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(ABSTRACT) 
  

Due to concern over the increasing concentration of carbon dioxide (CO2) in the 

atmosphere, forest researchers and managers are currently studying the effects of varying 

silvicultural and harvesting practices on the carbon dynamics of intensely managed forest 

ecosystems.  Soil CO2 efflux resulting from soil microbial activity and root respiration is 

one of the major components of the total carbon flux in forested ecosystems. 

In an effort to examine the response of soil CO2 efflux to changes in soil factors, 

nutrient availability, temperature, and moisture, soil respiration rates were measured 

monthly over an entire year in a two-year-old loblolly pine (Pinus taeda L.) plantation 

subjected to fertilization and mulching treatments.  A dynamic, closed-chamber infrared 

gas analysis system was used to measure efflux rates from plots treated with one of four 

treatment combinations including: nitrogen (115 kg/ha) and phosphorus (11.5 kg/ha) 

fertilization with black landscape cloth (mulch), fertilization without mulch, mulch 

without fertilization, and no treatment (control).  For each treatment combination, plots 

were established at the seedling base and 1.22 m away from the seedling base to examine 

the effect of seedling roots on soil CO2 efflux rates.  Soil temperature and moisture were 

measured at each chamber position monthly and soil coarse fragments, soil nutrient 

levels, percent carbon, root biomass and coarse woody debris were measured beneath 64 

chambers at the end of the study.  
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Fertilization had no significant effect on efflux rates during any of our monthly 

sampling sessions despite the fact that fertilized seedlings experienced significant 

increases in both above and belowground biomass.  Conversely, regression analysis of 

growing season soil CO2 efflux rates revealed a slightly negative correlation with both 

total seedling nutrient uptake and biomass.  Rates in plots with mulching were 

significantly higher than rates from non-mulched plots during five monthly measurement 

sessions, and higher rates in mulched plots during winter months was attributable to 

warmer soil temperatures.  Rates at the seedling base were always significantly higher 

than rates in plots away from the seedling.  Although rates were always higher at the 

seedling base, the variability observed was only weakly correlated with the amount of 

pine roots present beneath respiration chambers.  Average soil CO2 efflux rates ranged 

from a high of 2.39 µmol/m2/s in July to a low of 0.142 µmol/m2/s in January.  Utilizing 

soil temperature and moisture, soil carbon, and cuvette fine root biomass in a regression 

model explained 54% of the variance observed in soil CO2 efflux rates across the 

yearlong study period.  Soil temperature alone explained 42.2% of the variance, followed 

by soil carbon and soil moisture at 5.2% and 2.7% respectively.  The amount of pine fine 

roots under measurement chambers accounted for only 2.4% of the variance.  An 

additional 1.5% was explained by other factors such as soil phosphorus, coarse woody 

debris, non-pine root biomass, and soil calcium.  An examination of the factors affecting 

the spatial patterns of soil CO2 efflux revealed that total soil carbon and the amount of 

fine pine root biomass beneath cuvette base rings explain 38% and 11% respectively, of 

the observed variability in mean annual soil CO2 efflux from differing plots. 

The most influential factor affecting soil CO2 efflux during the yearlong study 

period was soil temperature and modeling of seasonal soil CO2 efflux rates from 
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managed forests using both soil temperature and moisture should be achievable with the 

establishment of data sets and statistical models covering a range of sites differing in 

productivity, stand age, and management intensity.  The establishment of data sets and 

statistical models across a variety of forest sites should account for the changing 

influence of soil carbon levels, aboveground biomass, microbial activity, organic matter 

inputs, and root biomass on soil CO2 efflux.   
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INTRODUCTION: 

One of the more pressing scientific challenges of our time is the determination of 

how regional and global climate will respond to increases in atmospheric carbon dioxide 

concentrations.  Carbon dioxide (CO2) is one of a number of gases classified as 

greenhouse gases due to their ability to absorb long wave radiation radiated from the 

earth's surface.  Since the beginning of the industrial age atmospheric CO2 levels have 

been steadily rising due to changes in land use patterns and combustion of fossil fuels 

(Harmon et al. 1990, Houghton et al. 1983).  Examination of ice core samples from the 

Antarctic indicates that atmospheric CO2 levels were relatively stable at around 280 ppm 

for most of the past millennium (National Research Council 1998).  Current ambient CO2 

levels average about 360 ppm, and it is hoped that future concentrations can be stabilized 

somewhere between 350 and 700 ppm (Sarmiento and LeQuéré 1995). 

 Any effort to stabilize future concentrations requires an in-depth examination of 

the global carbon pool and how fluxes between its various compartments are affected by 

natural processes and anthropogenic activity.  Currently the ocean, soil, atmospheric, and 

terrestrial vegetation portions of the global carbon pool contain approximately 38,000, 

1500, 750, and 560 Pg C each (1 Pg C = 1015 g carbon) (Rustad et al. 2000, Schlesinger 

and Andrews 2000).  The 1500 Pg C estimate for soils is based on data where soil organic 

carbon was measured only to a soil depth of one meter.  Recent studies of soil organic 

carbon at deeper depths estimate that an additional 850 Pg C exists in the second and 

third meter of soil globally (Jobbágy and Jackson 2000).  The ocean and atmosphere are 

currently acting as a net sink for carbon at an estimated rate of 2.0 and 3.3 Pg C yr-1 each.  

Fossil fuel combustion and changes in land-use each serve as net sources of carbon at a 
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rate of approximately 5.4 and 1.6 Pg C yr-1 (Rustad et al. 2000).  The "missing" 1.7 Pg C 

of the carbon that is sequestered on an annual basis is in theory explained by the 

existence of a mid-latitude carbon sink provided by enhanced growth in temperate and 

boreal forests that is attributed to reforestation, nitrogen deposition, and CO2 fertilization 

(Craig and Holmén 1995).   

In contrast, the estimated annual uptake of carbon via terrestrial gross primary 

productivity (GPP) is estimated to be between 100-120 Pg C yr-1, with net primary 

productivity (NPP) estimated at 50-60 Pg C yr-1 (Raich and Schlesinger 1992).  The flux 

of carbon to the atmosphere from the respiration of soil organisms, plant roots, and 

decomposition of carbonate materials is estimated at 63-77 Pg C yr-1 (Raich and 

Schlesinger 1992, Raich and Potter 1995, Schlesinger and Andrews 2000).  It should be 

apparent from the magnitude of these annual fluxes that even small changes in the flux 

rate of these processes could potentially result in large changes of carbon partitioning 

between the atmospheric, oceanic, soil, and terrestrial vegetation carbon pools (Craig and 

Holmén 1995, Raich and Tufekcioglu 2000). 

 The rate at which carbon is sequestered or mobilized from forest ecosystems is of 

particular interest to forest researchers and managers in light of society's concern over 

increasing levels of greenhouse gases (particularly CO2) in the atmosphere.  Forest 

management practices and activities were one of the main issues discussed during the 

recent convention on climate change in Kyoto, Japan (Rotter and Danish 2000).  Forests 

have the potential with proper management and utilization of harvested products to act as 

a net sink for atmospheric carbon in the 21st century.  However, forests also have the 
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potential to serve as a net source of carbon if they are deforested and lose soil organic 

carbon (Harmon et al. 1990, Rustad et al. 2000). 

 In intensively managed forest ecosystems, forest researchers and managers are 

currently studying the effects of varying silvicultural and harvesting practices on the 

carbon dynamics of sites differing with respect to vegetation type and productivity.  A 

thorough understanding of how soil CO2 efflux is impacted by forest management 

practices is necessary to predict carbon sequestration.  The potential for carbon 

sequestration in intensively managed forests is promising under a situation where higher 

ambient CO2 concentrations provide a carbon fertilization effect for growing trees 

through increased water use efficiency, decreased photorespiration during gas exchange 

and carbon fixation, and higher biomass accumulation over shorter rotation lengths 

(Groninger et al. 1999, Nilsen and Orcutt 1996).  Increases in productivity can further 

enhance the role of forests as a potential carbon sink if a portion of that increased 

productivity can be incorporated into the soil organic carbon pool (Kirschbaum 2000).  

However, the potential of soils to sequester additional carbon depends on whether newly 

formed biomass is added to pools that are relatively stable with slow turn-over rates or 

conversely added to pools with short turn-over rates that decompose quickly (Trumbore 

2000).  A potential negative aspect in this scenario are situations where other 

environmental factors such as soil type, moisture, and/or nutrient availability limit the 

response of an intensively managed stand to increasing CO2 concentrations (Groninger et 

al. 1999).   

Fertilization is a common silvicultural technique that is used to increase 

production on nutrient limited sites subjected to short rotations and frequent harvesting.  
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While the addition of fertilizer can alleviate stand nutrient deficiencies, it may also 

influence the activity of nutrient limited soil organisms, especially in situations where 

increases in productivity may increase the amount of easily decomposable carbon 

materials in the soil (Foster et al. 1980, Raich and Nadelhoffer 1989, Raich and 

Schlesinger 1992, Singh and Gupta 1977, Van Cleve and Moore 1978).  Furthermore, the 

addition of fertilizer may increase the amount of total root biomass in fertilized stands, 

which could lead to higher rates of root respiration and overall soil carbon dioxide efflux 

(Hanson et al. 2000, Nadelhoffer et al. 1985, Raich and Nadelhoffer 1989). 

In this study, we investigated the effects of early rotation fertilization on soil 

respiration, root respiration, and root development in a two-year-old loblolly pine 

plantation growing in the Virginia Piedmont.  We applied a mulching treatment to assess 

the influence of varying temperature and moisture differences on soil CO2 efflux rates 

and root growth.  Furthermore, we examined the relationship between soil CO2 efflux 

rates and various influencing factors including changes in environmental conditions, soil 

properties, nutrient availability, and plant root biomass across the study site.  An 

examination of the parameters that influence soil and root respiration rates was used to 

determine the significant variables that need to be measured and monitored for the 

development of process models that accurately predict the flux of soil carbon from 

intensively managed Piedmont forest sites.  In this study we examined spatial and 

temporal patterns of soil CO2 efflux over a 13 month period with the long term goal of 

developing models that can be used to predict seasonal rates of soil CO2 efflux on similar 

forest sites across the region. 
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Specific Objectives  

1. Determine effects of fertilization, soil temperature, and soil moisture on soil and root 
respiration. 
 
2.  Examine the relationship between soil CO2 efflux and soil nutrient availability, 
temperature, moisture, seedling growth, seedling nutrient accumulation, and soil 
characteristics. 
 
3. Examine the effect of root respiration on total soil CO2 efflux. 

4. Determine the seasonal patterns of soil respiration. 

5. Examine the effects of fertilization, mulching, nutrient availability, soil temperature, 
and soil moisture on seedling growth and carbon allocation. 
 

Hypotheses 

Based on the above objectives the following general hypotheses will be tested: 

Ho: Fertilization will significantly increase both microbial activity and pine root growth 
and as a result significantly increase soil CO2 efflux rates  
 
Ho: Mulching will significantly increase soil temperature and CO2 efflux rates 

Ho:  Soil temperature, soil moisture, pine root biomass, non-pine root biomass, soil 
carbon, coarse woody debris, and coarse fragment percentage will all be significant 
variables in regression analysis of seasonal and daily soil CO2 efflux rates 
 
Ho: Soil CO2 efflux rates near the base of seedlings will not significantly differ from 
efflux rates away from seedlings due to the influence of respiring root biomass  
 
Ho: Fertilization will significantly increase seedling growth and biomass accumulation. 
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CHAPTER 1 

LITERATURE REVIEW 

 

PART 1 – SOIL AND ROOT RESPIRATION  

Influence of Biome, Climate, and Vegetation on Soil CO2 Efflux  

On a global basis there are wide ranging differences in both soil CO2 efflux rates 

and total soil organic carbon among differing biomes and vegetation types (Jobbágy and 

Jackson 2000, Kirschbaum 2000, Raich and Schlesinger 1992, Raich and Tufekcioglu 

2000, Schlesinger 1977).  Raich and Schlesinger (1992) summarized many studies and 

reported that tropical lowland forests, temperate forests and tropical grasslands had the 

highest annual soil respiration rates estimated at 1092, 662, and 629 g C m-2 yr-1 

respectively.  Cultivated lands, temperate grasslands, and boreal forests were 

intermediate with rates of 544, 442, and 322 g C m-2 yr-1 each.  Desert scrub vegetation, 

swamps and marshes, and tundra exhibited the lowest CO2 efflux rates at 224, 200, and 

60 g C m-2 yr-1 (Raich and Schlesinger 1992).  Raich and Schlesinger (1992) also 

estimated the mean amount of soil organic carbon in kg C m-2 for each biome/vegetation 

type.  Swamps and marshes, tropical lowland forests, boreal forests, and tundra were 

estimated to possess the highest amount of soil organic carbon at 72.3, 28.7, 20.6, and 

20.4 kg C m-2.  Temperate grasslands and forests stored slightly less soil carbon at 18.9 

and 13.4 kg C m-2.  Finally, the areas with the lowest soil organic carbon figures were 

cultivated lands, desert scrub, and tropical grasslands at means of 7.9, 5.8, and 4.2 kg C 

m-2 (Raich and Schlesinger 1992).  It should be noted that these averages are mainly 
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based on estimates of soil organic carbon to a depth of one meter (Jobbágy and Jackson 

2000, Kirschbaum 2000).   

