whole year by using the model for soil 

respiration. Soil temperatures for the five months with no data were estimated from 

monthly mean air temperature recorded at Stuart Meteorological Station. The annual soil 

carbon loss was estimated to be 675 g C/m2. 

Similar values were reported by Toland and Zak (1994), Jones et al. (1998), and 

Larionova et al. (1998) varying from 130g C/m2/y to 477g C/m2/y. Other researchers 

found much higher average annual soil carbon loss values, especially on grasslands, 

ranging from 1700 g C/m2/y to 2100 g C/m2/y (Mielnick and Dugas, 1999; Kucera and 

Kirham 1971). Despite the fact that our stand was only in its first growing season and a 
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large percent of soil volume was not occupied yet by the young root system, soil CO2 

release over the growing season months of May through October averaged 501 g C/m2 

compared to soil carbon losses of 381 g C/m2 on another site on the Virginia Piedmont, 

during the same period (Pangle, 2000). Our higher soil CO2 efflux rates can be attributed 

to several factors. First, the site was not burned after harvesting. Studies by Garcia-Oliva 

et al. (1999) and Ra (1991) reported a 50% decrease of macroaggregates (>250 µm), an 

important source of soil organic carbon, following burning treatments. Second, almost no 

coarse fragments were found in the A horizon which subsequently, would lead to higher 

microbial activity due to a higher soil volume availability  (Trumbore, 2000). Pangle 

(2000) site contained a large proportion of coarse fragments. With regard to the 

comparison of soil CO2 efflux rates only a small difference was noticed over a seven 

month period in replanted plots (2.58 µmol/m2/s, mean over seven months) versus 

naturally regenerated plots (2.56 µmol/m2/s, mean over seven months). With the 

exception of the slight amount of land area with a higher efflux rate due to the presence 

of the small seedlings little difference exists between the treatments at this early age.  

 



 54

6. CONCLUSIONS 

Quantifying the efflux of carbon dioxide from the soil surface and understanding the 

factors that underlie the temporal and spatial variation in its magnitude are fundamental 

to the understanding of the evolution and behavior of the forest ecosystem as a whole.  

In a naturally regenerated and planted clear-cut on the Virginia Piedmont, over a seven 

month sampling period, we concluded that forest management affected both root and 

microbial respiration. We observed that only weeks after planting soil CO2 efflux rates 

were higher near recently planted seedlings. This trend continued for seven months 

suggesting that any attempts to model soil CO2 efflux rates in young plantations must 

take into consideration sampling designs to determine the spatial influence of root 

respiration on the total soil respiration. As roots start to fully develop and to exploit the 

soil volume, respiration rates should increase. Respiration rates near the seedlings were 

correlated with the volume of the three planted pine species, showing the highest 

respiration rates for the largest seedlings, loblolly pine, followed by shortleaf pine and 

eastern white pine which were the smallest.  

Not surprisingly, soil temperature was the major driver for soil CO2 efflux rates, followed 

by position (near and away from seedlings and stumps), soil carbon, organic matter (g), 

and soil moisture. Spatial differences in mean soil CO2 efflux rates across the site were 

most consistently explained by organic matter (%), and soil nitrogen. Therefore, effective 

modeling of soil CO2 efflux rates following harvesting, should account also for changes 

in the spatial variability of soil CO2 efflux as organic matter inputs, forest floor 

development, increases of root biomass, and microbial activity. The soil carbon flux 

measured over seven months was 2.58 µmol/m2/s, while the calculated carbon loss from 

the soil over a year added up to 675 g C/m2. After harvesting, regenerating pine stands 

are expected to be a net carbon source because soil organic matter decomposition will 

exceed NPP of the new stand. The time required for the regenerated clear-cut to become a 

net sink for carbon depends on site microclimate, soil fertility, and initial soil carbon 

(Maier and Kress, 2000). By using 3-PG (Landsberg et al., 2001) we roughly estimated  

that by the end of age 4, NPP of the pine would exceed soil respiration rates. The 

environmental data used to calculate NPP were collected from a meteorological station in 

an experimental loblolly pine forest in Scotland County, NC. Likely, at our location it 
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will be a few more years; however, this does not take into account the hardwood 

regrowth, which would reduce the time, necessary for the area to become a net carbon 

sink.  
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