A recent paper published by Jobbágy and Jackson (2000) presents soil carbon 

means that differ from those estimated by Raich and Schlesinger (1992).  For example, 

Jobbágy and Jackson calculated that tropical deciduous forests, tropical evergreen forests, 

and tropical grasslands/savannas contained an estimated 29.1, 27.9, and 23.0 kg C m-2  in 

the top three meters of soil.  Temperate deciduous forests, temperate evergreen forests, 

and temperate grasslands were each calculated to possess 22.8, 20.4, and 19.1 kg C m-2 in 

the top three meters.  Furthermore, they calculated means of 18.0, 17.7, 12.5, and 11.5 kg 

C m-2 in the top three meters of soil for tundra, croplands, boreal forests, and deserts 

respectively (Jobbágy and Jackson 2000).  A comparison of relative organic carbon 

storage in tropical grasslands/savannas, croplands, and boreal forests for the Raich and 

Schlesinger paper do not agree with the relative means for the same biomes presented in 

the Jobbágy and Jackson paper for either a depth of 0-1 meters or 0-3 meters.  The 

discrepancy in soil organic carbon distribution by biome and vegetation type may partly 

be attributable to differences in how individual studies were classified and separated into 

different biome categories when the data sets were compiled.  However,  Jobbágy and 

Jackson (2000) did agree with the Raich and Schlesinger estimate for total soil organic 

carbon in the first meter at approximately1500 Pg C globally. 

Raich and Tufekcioglu (2000) further examined the effect of vegetation type on 

soil respiration rates by analyzing the results from a number of soil respiration studies 

where measurements were taken from forests, grasslands, and cropped fields using the 

same methods, same sampling period, and on sites with similar parent materials and 
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topography.  In their comparison they reported that soil respiration rates in grasslands 

were on average about 25% higher than nearby cropped fields.  Furthermore, they 

reported that soil respiration rates in grasslands were on average about 20% higher than 

in forests with similar growing conditions (Raich and Tufekcioglu 2000).  They 

hypothesized that the higher rates in grasslands could be attributed to a high allocation of 

productivity to belowground biomass.  Using the same criteria stated above they also 

reported that rates in broadleaf forests were approximately 10% higher than conifer 

forests (Raich and Tufekcioglu 2000).  This observation did not agree with the 

observations of Raich and Potter (1995) who found no discernable differences in soil 

respiration rates between deciduous and coniferous forests located in moist biomes. 

The allocation of above/belowground biomass as observed in over 250 studies 

was reviewed by Jackson et al. (1996) and they reported that root to shoot ratios were the 

highest in tundra, grassland, and cold desert ecosystems.  By contrast, forest ecosystems 

were observed to have the lowest root to shoot ratios.  In their analysis of root biomass 

they reported that tropical forests had the largest root biomass per square meter, followed 

by other forest biomes and sclerophyllous shrublands which all possessed similar root 

biomass averages.  Root biomass was observed to be lowest in croplands, deserts, 

grasslands, and tundra.  The influence of root biomass on soil CO2 efflux rates is 

considered to be large and many studies have estimated that root respiration represents 

between 10% to 90% of observed soil CO2 efflux depending on ecosystem type (Hanson 

et al. 2000, Raich and Tufekcioglu 2000, Schlesinger 1977). 

Jobbágy and Jackson (2000) grouped the vertical distribution of soil organic 

carbon by growth form and reported that tropical deciduous forests, tropical 
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grasslands/savannas, temperate grasslands, sclerophyllous shrublands, and deserts all 

possessed a relatively higher percentage of their total soil organic carbon in the second 

and third meters of soil compared to tropical evergreen forests, temperate 

evergreen/deciduous forests, boreal forests, and tundra ecosystems where a lower 

percentage of total soil organic carbon was present below one meter.  

It should be noted that the carbon stored at deeper depths may not be as easily 

affected by anthropogenic activity as carbon stored in surface layers due to the fact that 

carbon isotope studies have demonstrated that a large percentage of the carbon present 

below soil surface horizons is highly decomposed, usually associated with a clay soil 

fraction, and possessing a turn-over period on the order of hundreds to thousands of years 

(Trumbore 2000).  In contrast, a significant percentage of the carbon present in forest 

floor, litter, and surface soil layers is not as highly decomposed as deeper soil carbon and 

has shorter average turnover times that can range from one to several hundred years 

depending on the productivity of a given ecosystem and the environmental factors that 

affect decomposition rates. (Kirschbaum 2000, Trumbore 2000). 

 Raich and Tufekcioglu (2000) and Rustad et al. (2000) in a summary of factors 

controlling soil respiration rates and carbon dioxide efflux state that the following factors 

are influential: 1) temperature, 2) moisture, 3) vegetation and substrate quality, 4) 

ecosystem net primary productivity (NPP), 5) plant rooting density and belowground 

biomass allocations, 6) soil physical and chemical properties, 7) population and 

community dynamics for above/belowground flora and fauna, and 8) land-use and/or 

disturbance regimes.  Of these factors temperature and precipitation are considered the 

most influential environmental factors affecting soil CO2 efflux rates because they 
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interact to influence the productivity of terrestrial ecosystems and the decomposition rate 

of detritus/soil organic carbon (Schlesinger 1977, Singh and Gupta 1977, Raich and 

Schlesinger 1992).  For example, the highest average soil CO2 efflux rates are most often 

observed in tropical evergreen forest ecosystems where NPP is high and decomposition is 

not limited by either temperature or moisture constraints. In contrast, decomposition of 

detritus/soil organic carbon in boreal and tundra ecosystems is often constrained by low 

temperatures and soil aeration limitations (Schlesinger 1977).  Raich and Schlesinger 

(1992) in an analysis of a large number of previous studies stated the soil respiration rates 

were well correlated with both mean annual air temperature and mean annual 

precipitation level.  Furthermore, they concluded that temperature alone accounted for the 

majority of the predictive power for several regression models that they developed (Raich 

and Schlesinger 1992). 

Finally, a number of studies and reviews have also reported the strong correlation 

between ecosystem NPP and soil respiration rate (Kirschbaum 2000, Raich and 

Schlesinger 1992, Raich and Tufekcioglu 2000, Schlesinger and Andrews 2000).  Raich 

and Schlesinger (1992) modeled estimated annual NPP and annual soil respiration rate 

rates from 171 separate studies and performed a regression analysis that demonstrated the 

two variables were highly correlated (R2 = 0.87).  In an analysis of belowground carbon 

allocation in forest ecosystems Raich and Nadelhoffer (1989) examined the relationship 

between litterfall and soil respiration rates.  They analyzed the results from 30 previous 

studies and found that annual litterfall carbon inputs and annual soil respiration rates 

were well correlated (R2 = 0.71). 
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Soil and Root Respiration - Methods of Measurement 

 The most commonly used techniques for the measurement of  CO2 efflux in field 

settings involve the use of either alkali absorption or infrared gas analyzers (IRGA) 

utilizing a closed or open dynamic chamber design (Janssens et al. 2000, Jensen et al. 

1996, Rochette et al. 1992). 

The alkali absorption method determines the amount of CO2 that is absorbed by 

an alkaline solution or substance (usually NaOH, KOH, or Soda lime) in a static chamber 

headspace over a fixed period of time (Singh and Gupta 1977, Rochette et al. 1992).  

Singh and Gupta (1977) note that alkali absorption was used as early as 1921 by 

Lundegårdh to measure CO2 absorption.  However, alkali absorption has consistently 

been shown in a number of comparison studies to both over estimate rates when the soil 

efflux rate is low and under estimate rates when soil efflux is high (Janssens et al. 2000, 

Jensen et al. 1996, Pongracic et al. 1997, Rochette et al. 1992).  

In a closed dynamic chamber coupled with an infrared gas analyzer, gas is 

circulated between the chamber headspace and IRGA, and the efflux rate is estimated 

based on the change in CO2 concentration over time (Janssens et al. 2000).  In contrast, 

an open dynamic chamber design operates by the same principle, except that sampled air 

is vented to the atmosphere to avoid the potential accumulation of chamber air with 

higher CO2 concentrations than ambient conditions at the time of measurement (Janssens 

et al. 2000).      

 While the measurement of CO2 efflux from the soil surface is relatively easy to 

perform, the partitioning of total soil respiration between root, rhizosphere, and microbial 

respiration is more problematic (Hanson et al. 2000, Kelting et al. 1998).  Hanson et al. 
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(2000) reviewed the use of component integration, root exclusion, and carbon isotope 

techniques commonly used to assess root and microbial respiration in forest soils.  

Component integration measures the rates of CO2 efflux from each soil compartment and 

calculates a total efflux rate based on the mass of the individual components (Hanson et 

al. 2000, Kelting et al. 1998).  Root exclusion methods measure the CO2 efflux rate with 

and without roots using techniques of root removal, trenching and root gap analysis 

(Hanson et al. 2000).  This partitioning is necessary in research on carbon budgets, 

carbon allocation and carbon sequestration due to the fact that many studies have 

estimated that root respiration represents a large percentage of observed soil CO2 efflux 

rates (Hanson et al. 2000, Raich and Tufekcioglu 2000, Schlesinger 1977). 

 

Influence of Temperature 

Studies that examine the effect of increasing soil temperature on soil respiration 

have demonstrated that the two parameters are positively correlated over a range of 

differing soil conditions, ecosystems, and climates (Schlesinger 1977, Singh and Gupta 

1977).  In models that have been constructed from results of field studies, it is assumed 

that soil microbial activity and plant root respiration increase as the temperature increases 

from 0 to 30°C (Årgen et al. 1991).  At temperatures between 30 to 40°C, the rate of 

increase in soil respiration and microbial activity slows, and is eventually inhibited by 

higher temperatures (Årgen et al. 1991). 

In a review of plant cellular responses to high temperature, Larcher (1995) states 

that at temperatures above 40°C, a situation often exists where biochemical processes 

proceed so rapidly that the result is a shortage of respiratory substrates and an eventual 
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decline in respiration.  Furthermore, Larcher indicates that enzyme function and 

membrane integrity is seriously affected at temperatures of 50°C and higher, which leads 

to a ceasing of mitochondria respiration.  

Linear relationships, exponential coefficient (Q10) relationships, and Arrhenius 

equation relationships between soil temperature and respiration have all been used to 

examine the relationship between soil respiration and temperature (Lloyd and Taylor 

1994).  The Q10 temperature coefficient is a ratio of the rate of a process at temperature T 

to the rate at temperature T + 10°C (Kozlowski and Pallardy 1997).  Many researchers 

have used the Q10 coefficient to represent the exponential relationship between soil 

respiration and temperature. The accepted average rate for overall soil respiration is a Q10 

= 2; however, rates for responses of roots and soils in colder regions often exhibit a 

higher Q10 value at temperatures of 10°C and lower (Kirschbaum 2000, Schlesinger and 

Andrews 2000).  The Arrhenius equation was proposed by the Swedish chemist Svante 

Arrhenius to describe the temperature dependence of any specific rate constant (Segal 

1985).  Lloyd and Taylor (1994) state that the relationship between soil respiration and 

temperature can be accurately represented by an Arrhenius type equation examining the 

inverse variation of the respiration activation energy with changes in temperature.  They 

state that as temperature increases the activation energy required for many biochemical 

processes decreases leading to an increase in cellular activity and respiration.   

A review of the following studies examines the correlation between temperature 

and soil and root respiration in detail.  Lawrence and Oechel (1983) studied changes in 

root respiration rates of taiga seedlings under varying soil temperatures, while keeping 

soil moisture levels near field capacity, so soil moisture would not be an inhibiting factor 
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in the experiment.  Root respiration was measured at 5, 15, and 25°C using a portable 

infrared gas analyzer.  Results indicated that there was an average fourfold increase in 

total root respiration for the seedlings over a temperature change of 5 to 25°C (Lawrence 

and Oechel 1983). 

Microbial respiration was measured by Winkler et al. (1996) using a alkali 

absorption method in soils from the A-, E-, and B-horizons of a temperate forest site that 

were incubated at temperatures of  4, 15, 22, and 38°C for several months.  The highest 

respiration rates were noted in the soils from the A-horizon that were incubated at the 

higher temperatures of 22 and 38°C.  The lowest respiration rates were from E-horizon 

soils incubated at lower temperatures of 4 and 15°C.  The soils from the organic rich A-

horizon also respired at lower rates when subjected to the lower incubation temperatures 

(Winkler et al. 1996).  

Zogg et al. (1996) studied fine root respiration of sugar maple (Acer saccharum 

Marsh.) at differing soil temperatures and levels of nitrogen availability in four northern 

hardwood stands in the Great Lakes region.  They collected live roots from each site, 

maintained them at field temperature, and measured their respiration over a 35 minute 

period using a gas-phase oxygen electrode.  They observed increased respiration rates 

that corresponded to increases in soil temperature within examined stands (Zogg et al. 

1996). 

Boone et al. (1998) examined soil and root respiration in a 85 year-old mixed-

hardwood stand and concluded that roots were more sensitive to changes in temperature 

than the bulk soil surrounding them.  They used an infrared gas analyzer to measure the 

respiration from plots with roots and plots with root removal.  They determined that the 
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largest rate of respiration increase occurred in plots with tree roots.  They calculated a Q10 

value of 4.6 for root and rhizosphere respiration, a value of 3.5 for both the roots and the 

surrounding soil, and a value of 2.5 for the soil with roots removed.  The high Q10  value 

for the roots suggested that root respiration rates at colder temperatures were more 

sensitive to soil temperature change (Boone et al. 1998). 

Soil warming, microbial respiration, and organic carbon leaching were measured 

by Macdonald et al. (1999) using soil collected from a northern hardwoods site in 

Michigan.  Surface and subsurface cores were incubated at normal seasonal temperatures 

and elevated temperatures.  Gas samples from each incubation chamber were taken every 

2 weeks over a 32 wk period.  Gas chromatography was used to determine the amount of 

CO2 in samples.  Respiration rates in the elevated temperature soils were greater than 

rates in normal seasonal temperature soils, but this difference was not significant.  In 

addition, subsurface horizons had lower respiration rates than surface horizons  

(MacDonald et al 1999).  

 Maier and Kress (2000) examined the respiration rates of roots, mineral soil, and 

mineral soil with forest floor present in an 11 year-old loblolly pine plantation in North 

Carolina over an entire year.  They observed higher respiration rates for each of the 

aforementioned components during the warmer months of the year.  They reported a 

strong correlation (R2=0.70) between soil CO2 efflux rates and soil temperature at 7 cm 

of soil depth (Maier and Kress 2000). 
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Influence of Moisture 

Soil moisture influences soil CO2 efflux rates by impacting both root tissue 

respiration and microbial decomposition rates.  With regard to affects of moisture and 

cellular hydration on mitochondria respiration, Levitt (1980) reviews two general types of 

plant cell responses to water stress.  The first situation involves studies where there is an 

initial increase in respiration rates of cells subjected to moderate cell dehydration, 

followed by a decrease at more severe dehydration levels.  Other studies reviewed found 

that respiration rates declined steadily as cells were subjected to increasing water stress.  

He concluded from the studies reviewed that the increase in respiration rate observed 

under moderate water stress could be explained by either an uncoupling of 

phosphorylation reactions or an inhibition of aerobic respiration and an increase in 

anaerobic respiration (Levitt 1980).  Furthermore, low moisture levels affect soil 

respiration and decomposition rates by limiting the activity of soil microbes (Orchard and 

Cook 1983, Wildung et al. 1975, Wilson and Griffin 1975).  The following studies 

examine the relationship between soil moisture and respiration.    

Wilson and Griffin (1975) used an electrolytic respirometer and pressure 

compensator to estimate microbial respiration in a natural pine forest soil where water 

potentials where kept at –0.3, -0.5, -1.4 and –4.0 MPa.  Respiration was also measured in 

soil that had a nutrient source added.  Respiration of the soil with nutrient additions was 

estimated at soil water potentials of  –0.3, -0.5, -0.8, -3, and –5 MPa.  Results indicated 

that increasing the soil water potential resulted in an increase in respiration rate.  

Furthermore, additions of glucose to the natural soil resulted in large increases in the 
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initial respiration rates and the magnitudes of these rate increases were related to the 

water potential of the soil (Wilson and Griffin 1975). 

 The effects of drying and re-wetting on soil respiration were studied by (Orchard 

and Cook 1983) in a New Zealand pasture soil.  Gas chromatography was used to 

estimate respiration from gas samples removed from flasks containing soil.  Water 

potential was monitored using a thermocouple hygrometer.  Both of these parameters 

were measured as the soils were allowed to slowly alternate between drying and re-

wetting phases.  The results indicate that respiration rates declined following soil drying 

and rates increased dramatically when soils were re-wetted (Orchard and Cook 1983). 

 

Temperature and Moisture Interactions 

Studies that are more recent have examined the interaction of soil temperature and 

moisture on soil respiration rates.  Study results seem to indicate that soil respiration is 

limited by extremes in soil temperature and moisture level.  As stated before, 

temperatures below 0°C and above 40°C most often have an inhibiting affect on soil 

microbial activity and respiration (Årgen et al. 1991).  Secondly, soil respiration at 

varying temperatures is often inhibited when the soil water content is low (Wildung et al. 

1975).  In contrast, saturated soil conditions result in soil respiration changes as microbial 

activity changes from aerobic to anaerobic, and respiration from tree roots decreases 

(Fisher and Binkley 2000).   

 Edwards (1975) studied the effects of changes in temperature and moisture on the 

rate of CO2 efflux from forest litter and soil of a mixed deciduous forest site in 

Tennessee.  He measured CO2 efflux over 24 hr periods, biweekly, for an entire year.  
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Litter and soil respiration rates were determined using laboratory measurements of 

respiration from litter samples and comparing these rates to samples collected in the field 

for both the soil and litter.  Using an inverted box method and infrared gas analyzer, he 

determined that the mean daily respiration rates displayed a strong relationship with daily 

temperature change.  He reported that moisture seemed to have the greatest effect on soil 

CO2 rates during periods after a heavy rain and during periods of drought (Edwards 

1975). 

A study published by (Wildung et al. 1975) examined the affects of soil 

temperature and water content on soil respiration rate and plant root decomposition in 

arid grassland soils of Washington State.  Results indicated that soil temperature alone 

was not significantly correlated with soil respiration changes.  They noted that soil 

temperature and respiration were positively correlated when soil moisture was greater 

than 10 percent.  Thus, they concluded that soil respiration was controlled by the 

interaction of temperature and moisture (Wildung et al. 1975). 

 Schlentner and Van Cleve (1985) studied the relationship between soil 

respiration, soil temperature, and soil moisture in different forest types in Alaska.  

Chambers containing soda lime traps were placed in an aspen (Populus tremuloides 

Michx.) stand, paper birch (Betula papyrifera Marsh.) stand, black spruce (Picea 

mariana Mill.) stand, and a white spruce (Picea glauca Moench) stand.  Soil respiration 

rates for the birch and aspen stands were highest from late June to early August.  The 

estimates of soil respiration ranged from 0.55 to 0.66 g CO2  m-2 hr-1 for both stands.  

These rates compare to lower measurements of  0.20 to 0.30 g CO2   m-2  hr-1 for the 

months of March and April.  Soil respiration rates in the spruce stands were highest 
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during the period of late June to July.  Temperature readings in the stands peaked during 

the months of June and July.  It was also noted that cumulative 1981 soil respiration 

measurements were higher than the 1980 measurements.  It was observed that this higher 

respiration rate occurred when forest floor temperatures were higher during the 1981 

measurement period.  A soil moisture content of 150 % by dry weight was observed to be 

the moisture level where greatest soil respiration occurred (Schlentner and Van Cleve 

1985). 

Bouma et al. (1997) examined root respiration in relation to changes in soil CO2 

concentration, soil temperature, and soil water content.  Results indicated that root 

respiration rates increased with temperature increases when the temperature fluctuated 

between 20 and 35°C (Bouma et al. 1997).  Respiration rates were not affected by 

changes in soil water content or soil CO2 concentration in this study. 

It should be apparent from the above review that soil and root respiration are 

strongly influenced by changes in soil temperature and moisture.  Changes in both of 

these environmental variables due to forest management activities must be considered 

when developing proposals to maximize carbon sequestration in intensely managed 

forests (Rustad et al. 2000)   

 

Influence of Fertilization on Soil Respiration and CO2 Efflux 

 The application of nitrogen and phosphorus fertilizer has been shown to improve    

productivity in loblolly pine plantations under intensive management (Adams et al. 1989, 

Albaugh et al. 1998, Haywood et al. 1997, Vose and Allen 1988).  However, the effect of 

fertilization on belowground carbon allocation and soil processes is less clear (Haynes 
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and Gower 1995, Nadelhoffer et.al. 1985, Raich and Nadelhoffer 1989).  Some effects of 

stand fertilization can include changes in root biomass allocation, root respiration rates, 

soil nutrient dynamics, microbial biomass, decomposition rates, and soil organic matter 

percentage.  In some studies fertilization produced an increase in microbial and root 

respiration rates, while many others studies have demonstrated that fertilization had no 

significant effect or most often reduced overall soil CO2 efflux rates (Raich and 

Schlesinger 1992).  The results of studies examining the effects of fertilization on 

microbial biomass and respiration, root respiration, and soil CO2 efflux rates are reviewed 

in the following text. 

 

Microbial Response to Fertilization 

 Fog (1988) reviewed over 60 studies that examined the effect of nitrogen 

additions on the decomposition rate of organic matter.  Fog observed that nitrogen 

additions generally had no effect or actually decreased microbial activity in decomposing 

plant materials possessing a wide range of carbon to nitrogen (C:N) ratios.  He noted that 

the most negative effects of nitrogen addition were noticed in studies involving 

recalcitrant organic matter, in contrast to studies that did show an increase in 

decomposition rates, which usually involved nitrogen fertilization of easily degradable 

organic material.  Furthermore, he concluded that the C:N ratio of decomposing plant 

materials was not a good indicator of potential microbial response to nitrogen additions 

due to the fact that the ratio did not indicate the degradability of plant material (Fog 

1988).   
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While many studies support the conclusions of Fog (1988), differences in 

microbial response to fertilizer and nutrient type has also been noted.  Kelly and 

Henderson (1978) added urea and superphosphate to plots of deciduous forest litter and 

observed that while additions of high levels of urea fertilizer increased decomposition 

rates, the addition of phosphorus retarded the weight loss of litter. 

Foster et al. (1980) examined the effects of differing nitrogen sources and carbon 

additions on microbial activity in samples from a mature jack pine (Pinus banksiana 

Lamb.) forest floor with a high C:N ratio (43:1).  They noted that samples treated with a 

combination of differing amendments including urea, ethanol, urea plus ethanol, and 

ammonium sulfate plus ethanol all exhibited higher rates of oxygen consumption 

compared to controls.  Samples treated with urea alone exhibited the lowest increases in 

oxygen consumption compared to controls, and ammonium sulfate treated samples 

exhibited lower oxygen consumption rates than controls.  They concluded that the 

absence of easily decomposable carbon substrates limited microbial activity and organic 

matter decomposition more than nitrogen availability (Foster et al. 1980).     

The effect of ammonium nitrate fertilizer on microbial activity and biomass in  

several coniferous forest soils located in Sweden were observed by Söderström et al. 

(1983) for a period ranging from three to five years after the nitrogen additions.  They 

noted that microbial respiration rates in field samples incubated in the laboratory were 

lower in samples from fertilized plots compared to controls for seven out of nine forest 

sites that they examined.  They also noted decreases in total microbial biomass in 

fertilized plots compared to controls for all six sites that they sampled for biomass 

analysis.  In addition to their field sampling, they treated several soils with urea and 
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ammonium nitrate in the laboratory and observed respiration rates during a 175 day 

incubation period.  The samples treated with ammonium nitrate exhibited large 

depressions in respiration rates compared to control samples.  In contrast, samples treated 

with urea exhibited a short-lived initial increase in respiration rates early in the 

incubation period (Söderström et al. 1983).  In each of the previous studies reviewed the 

increase in respiration rates observed after urea additions was attributed to increases in 

pH due to hydrolysis of the urea fertilizer, conversely additions of ammonium fertilizer 

were hypothesized to retard respiration as pH decreased due to nitrification (Foster et 

al.1980, Kelly and Henderson 1978, Söderström et al. 1983). 

In another long-term study, the effects of repeated additions of lime, nitrogen, and 

phosphorus on microbial activity were examined by Smolander et al. (1994) in soils from 

Norway spruce (Picea abies L.) stands located in Finland that were repeatedly fertilized 

over a period of 30 years.  They observed that the mean respiration rate of microbial 

biomass was significantly lower in laboratory incubated samples from nitrogen treated 

plots compared to control, limed, and phosphorus treated plots. Rates in samples from 

phosphorus treated plots did not differ from controls, and rates from plots treated with 

calcium were significantly higher than rates in plots with either nitrogen or calcium 

phosphate treatments alone.  They also noted that microbial biomass carbon and nitrogen 

as a percentage of organic matter and total nitrogen were both lowest in samples from 

nitrogen treated plots.  Furthermore, they reported that there were no significant 

differences across treatments for either microbial C:N ratios or microbial 

respiration:biomass ratios.  The only plots that experienced an increase in organic matter 

percentage relative to other plots over the 30 year period were those treated with 
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nitrogen.  This was apparently due to increased aboveground productivity and lower rates 

of microbial activity and decomposition.  In regard to pH, they observed that there was 

not an increase in acidity in nitrogen treated plots, and calcium treated plots exhibited an 

increase in pH (Smolander et al. 1994). 

 

Effects of Fertilization on Root Respiration 

In addition to affecting microbial processes, fertilization has been shown to affect 

belowground carbon allocation, root:shoot ratios, root size distribution, and root 

respiration rates (Adams et al. 1989, Haynes and Gower 1995, Sword 1998).  A 

consideration of the effect of changes in carbon allocation and root:shoot ratios on CO2 

efflux rates is essential because of changes in root turnover rates, carbon inputs for 

microbial decomposition, and effects of overall root respiration on surface efflux rates.  

The effects of nitrogen and phosphorus fertilization on belowground carbon allocation 

and root:shoot ratio is varied with some studies showing absolute and/or relative 

decreases in carbon allocation to roots, some with no change, and others with increases 

(Ahlström et al. 1988, Griffin et al. 1997, Nadelhoffer 1985).  The effects of fertilization 

on carbon allocation and fine root development in loblolly pine is treated in detail in a 

separate section of this review.  Specific effects of fertilization on root respiration rates 

are examined in the following text. 

Ryan et al. (1996) examined fine-root respiration of 20 year-old Monterey pine 

(Pinus radiata D. Don) trees growing in Australia that were subjected to irrigation and 

fertilization treatments.  They observed that root respiration rates (µmol kg-1s-1) were 

correlated (R2 = 0.53) with the nitrogen concentration (mol kg-1) of fine root biomass 
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across all treatments.  Examination of nitrogen concentrations for each of the treatments 

showed that fine roots from trees with irrigation/fertilization treatments had nitrogen 

concentrations nearly twice the level of control and irrigated only trees.  With respect to 

root size and root respiration rate/unit soil volume, they noted that CO2 efflux (µmol s-1 

m-2) was negatively correlated with root diameter (R2  = 0.73).  Furthermore, in an 

analysis of rooting patterns between treatments they reported that irrigated/fertilized trees 

had much higher coarse root biomass production than control and irrigated trees.  This 

was in contrast to fine root production where irrigated/fertilized trees had only 55-71% of 

the fine root production experienced by control and irrigated trees.  These observations 

suggest that although fine roots had the highest respiration rates, and that specific fine 

root respiration rates were elevated by fertilization/irrigation, the increase due to 

fertilization/irrigation was offset by lower total fine root biomass production (Ryan et al. 

1996).    

The interaction of fertilization and temperature on fine root respiration was 

investigated by Zogg et al. (1996) in geographically separated 80 year-old northern 

hardwood stands in Michigan dominated by sugar maple.  They measured respiration 

rates, using a gas-phase oxygen electrode, of excised roots (< 2.0 mm) from four stands 

that had been fertilized at the start of the 1994 growing season at a rate of 30 kg nitrate 

ha-1 yr-1.  They observed that fertilization did not significantly affect net nitrogen 

mineralization rates, fine root respiration rates, or root tissue nitrogen concentrations for 

any four of the stands examined.  Although root tissue nitrogen concentration did not 

correlate with root respiration rates within stands, it was significantly correlated in a 
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combined data set of all four stands resulting in a fine root respiration prediction model 

utilizing temperature (R2 = 0.63) (Zogg et al. 1996). 

Griffin et al. (1997) exposed loblolly pine and ponderosa pine (Pinus ponderosa 

Dougl. ex Laws.) seedlings to elevated levels of nitrogen and CO2 to determine what 

effects the treatments would have on root/rhizosphere respiration.  Seedlings were grown 

in a greenhouse at atmospheric CO2 levels of 35 and 70 Pa and treated with sub-optimal 

(1mM), adequate (3.5mM), and supra-optimal (7mM) ammonium nutrient additions on a 

daily basis starting in week three of a 167 day growth period.  With regard to loblolly 

pine seedlings grown at 35 Pa CO2, they reported that the adequate nitrogen treatment 

decreased, and the supra-optimal treatment increased specific root respiration rates 

compared to the sub-optimal treatment.  Conversely, they noted that adequate nitrogen 

treatment increased and supra-optimal treatment decreased whole plant root respiration 

rates compared to sub-optimal treatments.  At the 35 Pa CO2 level, it appears that loblolly 

pine seedling specific root respiration rates were inversely related to the whole plant 

rates, suggesting that seedling root biomass and root specific respiration rates were also 

inversely related.  In an examination of root biomass they reported that seedlings grown 

in the supra-optimal treatment had the lowest observed total root biomass, sub-optimal 

seedlings were intermediate in biomass, and the highest observed root biomass was in 

adequate nitrogen treatment seedlings.  They reported that supra-optimal treatment 

seedlings had indications of nitrogen toxicity due to total seedling biomass that was only 

32% and 40% of the biomass observed in sub-optimal and adequate nitrogen treated 

seedlings.  Additionally, they observed that loblolly pine seedlings grown at the 70 Pa 

CO2  levels had higher specific and whole plant root respiration rates at increasing 
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nitrogen levels compared to 35 Pa CO2 grown seedlings.  In an observation noted in 

previously reviewed studies they observed that root nitrogen concentration was correlated 

(R2 = 0.45) with specific root respiration for both loblolly and ponderosa pine seedlings 

(Griffin et al. 1997). 

Total root respiration, specific root respiration, and root biomass was examined 

by Lu et al. (1998) in six-month old Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) 

seedlings grown in root boxes at 10, 50, and 200 mg l-1 nitrogen solution concentrations.  

They observed that seedlings grown at the 50 mg l-1 nitrogen level had higher total root 

respiration rates than either of the other two treatments.  The also noted that specific root 

respiration rates increased in the 50 mg l-1 nitrogen treatment compared to the 10 mg l-1 

nitrogen level, and did not respond to further increases from the 50 to 200 mg l-1 nitrogen 

level.  Seedling root biomass was observed to be lower in the 200 mg l-1 nitrogen 

treatment compared to either of the other two treatments.  They concluded that the 

decrease in total root respiration for the 200 mg l-1 nitrogen treatment was due to 

decreases in root biomass at the higher nitrogen availability (Lu et al. (1998). 

 

Soil CO2 Efflux Rates and Fertilization  

 While the effect of fertilization on belowground processes is variable and often 

confounding, the measurement of surface CO2 efflux in situ provides a convenient 

assessment of the net effects of fertilization on the respiration of soil organisms and root 

systems.  The following review examines the effect of fertilization on soil CO2 efflux 

rates in sites under intensive management. 
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 Kowalenko et al. (1978) used static absorption with NaOH to examine the efflux 

of CO2 from 2 differing soil types located in fallow fields that were fertilized at rates of 

400, 90, and 225 kg N ha-1 of ammonium nitrate, during the first, second, and third years 

of measurement.  They observed that daily average CO2 efflux rates were lower in 

fertilized plots compared to controls for both soil types, during each year of 

measurement, and at each fertilization level.  During the third year of measurement they 

incubated soil samples from their sites that were treated with varying amendments of 

NH4NO3 and CA(OH)2 and measured O2 consumption in an effort to examine the effect 

of fertilization and pH change.  They observed that O2 consumption and pH was lower in 

soils treated only with NH4NO3, while samples treated with both NH4NO3 and CA(OH)2 

had O2 consumption rates and pH levels comparable to controls, with higher consumption 

rates at high levels of CA(OH)2 amendment and high pH.  Thus, they concluded that part 

of the cause for lower CO2 efflux rates with fertilization was a decrease in soil pH 

(Kowalenko et al. 1978). 

 The effects of urea fertilizer on CO2 efflux in a 26 year-old Florida slash pine 

(Pinus elliottii var. elliottii Englem.)  plantation was examined by Castro et al. (1994) 

using static gas absorption chambers.  In this study, fertilized plots received annual 

additions of urea at a rate of 180 kg N ha-1 for five years before CO2 efflux measurements 

were performed.  In addition to urea amendments, the fertilized plots were treated with a 

micronutrient addition at the start of the study and a complete N-P-K fertilizer was added 

quarterly.  In three quarterly measurement sessions during the fifth year of fertilization 

they observed that CO2 efflux rates in fertilized plots did not differ from control plots.  

Although fertilization did not affect efflux rates, it was noted that ammonium levels in 
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the fertilized soil were significantly higher compared to ammonium levels in soils from 

control plots.  Furthermore, while nitrate  was not present in soil from control plots it was 

present in soils of fertilized plots (Castro et al.1994).  

 Vose et al. (1995) examined the effect of elevated CO2 and nitrogen fertilization 

on ponderosa pine seedlings using an IRGA and open top chambers installed on the soil 

surface.  The seedlings were grown under two differing CO2
 concentrations and were 

fertilized with 0,10, and 20 g m-2 yr-1 of nitrogen as ammonium sulfate for three years 

before efflux measurements were made.  They noted that nitrogen fertilization did not 

significantly affect CO2 efflux rates in any of three quarterly measurement periods  

conducted in the fourth year of the study.  They noted that elevated atmospheric CO2 

concentrations resulted in higher efflux rates compared to controls during two of the 

quarterly measurement sessions.  In an examination of root biomass, they reported that 

root biomass was higher in fertilized plots subjected to elevated CO2 concentrations 

compared to controls, but the difference was not significant.  In plots with elevated CO2 

concentrations they reported significantly higher levels of root biomass compared to plots 

with seedlings exposed to ambient CO2 concentration.  They did not note any significant 

fertilization and CO2 concentration interactions (Vose et al. 1995).         

 The response of soil CO2 efflux rates in a 31-year old red pine (Pinus resinosa 

Ait.) plantation to fertilization was investigated by Haynes and Gower (1995) using soda-

lime chambers installed on the soil surface.  They reported that fertilizer had been applied 

at a rate of 150 kg ha-1 N as ammonium nitrate, twice annually, for the three years during 

which measurements were made.  In addition, they noted that the fertilized plots also 

received additions of other essential nutrients (P, K, Ca, Mg, S).  They reported that CO2 
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efflux rates in fertilized plots were significantly lower than rates in control plots for each 

year measurements were made.  In addition, they reported that fine and coarse root 

production was significantly lower in fertilized plots compared to controls.  In contrast, 

annual foliage production was significantly higher in fertilized plots.  Furthermore, they 

estimated that total belowground carbon allocation was significantly lower in fertilized 

plots, and they concluded that fertilization had decreased the relative amount of carbon 

allocated belowground (Haynes and Gower 1995).  

 Finally, Mattson (1995) reported on the effects of urea and ammonium 

fertilization on soil CO2 efflux rates in 40-year old Douglas-fir and western hemlock 

(Tsuga heterophylla (Raf.) Sarg.) stands in Washington State.  It was noted that rates 

were examined in sites chosen as controls, sites that had been fertilized with a single 

application of urea (45 g N m-2), and sites that had received both a single application of 

urea (30 g N m-2), plus two applications of ammonium (15 g N m-2).  Mattson observed 

that efflux rates from the sites with urea only fertilization did not differ from the control 

sites when static absorption chambers were used to measure efflux.  However, when 

efflux rates were estimated using the soil profile method (deJong and Schappert 1972), it 

was observed that efflux rates in urea fertilized sites were significantly lower than control 

sites.  Furthermore, Mattson reported that rates in sites with urea and ammonium 

fertilization were significantly lower than control sites regardless of the method used.  

However, Mattson did note that rates observed toward the end of the study did not differ 

significantly between fertilized and control sites.  Thus, it was suggested that the initial 

depression in efflux rates due to fertilization was probably a temporary effect (Mattson 

1995).  
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 From the above review it is apparent that many studies have observed no increase 

in microbial activity following fertilization with nitrogen (Fog 1988).  However, the 

effect of nitrogen fertilization on overall root respiration is often confounding.  Higher 

specific root respiration rates have been observed after fertilization, but this increase is 

often associated with a change in carbon allocation patterns between fine and coarse root 

biomass (Lu et al. 1998, Vose et al. 1995).  Soil CO2 efflux rates have most often been 

observed to remain unchanged or actually decrease due to nitrogen fertilization (Castro et 

al. 1994, Haynes and Gower 1995).  

 

Influence of Root Respiration, Harvesting, and Site-preparation on CO2 Efflux 

 Harvesting and disturbance have been shown to both increase and decrease CO2 

efflux from forest soils compared to undisturbed sites (Edwards and Ross-Todd 1983, 

Ewel et al. 1981, Toland and Zak 1994).  While disturbance can either increase or 

decrease the rate of soil CO2 efflux from forested sites, the overall result of harvesting is 

that forest sites are a net source of CO2 to the atmosphere due to a lack of aboveground 

carbon assimilation via photosynthesis (Striegl and Wickland 1998).  This situation is 

temporary, forest sites eventually become a net sink for atmospheric carbon as 

aboveground vegetation matures and net ecosystem productivity becomes positive.   

An influential factor affecting post harvest CO2 efflux rates is a decrease in root 

respiration, which is often cited as the principle reason that efflux rates decrease 

compared to pre-harvest/non-harvest sites.  The contribution of root respiration to total 

soil CO2 efflux can be quite high.  For example, Thierron and Laudelout (1996) estimated 

root respiration to represent over 90% of the total CO2 efflux from an oak-hornbeam 
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forest in Belgium.  However, most estimates of root respiration contributions in 

temperate forest ecosystems range from 30% to 60% of total soil CO2 efflux (Raich and 

Tufekcioglu 2000).  Bowden et al. (1993) and Edwards and Harris (1977) estimated that 

root respiration contributed 33% and 35% respectively, of the total CO2 efflux observed 

in deciduous hardwood stands in Tennessee and Massachusetts.  Furthermore, Ewel et al. 

(1987b) in an examination of efflux rates from soils in both 9 and 29 year-old slash pine 

plantations in Florida estimated that 51% of the efflux in the 9 year-old stand and 62% in 

the 29 year-old stand was attributable to root respiration. 

Other factors that interact to affect soil CO2 efflux after harvesting include the 

degree of soil disturbance, changes in soil temperature and moisture levels, loss of fresh 

litter inputs, additions of slash, decomposition of root systems, and changes in nutrient 

dynamics (Bowden et al. 1993, Burger and Pritchett 1984, Edwards and Ross-Todd 1983, 

Mallik and Hu 1997, Matson and Vitousek 1981, Pietikäinen and Fritze 1995).  Forest 

floor and soil disturbance was shown to increase CO2 efflux in study by Mallik and Hu 

(1997) where organic matter was mixed into the mineral soil.  This was in contrast to 

decreases in efflux rates as observed by Mallik and Hu (1997) and Striegl and Wickland 

(1998) where the forest floor and organic matter were severely disturbed and either 

partially or completely removed from the soil surface.  Site preparation techniques that 

incorporate prescribed burning have been shown to reduce microbial biomass and activity 

compared to non-burned sites (Pietikäinen and Fritze 1995, Weber 1990).  Furthermore, 

harvesting can influence soil temperature and moisture due to the removal of the forest 

canopy and litter layer, and the resulting changes in evapotranspirational demand.  Soil 

temperatures are often observed to be higher in harvested tracts during summer months 
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and lower during winter compared to soils under forest canopy that are more buffered 

from temperature extremes (Edwards and Ross-Todd 1983, Marra and Edmonds 1996).  

However, changes in soil moisture due to harvesting are less predictable with some 

harvested sites experiencing decreases in moisture in soil surface horizons (0-15 cm) 

compared to uncut sites, some experiencing increases, and others experiencing increased 

moisture at depth with pronounced drying at the soil surface (Edwards and Ross-Todd 

1983, Ewel et al. 1981, Londo et al. 1999).  Finally, the deposition of logging slash and 

decay of root biomass on harvested sites influences microbial activity and decomposition 

rates by changing soil temperature/moisture levels and providing easily decomposable 

carbon substrates for soil microbes (Bowden et al. 1993, Edwards and Ross-Todd 1983, 

Ewel et al. 1981, Mattson and Swank 1989).  Given that many factors affecting soil CO2 

efflux differ substantially across harvesting sites and environmental gradients, their 

interaction and effect on efflux rates is examined in a detailed review of numerous field 

studies in the following text. 

 

Harvesting Effects on CO2 Efflux - Studies from Tropical and Temperate Deciduous 
Forest Biomes 
 

Ewel et al. (1981) observed the effects of harvesting on CO2 efflux rates in a nine 

year-old Costa Rican tropical evergreen forest and reported that rates were higher from 

harvested plots with slash present than from nearby soil under 70 year-old forest cover.  

They also observed rates from plots where slash was burned and noted that rates did not 

differ between the burned and non-disturbed forest plots (Ewel et al. 1981).  

CO2 efflux was observed by Edwards and Ross-Todd (1983) to be initially higher 

in harvested compared to control watersheds during the winter months in a deciduous 



 33

forest in Tennessee, but during the first growing season rates were higher in control 

watersheds.  They concluded that the decrease in CO2 efflux from harvested plots during 

the first growing season was largely due to a lack of root respiration.  The initial high 

efflux rates observed in harvested watersheds during the winter were attributed to soil 

disturbance during harvest.  In addition, they observed that watersheds with saw-log only 

harvesting had growing season efflux rates higher than clear-cut watersheds, but lower 

than controls.  Furthermore, soil temperature was observed to be higher in harvested plots 

during the summer and lower in the winter compared to controls.  Soil surface moisture 

was noted to be lower in the harvested watersheds compared to controls during the 

summer months, but at 15 cm soil depth, the harvested watersheds had higher soil 

moisture due to low evapotranspiration losses.  Finally, in an effort to separate microbial 

from root respiration effects, soils without roots from each watershed were incubated at 

temperature and moisture levels present in each watershed during the growing season.  It 

was observed that mineral soils from harvested watersheds had the highest respiration 

rates during the incubation periods.  This was attributed to higher soil temperature and 

moisture levels in the top 15 cm of soil in the harvested plots.  Thus, it is probable that 

the lower CO2 efflux rates observed in the harvested watersheds due to less root 

respiration was partially offset by higher microbial respiration (Edwards and Ross-Todd 

1983). 

Nakane et al. (1986) examined soil respiration rates during the first year after 

clear-felling in a Japanese red pine (Pinus densiflora (Siebold and Zuccarini)) forest.  

They reported that total soil respiration was significantly lower in the year after clear-

felling compared to annual rates observed prior to harvest.  The low post harvest rates 
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were attributed to a lack of root respiration and lower microbial respiration rates.  It was 

observed that soil temperatures were higher and moisture levels lower in the upper A soil 

horizon during the summer after clear-felling compared to the pre-harvest year (Nakane 

et al. 1986).  

Soil CO2 efflux rates were compared by Ewel et al. (1987a) in clear-cut, 9 year-

old, and 29 year-old slash pine plantations.  They observed that annual efflux rates were 

highest in the clear-cut site, with lower annual rates at the 29 year-old site, followed by 

the 9 year-old site, which had the lowest annual CO2 efflux rates.  The high rates in the 

clear-cut site were attributed to high temperatures and rapid decomposition of slash added 

after harvest.  The differences in efflux rates between the 9 and 29 year-old stands was 

attributed to a smaller belowground detritus pool and respiring root biomass in the 9 year-

old stand (Ewel et al. 1987a). 

Mattson and Swank (1989) examined changes in soil CO2 efflux resulting from 

clear-cutting and logging residue removal in hardwood stands located in mountain 

watersheds of western North Carolina.  They reported that there were no significant 

differences in efflux rates between clear-cut watersheds with or without logging residue 

removal.  However, it was noted that both clear-cut watersheds did have significantly 

lower efflux rates compared to an un-cut control watershed.  Furthermore they noted that 

there was no long-term (5-8 years post harvest) change in soil carbon pools.  They 

attributed lower efflux rates in harvested watersheds to less live root biomass and slower 

rates of decomposition of soil detrital carbon pools (Mattson and Swank 1989).      

Toland and Zak (1994) examined CO2 efflux rates in clear-cut northern hardwood 

stands in northern Michigan one year after harvest.  They noted that there was very little 
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difference in annual efflux rates between clear-cut and non-cut plots in two different 

forest sites that were examined.  Furthermore, they observed that mean soil organic C did 

not differ between harvested and intact plots.  They theorized that a decrease in root 

respiration in the harvested plots was offset by increases in microbial respiration (Toland 

and Zak 1994). 

Londo et al. (1999) investigated the effects of harvesting on soil respiration in a 

65 year-old bottomland hardwood forest located in Texas.  They observed CO2 efflux 

rates for a period of 16 months starting the first growing season after harvesting.  They 

reported that average efflux rates were highest in the clear-cut plots, followed by partial 

harvest plots, with non-harvest control plots having the lowest efflux rates.  Efflux rates 

in all three treatments were significantly different from each other.  It was noted that 

respiration rates in incubated mineral soils from each treatment did not significantly 

differ during the 16 month period.  Average soil moisture (volume %) was observed to be 

lower in the clear-cut plots compared to either partial cut or control plots.  Average soil 

temperature in the partial cut and clear-cut plots was between 1-2°C higher than soil 

temperatures in control plots.  They attributed higher efflux rates in harvested plots to 

increased microbial activity, decaying root biomass, and a large increase in herbaceous 

species germination and rooting activity (Londo et al. 1999). 
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Harvesting Effects on CO2 Efflux - Studies from Moist Temperate Coniferous and 
Northern Coniferous Forest Biomes 
 

Gordon et al. (1987) observed that clear-cutting of white spruce stands in interior 

Alaska increased soil CO2 efflux in harvested stands compared to 133 year-old white 

spruce control stands.  The increases were most evident in mid-summer months when the 

highest soil temperatures observed were in cut stands.  The decrease in root respiration in 

harvested stands did not have a detrimental affect on efflux rates as observed in other 

studies (Gordon et al. 1987).          

 The effects of harvesting on soil CO2 efflux rates in Maine mixed hardwood 

stands that had been planted to red pine was examined by Fernandez et al. (1993) in a 

study conducted four years after planting.  Although efflux rates were slightly higher in 

the young red pine stand compared to a nearby mature hardwood stand the difference was 

not significant.  It was observed that the mean soil temperature observed in the red pine 

stand during the field season was approximately 3°C higher than the nearby hardwood 

stand.  It was concluded that harvesting and cover type conversion had no lasting effect 

on soil CO2 efflux rates (Fernandez et al. 1993).    

The effects of clear-cutting on soil CO2 efflux rates in western hemlock/Douglas-

fir stands on the Olympic Peninsula in Washington were examined by Marra and 

Edmonds (1996) in a comparison between harvested sites replanted with Douglas-fir and 

nearby old growth stands.  They observed that over a 13 month observation period 

average soil CO2 efflux rates from the clear-cut site differed little from rates in a nearby 

old growth stand.  They did note seasonal differences with higher soil CO2 efflux rates in 

the clear-cut stand during the summer compared to rates in the old growth.  However, this 

was offset by lower efflux rates in the clear-cut stand during the winter months compared 



 37

to the old growth stand.  They noted that the clear-cut stand had higher average summer 

soil temperatures and lower average winter soil temperatures than the nearby old growth 

stand.  Furthermore, they reported that CO2 efflux rates from decaying coarse woody 

debris did not significantly differ between the clear-cut and old growth stand for any of 

five different decay classes examined (Marra and Edwards 1996).  

Mallik and Hu (1997) examined soil CO2 efflux rates in a boreal/mixed hardwood 

forest in Ontario two years after it was harvested and subjected to varying site preparation 

treatments.  They observed that the highest efflux rates were in plots that had been clear-

cut followed by mixing of organic matter with mineral soil and these rates were 

significantly higher than plots that had been clear-cut followed by organic matter removal 

where the lowest observed efflux rates occurred.  The efflux rates they observed in the 

clear-cut without site preparation and non-cut plots were intermediate between the two 

aforementioned treatments and they did not significantly differ from each other.  Soil 

moisture was observed to be highest in the un-cut plots and lowest in plots that had been 

clear-cut with organic matter removal.  They noted that soil temperatures over the five 

month measuring period were similar in all three harvested treatments, while soil 

temperatures in un-cut plots were consistently lower than harvest treatments.  

Furthermore, in an analysis of soil organic matter percentage between the treatments, 

they reported that the highest percentage was observed in the un-cut plots, followed by 

the clear-cut only plots, clear-cut and mixed organic matter plots, and clear-cut with 

organic matter removal which had the lowest percentage of soil organic matter.  They 

attributed differences in CO2 efflux rates between treatments to changes in organic matter 

percentage, microbial activity, and root respiration losses (Mallik and Hu 1997). 
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 Lytle and Cronan (1998) examined the effects of clear-cutting on CO2 efflux rates 

in a spruce-fir forest growing on poorly drained soils in Maine.  They reported that clear-

cut plots had higher efflux rates than non-cut reference plots during the months of May 

through November of the first year after harvest.  They observed that soil temperatures 

were on average 1°C higher in harvested plots compared to non-cut.  They did not report 

any moisture data for this study.  Furthermore, they noted that litter decomposition rates 

did not differ between the clear-cut and non-cut portions of the stand.  Thus, they 

attributed higher rates of CO2 efflux in the harvested portions of the stand to 

decomposition of root biomass.  Efflux rates in the harvested plots did not seem to be as 

heavily impacted by root respiration losses as rates in other studies have (Lytle and 

Cronan 1998).  

The effects of clear-cutting soil CO2 efflux was investigated by Striegl and 

Wickland (1998) in a jack pine woodland located in Saskatchewan, Canada.  During the 

first year after harvest, CO2 efflux rates were 40% lower in the clear-cut portion of the 

stand compared to the undisturbed portion.  The reduction in efflux rates from the 

harvested portion of the stand was attributed to root death and reduction in microbial 

activity due to destruction and removal of ground cover (Striegl and Wickland 1998). 

 

Studies of Microbial Response to Harvesting and Prescribed Burning 

 Many studies of microbial response to harvesting and burning treatments have 

generally observed decreases in microbial biomass and activity.  An in-depth analysis of 

the effects of clear-cutting on soil organisms was performed by Bääth (1980), Lundgren 

(1982), and Sohlenius (1982) on harvested plots in a 120 year-old Scots pine (Pinus 
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sylvestris L.) forest in Central Sweden.  The site they studied had a mean annual 

temperature of 3.8 C°, snow cover for 5 months of the year, a dry dwarf shrub understory 

with lichen/moss, and soils of sandy glacial-fluvial origin.  Bääth (1980) observed that 

fungal biomass was lower throughout the soil profile in harvested plots compared to the 

120 year-old control plots in these stands.  It was noted that fungal biomass did not seem 

to be affected by the amount of slash that was left on harvested plots.  A large percentage 

of the decrease in fungal biomass was attributed to the death of pine roots and the 

associated decrease in root exudates and mycorrhizal fungal biomass (Bääth 1980).  

Lundgren (1982) noted that the clear-cutting initially resulted in increases in bacterial 

biomass, but by the third year bacterial biomass had decreased to levels lower than the 

non-cut 120 year-old control plots.  Furthermore, it was observed that clear-cut plots with 

slash additions had higher bacterial biomass than clear-cut plots without slash additions 

(Lundgren 1982).  Sohlenius (1982) observed that clear-cutting produced temporary 

increases in populations of nematodes during the second year after harvest, especially in 

plots with slash additions.  It was noted that populations of rotifers and tardigrades in 

harvested plots increased compared to controls in the second year after forest, but 

thereafter declined to levels comparable to control plots.  Higher numbers of each type of 

organism were observed in plots with slash additions (Sohlenius 1982).   

 Seastedt and Crossley (1981) monitored microarthropod populations in southern 

Appalachian watersheds one year after they were clear-cut via cable yarding.  They noted 

that microarthropod populations were approximately 50 % lower in the clear-cut 

watershed compared to an un-cut reference watershed.  They attributed lower population 
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levels to higher summer temperatures in the harvested plots that increased mortality in 

microarthropod populations (Seastedt and Crossley 1981). 

 Microbial processes in a harvested mixed conifer and hardwood forest in Ontario 

were monitored by Hendrickson et al. (1985) during the first growing season after 

harvest.  They observed that microbial CO2  efflux from the forest floor was significantly 

lower in harvested plots compared to control plots.  However, it was noted that CO2 

efflux rates in the mineral soil did not significantly differ between treatments.  In 

addition, bacterial populations were observed to increase in both the forest floor and 

mineral soil of harvested plots compared to controls (Hendrickson et al. 1985). 

 Ahlgren and Ahlgren (1965) examined the effects of prescribed burning in jack 

pine forests in Minnesota and observed that soil microorganism activity decreased after 

burning, but the first post-burn rainfall resulted in a sharp increase in activity compared 

to unburned tracts.  They attributed the sharp increase to leaching of ash materials into 

the soil profile.  During the second year after burning, the activity of soil microorganisms 

in burned tracts was observed to be lower than unburned tracts.  Furthermore, they 

reported that CO2 efflux rates from soil samples in burned tracts was lower than efflux 

rates from soil samples in pre-burn and unburned tracts (Ahlgren and Ahlgren 1965). 

 The effect of cutting and burning in young aspen stands was examined by Weber 

(1990) in eastern Ontario.  It was noted that CO2 efflux rates in cut and burned treatments 

were lower than untreated controls during the first two growing seasons after treatment.  

However, by the third year there was little difference in efflux rates between treatments.  

It was also observed that soil temperatures were higher and soil moisture lower in cut and 

burned plots compared to controls (Weber 1990). 



 41

 Fritze et al (1993) examined the recovery of microbial biomass in Scots pine 

stands located in Finland that had received prescribed burning treatments.  They reported 

that it took 12 years for microbial biomass carbon:organic biomass carbon and microbial 

nitrogen:total nitrogen ratios to recover to stable levels observed in non-burned stands 

(Fritze et al. 1993). 

In a separate examination of clear-cutting and prescribed burning in Norway 

spruce stands in northern Finland, Pietikäinen and Fritze (1995) noted that both clear-

cutting and clear-cutting with burning reduced microbial biomass carbon compared to an 

untreated control stand.  Furthermore, they noted that fungal biomass was also reduced 

by both clear-cutting and clear-cutting with burning treatments.  It was also noted that the 

most severe decreases in microbial and fungal biomass were in clear-cut plots that were 

burned (Pietikäinen and Fritze 1995). 
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PART 2 -  ROOT DEVELOPMENT IN  LOBLOLLY PINE AND OTHER 
CONIFER SPECIES 
 
Influence of Fertilization on Root Growth 

As stated previously, the application of nitrogen and phosphorus fertilizer has 

been shown to increase the productivity of loblolly pine plantations under intensive 

management, especially on nutrient limited sites (Adams et al. 1989, Albaugh et al. 1998, 

Haywood et al. 1997, Vose and Allen 1988).  Increased nitrogen availability allows for 

higher photosynthetic capacity, higher leaf area, and increased photosynthate production 

in crop trees (Kozlowski and Pallardy 1997).  Likewise, phosphorus is often deficient in 

many soils, especially sandy coastal plain sites in the southeastern United States, and its 

application often produces large increases in productivity (Adams et al. 1989 Sword et al. 

1996).   

While the fertilization of plantation forests usually produces increases in leaf, 

branch, stem, and root biomass compared to unfertilized stands, it has been observed that 

in some instances the partitioning of photosynthate in fertilized stands has been 

disproportionately allocated to aboveground growth, resulting in decreased root:shoot 

ratios in fertilized compared to unfertilized trees (Adams et al. 1989, Albaugh et al. 1998, 

Axelsson and Axelsson 1986, Griffin et al. 1997, Haynes and Gower 1995, Maier and 

Kress 2000, Ryan et al. 1996).  Additionally, while increases in coarse root biomass with 

fertilization has been observed in many studies, fine root biomass has often been 

observed to decrease or remain unchanged by fertilization (Adams et al. 1989, Ahlström 

et al. 1988, Albaugh et al. 1998, Axelsson and Axelsson 1986, Haynes and Gower 1995, 

Ryan et al. 1996).  Both the decreases in fine root biomass and lower relative carbon 

partitioning to root biomass in some fertilized stands has been attributed to the 
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optimization of carbon resources with some conifers favoring shoot growth in situations 

where soil nutrients do not limit growth (Dewar et al. 1994, Eissenstat and Van Rees 

1994).  Finally, it should be noted that fertilization, nitrogen availability, and drought 

have been observed to affect the longevity and turnover rate of fine root biomass, which 

in turn affects the total amount of carbon that is allocated to root systems on an annual 

basis (Aber et al. 1985, Eissenstat and Van Rees 1994, Nadelhoffer et al. 1985, Schoettle 

and Fahey 1994).  Due to the fact that roots respond differently to fertilization depending 

on species, site, and stand age, a detailed review of a number of studies examining the 

effects of fertilization are reviewed in the following text. 

 

Effects of Fertilization on Root Growth - Seedling Studies 

 Philipson and Coutts (1977) examined the response of sitka spruce (Picea 

sitchensis (Bong.) Carr.) seedling roots to fertilization with nitrogen, phosphorus, and 

potassium.  They observed that overall root growth was stimulated by the application of 

nitrogen and phosphorus, with potassium having no affect on root growth.  Furthermore, 

in an examination of split root systems for individual seedlings, it was observed that the 

enhanced root growth in fertilized sections was at the expense of root growth in non-

fertilized sections where root growth decreased.  It was concluded that the seedlings 

shifted carbon allocation patterns, preferentially partitioning carbon to roots growing in 

the high nutrient environment (Philipson and Coutts 1977). 

 The effect of nitrogen availability on root growth in Douglas-fir seedlings was 

observed by Friend et al. (1990), in a study where the split root systems of individual 

seedlings were grown in different rooting volumes subjected to high and low nitrogen 
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levels.  It was noted that seedlings under nitrogen stress experienced small reductions in 

fine root growth and large decreases in foliage growth compared to non-stressed 

seedlings.  As noted in the Philipson and Coutts (1977) study it was observed that fine 

root growth was high in the high nitrogen soil microenvironments compared to low 

nitrogen microenvironments were fine root growth was low (Friend et al. 1990).     

 Griffin et al. (1997) examined the effect of low, medium, and high nitrogen 

additions on the growth of loblolly and ponderosa pine seedlings grown in greenhouse 

conditions.  They observed that the total biomass of loblolly seedlings increased from the 

low to medium nitrogen treatments, but that total biomass was lowest under the high 

nitrogen treatment.  It was further noted that loblolly pine root biomass was highest in the 

medium nitrogen treatment with the lowest root biomass being observed in the high 

nitrogen treatment.  The root:shoot ratio in the loblolly pine seedlings was noted to be 

lower in the medium nitrogen treatment where the highest total seedling biomass was 

observed.  For ponderosa pine seedlings both total seedling biomass and root biomass 

were observed to be much lower in the medium and high nitrogen treatments compared to 

the amount of biomass observed in the low nitrogen treatment.  The growth reductions in 

the medium and high nitrogen treatment levels for each seedling respectively, were 

attributed to nitrogen toxicity.  It was further observed that the effects of nitrogen toxicity 

were partially alleviated when the seedlings were grown at higher than ambient 

atmospheric CO2 concentrations (Griffin et al. 1997). 
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Effects of Fertilization on Root Growth - Studies of Early to Middle Rotation 
Fertilization: 
  

The effects of pre-plant phosphorus fertilization in a loblolly pine plantation 

growing in the coastal plain of North Carolina were observed by Adams et al. (1989) 

eleven years after planting.  They noted that while growth in aboveground biomass was 

significantly increased with phosphorus fertilization, there was no change in fine root 

biomass compared to non-fertilized plots.  Furthermore, they reported that there was no 

change in rooting density with phosphorus fertilization (Adams et al. 1989). 

Sword (1998) examined the effects of fertilization on lateral root growth in a          

nine year-old loblolly pine plantation located in the coastal plain of Louisiana in plots 

that had been thinned and fertilized with urea, triple super phosphate, and potash 

fertilizer.  It was observed that fertilized plots had higher productivity, greater shoot and 

fascicle expansion, enhanced lateral root elongation and larger lateral root diameters than 

non-fertilized plots.  Stand density had no significant effect on lateral root growth and 

there was no observed fertilization by density interaction in regard to root growth (Sword 

1998). 

 The response of loblolly pine to fertilization was examined by Albaugh et al. 

(1998) in an eight year-old loblolly pine plantation growing in nutrient poor soils in the 

sandhills of North Carolina.  They observed increases in total biomass production, 

aboveground biomass production and coarse root production in fertilized plots compared 

to controls.  Fine root production was noted to decrease in fertilized plots, and while 

root:shoot ratios decreased for both fertilized and non-fertilized trees over the study 

period, there was not a significant difference between root:shoot ratios of fertilized and 

non-fertilized trees (Albaugh et al. 1998). 
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 Maier and Kress (2000) examined the growth response of loblolly pine roots in a 

11 year-old plantation four years after fertilization, on sites located near the same 

experimental area examined in the study by Albaugh et al. (1998).  It was observed that 

total root biomass was higher in fertilized plots compared to non-fertilized.  Small 

diameter root biomass (< 5 mm) was noted to be lower in fertilized plots, and large 

diameter root biomass (> 15 mm) was higher in fertilized plots.  They reported that there 

was no observed difference in root biomass between fertilized and non-fertilized plots for 

roots in the medium (5-15 mm) category (Maier and Kress 2000).    

 
Effects of Fertilization on Root Growth - Studies of Middle to Late Rotation 
Fertilization 
 
 The influence of fertilization on carbon allocation in a 20 year-old Scots pine 

experimental forest in Sweden was examined by Axelsson and Axelsson (1986), 10 years 

after fertilization began.  It was noted that fertilization produced large increases in total 

dry matter production compared to control treatments.  Although coarse root production 

was observed to be higher in fertilized treatments, fine root production remained 

unchanged.  Furthermore, they noted that a large percentage of the increased production 

due to fertilization was allocated to aboveground biomass and root:shoot ratios in 

fertilized trees were observed to decrease (Axelsson and Axelsson 1986). 

 Ahlström et al. (1988) examined the effect of nitrogen fertilization on rooting 

patterns in a 130 year-old Scots pine stand that had been fertilized for 3 years before final 

root biomass measurements were noted.  They reported that fine root biomass was higher 

in both the unfertilized control and liquid fertilization treatments compared to either of 

two solid fertilizer treatments.  Furthermore, average fine root length was highest in the 
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liquid fertilizer treatment, followed by the control treatment, with the solid fertilizer 

treatments having the lowest average fine root length.  Rooting density was observed to 

be similar in the control and solid fertilizer treatments, and the liquid fertilizer treatment 

was noted to have a low average fine root density compared to other treatments.  An 

examination of fungal mycorrhiza revealed that mycorrhizal associations were quite high 

in the control treatment, but were nearly absent in all three of the fertilizer treatments.  

Finally, it was also noted that the number of root tips per fine root length were much 

higher in the control treatments compared to any of the fertilizer treatments (Ahlström et 

al. 1988). 

The effect of fertilization on belowground carbon allocation was observed by 

Haynes and Gower (1995) in a 31 year-old red pine plantation in Northern Wisconsin.  

They observed that both coarse and fine root production were lower in plots that had been 

fertilized.  Furthermore, they noted that belowground carbon allocation was lower in 

fertilized plots and root:shoot ratios were estimated to have decreased in fertilized trees 

(Haynes and Gower 1995).    

Ryan et al. (1996) observed the growth response of 20 year-old Monterey pine to 

fertilization and irrigation treatments that were begun when the stand was 10 years old.  

They noted that fertilized and irrigated trees had higher total carbon assimilation than 

either control or irrigated only trees.  However, total belowground carbon allocation was 

estimated to be lowest in the fertilized and irrigated trees.  While coarse root production 

was observed to be higher in fertilized and irrigated trees, fine root production in 

fertilized and irrigated trees was estimated to be lower than control or irrigation only trees 

(Ryan et al. 1996). 
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Influence of Mulching Treatments on Root Growth: 

The application of mulching treatments around newly planted seedlings has been 

shown to improve seedling survival and growth by increasing the moisture status of soils 

and preventing the establishment of competing vegetation (Gupta 1991, Haywood et al. 

1997, Walker and Mclaughlin 1989).  Additionally, mulching acts to buffer the soil from 

changes in air temperature and differences in soil temperature with mulching treatments 

may affect rooting activity and growth.  For example, Vapaavuori et al. (1992) in an 

examination of root growth and temperature noted that root growth in pine and spruce 

seedlings was inhibited at soil temperatures below 10°C.  Furthermore, they reported that 

as root temperatures increased up to 20°C, a nearly exponential increase in root growth 

was observed.  Another study of root temperature and growth by Anderson et al. (1986) 

found that root growth in red pine seedlings was positively correlated with soil 

temperature across a range of growing conditions from 8 to 20°C.  While a change in soil 

temperature with mulching has the potential to affect root growth, studies have reported 

both higher and lower soil temperatures under mulching treatments.  Moreover, these 

changes have been observed to be highly variable depending on the season of the year 

and the type/amount of mulch used (Flint and Childs 1987, Mbagwu 1991, Truax and 

Gagnon 1993, Yunusa et al. 1994). 

In contrast to the observed variation in soil temperature, soil moisture has 

repeatedly been observed to increase in response to mulching treatments (Haywood et al. 

1997).  Increased soil moisture with mulching is attributed to reductions in both soil 

surface evaporation and evapotranspiration losses from competing vegetation (Gupta 

1991, Walker and Mclaughlin 1989).  With regard to root growth, Hallgren et al. (1991) 
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in an examination of fine root growth of loblolly pine seedlings in response to drought 

conditions, observed that root biomass was significantly lower in water stressed seedlings 

compared to non-stressed seedlings.  A similar study by Torreano and Morris (1998) 

observed stem volume and root growth reductions of 46% and 41% respectively in 

loblolly pine seedlings exposed to water stress compared to seedlings growing in soil 

watered weekly to field capacity.  Additionally, rooting potential is greater in soils where 

mechanical resistance to root growth is reduced due to increased soil moisture and lower 

soil strength (Costantini et al. 1996, Greacen and Sands 1980). 



 50

CHAPTER 2 
 

EFFECTS OF FERTILIZATION, MULCHING, AND SEEDLING ROOTS ON 
SOIL CO2 EFFLUX IN A TWO-YEAR-OLD LOBLOLLY PINE (Pinus taeda L.)  

PLANTATION IN THE VIRGINIA PIEDMONT. 
 

 
INTRODUCTION 

 
The rate at which carbon is sequestered or mobilized from forest ecosystems is of 

particular interest to forest researchers and managers in light of society's concern over 

increasing levels of greenhouse gases in the atmosphere (Rotter and Danish 2000).  In 

intensively managed forest ecosystems, forest researchers and managers are currently 

studying the effects of varying silvicultural and harvesting practices on the carbon 

dynamics of differing sites.  

 Fertilization is a common silvicultural technique that is used to increase 

production on sites that are nutrient limited by soil conditions and harvesting practices.  

While the addition of fertilizer often alleviates stand nutrient deficiencies and has the 

potential to enhance carbon sequestration, the practice can affect carbon allocation in 

forest stands.  This change can potentially affect the amount and turnover rate of total 

root biomass with associated changes in root respiration rates, root necromass, and 

overall soil CO2 efflux (Hanson et al. 2000, Nadelhoffer et al. 1985, Raich and 

Nadelhoffer 1989).  Furthermore, fertilization may also influence the activity of nutrient 

limited soil organisms, especially in situations where productivity changes may affect the 

amount of easily decomposable carbon materials in the forest floor and soil (Foster et al. 

1980, Raich and Nadelhoffer 1989, Raich and Schlesinger 1992, Singh and Gupta 1977, 

Van Cleve and Moore 1978).  A seedling study by Griffin et al. (1997) observed that 

nitrogen fertilization of loblolly pine seedlings produced an increase in total root 
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respiration, aboveground biomass, and belowground biomass while decreasing both the 

specific root respiration rate and the root:shoot ratio of seedlings.  In studies conducted in 

older stands, significant increases in aboveground biomass were noted by Adams et al. 

(1989) and Albaugh et al. (1998) in fertilized 9 and 11year-old loblolly pine stands 

growing on nutrient limited soils in North Carolina.  Maier and Kress (2000) observed 

higher total root biomass in fertilized plots of 11 year-old loblolly pine growing at the 

same site for which Albaugh et al. (1998) reported their findings.  Additionally, Maier 

and Kress (2000) reported that while fertilization increased large diameter root biomass, 

small diameter root biomass was observed to be lower compared to non-fertilized 

portions of the stand.  Haynes and Gower (1995) observed that while fertilization in a 31 

year-old Wisconsin pine stand increased aboveground biomass, both belowground carbon 

allocation and root growth was lower compared to non-fertilized trees.  Nitrogen 

fertilization was observed to decrease microbial activity in a number of studies reviewed 

by Fog (1980) and more importantly Castro et al. (1994), Haynes and Gower (1995), and 

Mattson (1995) observed that soil CO2 efflux rates were unaffected or actually reduced in 

stands that had been fertilized with nitrogen.  Finally, the influence of root biomass on 

soil CO2 efflux rates is considered to be quite large and many studies have estimated that 

root respiration represents between 10% to 90% of observed soil CO2 efflux depending 

on the ecosystem examined (Hanson et al. 2000, Raich and Tufekcioglu 2000, and 

Schlesinger 1977).    

With regard to environmental effects on soil respiration, Raich and Tufekcioglu 

(2000) and Rustad et al. (2000) report that temperature and moisture were the two most 

influential factors affecting the respiration rate of roots and soil organisms.  Temperature 
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and precipitation are considered the most influential environmental factors affecting soil 

CO2 efflux rates because they interact to influence the productivity of terrestrial 

ecosystems and the decomposition rate of detritus/soil organic carbon (Raich and 

Schlesinger 1992, Schlesinger 1977, Singh and Gupta 1977).  Raich and Schlesinger 

(1992) in an analysis of a large number of previous studies stated that soil respiration 

rates were well correlated with both mean annual air temperature and mean annual 

precipitation level.  Additionally, they concluded that temperature alone accounted for 

the majority of the predictive power of several soil CO2 efflux regression models that 

they developed (Raich and Schlesinger 1992).   

Changes in soil temperature and moisture are two commonly observed results in 

studies that examine the affect of silvicultural practices that utilize mulching around 

newly planted seedlings.  Mulching has been shown to improve seedling survival and 

growth by increasing the moisture status of soils and preventing the establishment of 

competing vegetation (Gupta 1991, Haywood et al. 1997, Walker and McLaughlin 1989).  

The effect on soil temperature due to mulching is varied with studies reporting both 

higher and lower soil temperatures due to mulching treatments (Flint and Chills 1987, 

Mbagwu 1991, Truax and Gagnon 1993, Yunusa et al. 1994).            

In this study, we investigated the effects of early rotation fertilization on soil 

respiration, root respiration, and root development in a two-year-old loblolly pine 

plantation growing in the Virginia Piedmont.  Additionally we attempted to assess the 

influence of varying temperature and moisture differences on soil CO2 efflux rates and 

seedling growth.  This was achieved by comparing differences across the study site on a 
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daily and seasonal basis and through the application of a mulching treatment to a portion 

of the study.  The specific objectives of this study are as follows: 

 
 
1.  Determine effects of fertilization, mulching, soil temperature, soil moisture, and 
seedling growth on soil and root respiration. 
 
2.  Determine the seasonal patterns of soil CO2 efflux rates. 
 
3.  Examine the effects of fertilization and mulching on seedling growth and carbon 
allocation. 
 
4.  Examine the influence of root respiration on total soil CO2 efflux rate. 
 
5. Examine the relationship of daily and seasonal soil CO2 efflux rates with regard to soil 
temperature, soil moisture, and the location of respiring root biomass of seedlings. 
 
 

SITE AND MATERIALS 

Study site 

Our research was conducted in a loblolly pine plantation located in Buckingham 

County Virginia (37° 34' 56" N, 78° 26' 55" W) on industrial forestland owned by the 

Westvāco Corporation.  The previous loblolly pine stand was clear-cut in 1995 at age 29 

and the current stand was planted in early 1998 after a chop and burn site preparation 

which included herbicide treatments of imazapyr (Arsenal®) and metsulfuron methyl 

(Escort®) in the spring of 1998 and 1999.  Site productivity based on the previous stand's 

growth was calculated at 55 ft (16.7 m) at 25 years for loblolly pine.  The site is well 

drained with an average slope of 5% or less, an S-SW aspect, and soil that is mapped as a 

Cecil soil series having a typical profile classification of a clayey kaolinitic thermic typic 

hapludult.  The A horizon is loamy textured with a depth ranging from 10 to 20 cm.   A 

clay Bt horizon extends on average to a depth of 100 cm.  Clay BC and C horizons extend 
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to a depth of over 150+ cm.  The surface horizon(s) contains a high percentage of coarse 

fragments (15-35% by volume) which are present in the profile to a depth of 20-30 cm.  

The site averages 1067 mm of precipitation, an average growing season temperature of 

20.7ºC from April through September, an average winter temperature of 3.3ºC from 

December through February, and a frost free period of roughly 180 days ranging from 

mid-April through early October (Westvāco Corporation, unpublished data). 

 

Treatments applied 

During early March 1999, 60 seedlings were randomly selected for the study with 

seedlings having obvious poor form or serious damage being excluded.  At each seedling 

a pair of 1.22 m2 plots were established, one at the seedling base and a second 

approximately 1.22 m away from the base of each seedling.  Plots located away from 

seedlings were used to analyze the effects of treatments on soil processes with seedling 

roots excluded.  The study used a randomized complete block design (15 blocks) with a 

split plot, utilizing a factorial combination of 4 treatments.  To each pair of plots one of 

four treatment combinations were randomly applied including no treatment (control), 

fertilization only, mulch only, and fertilization with mulching.  For fertilized plots a 

combination of 7.5 g diammonium phosphate and 42 grams ammonium nitrate was 

applied to achieve a application rate of 115 kg ha-1 for nitrogen and 11.5 kg ha-1 for 

phosphorous.  For mulched plots, black landscape cloth was installed and fertilization 

treatments were applied prior to installation of the mulch treatment.  All plots were 

treated with a broadcast application of glyphosate (Round-Up®) herbicide in April and 

September 1999 to control competing woody and herbaceous vegetation.  Competing 
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vegetation was also controlled via mechanical removal and all pine seedlings were treated 

with acephate (Orthene®) to control Nantucket pine tip moth (Rhyacionia frustrana 

Comstock).  Finally, all seedlings were measured for initial heights and diameters to the 

nearest 1 mm for height and nearest 0.1 mm for diameter.     

 

Soil CO2 efflux, temperature, and moisture measurements 

 On a monthly basis soil CO2 efflux, soil temperature, and soil moisture was 

measured across all 120 plots, starting in the A.M. and continuing until all plots were 

sampled (sampling dates are provided in Table 2.1).  The time of day when sampling was 

performed was used as a blocking variable in the analysis of data.  For each monthly 

sampling period a complete set of treatment combinations was measured followed by 

another set until all 15 replications were completed.  Blocking by replication and time of 

day served to minimize external influences on CO2 efflux rates that were not easily 

attributed to soil temperature or moisture.  Soil CO2 efflux was measured using a Licor® 

6200 (Lincoln, NE.) infrared gas analyzer and dynamic closed cuvette chamber system 

(Janssens et al. 2000).  At each plot, a 20.3 cm diameter cuvette base ring was installed 

on the soil surface to a depth of 3 cm.  In plots with seedlings cuvette base rings were 

positioned approximately 5 cm from seedling stems.  The cuvette chamber was 

constructed using a 20.3 cm internal diameter end cap fitted with a foam gasket to insure 

a reliable seal with cuvette base rings.  The PVC end cap was fitted with a gas sampling 

and return ports creating a closed chamber system with an internal volume of 4150 cm3.  

CO2 efflux rates in µmol m-2 s-1  were measured over 30 s sampling periods and 

calculated to the nearest 0.01 µmol m-2 s-1 using the following equation; 
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Soil CO2 efflux (µmol m-2 s-1) = [(∆C/∆T) (PVt/RT)] ÷ surface area of soil 

 
where C = CO2 concentration, T = time, P = atmospheric pressure, Vt  = system volume, 

R = universal gas constant, and T = temperature. 

 

Soil temperature to the nearest 0.1°C in each plot was recorded in conjunction 

with CO2 efflux measurements using thermocouples that were installed to a depth of 7 

cm.  Soil moisture content (volume %) for each plot was also recorded to the nearest 0.1 

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

Golena, CA.) to a depth of 30 cm (Topp and Davis 1985).  In addition to monthly 

sampling, a diurnal sampling session was conducted in June 1999. 

 

Final Harvest 

 At the end of the study period in March 2000, 32 seedlings were selected for 

destructive harvesting.  All of the odd numbered blocks in the study (total of 8) were 

harvested in an effort to sample the variability in growth observed across the study site.  

Prior to harvest height and diameter measurements of seedlings was recorded.  Seedlings 

were harvested and separated into the following tissue categories for later analysis: fine 

root (< 2 mm), medium root (2-5 mm), coarse root ( > 5 mm), stem, branch, and foliage.  

Seedlings were dried for 1 month at 65°C before dry weight was recorded for each tissue 

category to the nearest 0.1 g.  
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Statistical Analysis 

 Treatment effects on soil CO2 efflux, temperature, and moisture were analyzed 

utilizing ANOVA using a randomized complete block design with a split plot factor 

(Steel et al. 1997).  Treatment effects were tested for significance at  p = 0.05.  

Differences in means were tested using Tukey's HSD at a significance level of  p = 0.05.  

Significant treatment interactions were reported at  p = 0.10.  In a separate covariate 

analysis of treatment effects on CO2 efflux, temperature was included as a covariate 

(Steel et.al. 1997).  To analyze treatment effects on growth and biomass ANOVA using a 

completely randomized block design was utilized with significant treatment affects and 

mean differences being tested at  p = 0.05.  Additionally, initial seedling volume was 

included as a covariate in an ANOVA to isolate treatment affects on growth from the 

influence of initial seedling size.  The relationship between CO2 efflux rates and soil 

temperature, moisture, and seedling (plot) position were analyzed using regression 

analysis (Neter et al. 1996).  All statistical analyses were performed using SAS software 

(SAS Institute, Cary, NC).            

 

RESULTS 
 
Treatment effects on soil CO2 efflux, temperature, and moisture 

Soil CO2 efflux rates were observed to be significantly higher (p ≤ 0.05) near the 

base of seedlings compared to mean efflux rates measured away from seedlings during 

each of 13 monthly sampling periods (Figure 2.1).  CO2 efflux rates near seedlings ranged 

from a mean high of 2.82 µmol m-2 s-1 during July to a low of 0.19 µmol m-2 s-1 during  
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Figure 2.1  Mean soil CO2 efflux rates in µmol m-2 s-1 measured during monthly 
sampling periods in plots near and away from seedling bases in a two-year old loblolly 
pine plantation located near Dillwyn, Virginia.  * Significant difference in mean efflux 
rates between near/away plots at  p = 0.05 using Tukey’s HSD.  Error bars represent (+/-) 
1 standard error (n=60). Monthly sampling dates are provided in Table 2.1.       
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January.  Plots away from seedlings averaged their highest mean efflux rates in 

September at 2.23 µmol m-2 s-1 compared to a January rate of 0.10 µmol m-2 s-1.  While 

plots without fertilization had slightly higher CO2 efflux rates early in the growing season 

of 1999, there was not a significant difference (p = 0.05) in mean efflux rates between 

fertilized and non-fertilized plots during any of 13 monthly sampling periods (Figure 

2.2).  Mulched plots had significantly higher mean CO2 efflux rates (p ≤ 0.05) during the 

months of March 1999, May, November, December, and January compared to plots 

without mulch (Figure 2.3).  CO2 efflux rates in plots without mulch were significantly 

higher in September compared to mulched plots (p ≤ 0.05), but this difference was 

confounded by, and partially attributable to enchanted respiration in cuvette measurement 

rings due to the presence of herbaceous growth. 

 With regard to CO2 efflux, a 3-way interaction involving fertilization, mulching, 

and seedling position was observed to be significant (p ≤ 0.10) during the months of 

September, November, January, and March 2000 (Table 2.1).  The same pattern was 

noted for 7 months of the study period, with the highest mean efflux rates being observed 

in plots that were mulched, fertilized, and near seedlings.  However, efflux rates for this 

treatment combination were only significantly different (p ≤ 0.10) from all other 

treatment combinations during the months of November and March 2000.  Additionally, 

a pattern of lowest mean efflux rates was noted during 6 months in plots that were away 

from seedlings and without mulch or fertilization, but was not significantly different from 

the other treatment combinations (p ≤ 0.10) during any month of the study.  The 3-way  
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Figure 2.2  Mean soil CO2 efflux rates in µmol m-2 s-1 measured during monthly 
sampling periods in fertilized and non-fertilized plots in a two-year old loblolly pine 
plantation located near Dillwyn, Virginia.  No significant differences between treatments 
where noted at  p = 0.05 using Tukey’s HSD.  Error bars represent (+/-) 1 standard error 
(n=60). Monthly sampling dates are provided in Table 2.1.       
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Figure 2.3  Mean soil CO2 efflux rates in µmol m-2 s-1 measured during monthly 
sampling periods in mulched and non-mulched plots in a two-year old loblolly pine 
plantation located near Dillwyn, Virginia.  *Treatment means are significantly different 
at  p = 0.05 using Tukey’s HSD.  Error bars represent (+/-) 1 standard error (n=60). 
Monthly sampling dates are provided in Table 2.1.  1September efflux rates in non-
mulched plots are confounded by enhanced respiration in cuvette base rings due to the 
presence of herbaceous growth. 
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Table 2.1  Treatment effects on soil CO2 efflux rates (p-values from ANOVA) due to 
fertilization, mulching, and seedling position in a two-year old loblolly pine clear-cut 
located near Dillwyn, Virginia.  Seedling position refers to plots located either at the 
seedling base or 1.22 m away.   
________________________________________________________________________ 
 
Measurement 
Date 

 

Fertilization (F) 
Treatment 

(p>F) 

Mulching (M) 
Treatment 

(p>F) 

Position (P) 
Treatment 

(p>F) 

Treatment 
Interactions 

(p>F)1 
________________________________________________________________________________________________________________ 

March 19,1999 
 
April 23, 1999 
 
May 26, 1999 
 
June 22, 1999 
 
July 16, 1999 
 
August 19, 1999 
 
September 19,19992 

 

October 28, 1999 
 
November 30, 1999 
 
December 22, 1999 
 
January 19, 2000 
 
February 10, 2000 
 
March 8, 2000 

0.2372 
 

0.0728 
 

0.5322 
 

0.7150 
 

0.3617 
 

0.9514 
 

0.76142 

 

0.7240 
 

0.1615 
 

0.5521 
 

0.2270 
 

0.1031 
 

0.0928 

0.0007 
 

0.1086 
 

0.0133 
 

0.5915 
 

0.7643 
 

0.1782 
 

< 0.00012 

 

0.3547 
 

0.0024 
 

0.0096 
 

0.0223 
 

0.1823 
 

0.7334 

0.0059 
 

0.0140 
 

0.0175 
 

< 0.0001 
 

< 0.0001 
 

< 0.0001 
 

0.03082 

 

< 0.0001 
 

0.0007 
 

< 0.0001 
 

< 0.0001 
 

< 0.0001 
 

< 0.0001 

None 
 

None 
 

None 
 

None 
 

None 
 

None 
 

F×M×P (0.0084)2 

 

None 
 

F×P (0.0009) 
F×M×P (0.0204) 

None 
 

F×M×P (0.0089) 
 

None 
 

M×P (0.0876) 
F×M×P (0.1001) 

___________________________________________________________________________ 
1 Interactions significant at the 0.10 level. 
2 September efflux rates were confounded by the presence of herbaceous growth in 
cuvette measurement rings. 
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interaction during the months of January and September did not reveal any consistent 

pattern in CO2 efflux rates.  Significant fertilization by position and mulching by position 

interactions (p ≤ 0.10) were also noted during the months of November and March 2000 

respectively (Table 2.1).  During November sampling plots that were fertilized and near 

seedlings had higher efflux rates than other treatment combinations.  In March 2000 

measurements plots that were near seedlings and mulched had the highest observed efflux 

rates, while plots away from seedlings that were mulched had the lowest efflux rates. 

 Mean soil temperature at 7 cm was not significantly different (p = 0.05) between 

fertilized and non-fertilized plots during any of the monthly sampling periods (Table 2.2).  

Mean soil temperatures were significantly higher (p ≤ 0.05) under mulched plots during 

the months of June, September, October, November, December, and January.  

Significantly higher soil temperatures in plots without mulching were noted in the months 

of April, July, August, February, and March 2000.  However, a difference in mean soil 

temperature between mulched and non-mulched plots was often quite small, with the 

greatest difference being noted in November at 2.0°C.  Plots near seedlings had 

significantly lower soil temperatures (p ≤ 0.05) during the months of May, June, July, 

August, September, December, February, and March 2000 (Table 2.2).  No significantly 

higher mean soil temperatures near seedlings (p = 0.05) were observed during the study 

period.  The greatest observed mean temperature difference between plots near seedlings 

and plots away was in the months of May and September at 1.5°C.  

 It should be noted that on a monthly basis temperature differences under mulched 

plots did not always correlate with differences in CO2 efflux.  For example, during April 

efflux rates were slightly higher in mulched plots despite mean soil temperatures that 
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Table 2.2  Mean soil temperature by treatment in °C measured at a soil depth of 7 cm in 
a two-year old loblolly pine clear-cut located near Dillwyn, Virginia.  Seedling position 
refers to plots located either at the seedling base or 1.22 m away. 
________________________________________________________________________ 
 
Measurement 
Date 

Mean Soil Temperature °C at 7 cm by Treatment 

__________________           ____________________________________________________________________________________ 

 Fertilization Mulching Position 
                                                           ____________________                  ___________________                  ___________________ 

 Yes No Yes No Near Away 
____________________________________________________________________________________________________________ 
March 19,1999 
 
April 23, 1999 
 
May 26, 1999 
 
June 22, 1999 
 
July 16, 1999 
 
August 19, 1999 
 
September 19,1999 

 

October 28, 1999 
 
November 30, 1999 
 
December 22, 1999 
 
January 19, 2000 
 
February 10, 2000 
 
March 8, 2000 

12.2a1 
 

21.0a 
 

21.2a 
 

19.6a 
 

29.6a 
 

32.7a 
 

21.7a 
 

14.0a 
 

7.6a 
 

5.6a 
 

2.8a 
 

8.4a 
 

19.2a 

12.0a 
 

20.6a 
 

21.0a 
 

19.7a 
 

29.9a 
 

32.9a 
 

22.0a 
 

13.9a 
 

7.4a 
 

5.6a 
 

2.6a 
 

8.5a 
 

19.0a 

12.1a 
 

19.9a 
 

21.1a 
 

20.0a 
 

29.5a 
 

32.3a 
 

22.2a 
 

14.4a 
 

8.5a 
 

6.1a 
 

3.4a 
 

8.3a 
 

18.3a 

12.0a 
 

21.6b 
 

21.2a 
 

19.3b 
 

30.1b 
 

33.2b 
 

21.5b 
 

13.5b 
 

6.5b 
 

5.1b 
 

2.0b 
 

8.6b 
 

19.9b 

12.0a 
 

20.8a 
 

20.9a 
 

19.5a 
 

29.0a 
 

32.2a 
 

21.3a 
 

13.8a 
 

7.6a 
 

5.5a 
 

2.7a 
 

8.2a 
 

18.4a 

12.2a 
 

20.7a 
 

21.4b 
 

19.8b 
 

30.5b 
 

33.3b 
 

22.3b 
 

14.1a 
 

7.4a 
 

5.7b 
 

2.7a 
 

8.8b 
 

19.8b 
________________________________________________________________________ 
1 Means with different letters within treatment categories (example - Fertilization vs. No 
Fertilization) are significantly different using Tukey’s HSD at the 0.05 level.  
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were 1.7°C lower than plots that were not mulched.  In addition, May CO2 efflux rates 

were significantly higher in mulched plots, while mean soil temperature differed by only 

0.1°C from plots without mulch.  However, significantly higher efflux rates in mulched 

plots during November, December, and January were at least partially the result of 

significantly higher soil temperatures.  Additionally, during each of these 3 months 

mulching treatments were found to not be significant (p = 0.05) when temperature was 

included as a covariate in an ANOVA of treatment effects.  This further suggests that 

temperature was one of the main influences causing higher efflux rates in mulched plots 

during these 3 months.  During other months in the study the inclusion of temperature as 

a covariate did not change the significance (p = 0.05) of mulching treatments in regard to 

soil CO2 efflux.  

Fertilization by position treatment interactions with regard to soil temperature 

were significant (p ≤ 0.10) during the months of March 1999, September, October, 

November, January, and February (Table 2.3).  During each of the aforementioned 

months plots that were near seedlings and not fertilized experienced the lowest mean soil 

temperature, but these mean values were not always significantly different (p = 0.10), and 

often the temperature differences were quite small varying from 0.3 to 1.7°C.  During 4 

of these months plots that were away from seedlings and not fertilized experienced mean 

soil temperatures that were the highest.  However, as stated before the differences in 

mean temperature between these interactions was often quite small and not always 

significant.  Significant mulch by position interactions (p ≤ 0.10) involving soil 

temperature were also noted during the months of March 1999 and March 2000 (Table 

2.3). 
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Table 2.3  Treatment effects on soil temperature (p-values from ANOVA) due to 
fertilization, mulching, and seedling position in a two-year old loblolly pine clear-cut 
located near Dillwyn, Virginia.  Seedling position refers to plots located either at the 
seedling base or 1.22 m away. 
___________________________________________________________________________ 
 
Measurement 
Date 

 

Fertilization (F) 
Treatment 

(p>F) 

Mulching (M) 
Treatment 

(p>F) 

Position (P) 
Treatment 

(p>F) 

Treatment 
Interactions 

(p>F)1 
________________________________________________________________________________________________________________ 

March 19,1999 
 
April 23, 1999 
 
May 26, 1999 
 
June 22, 1999 
 
July 16, 1999 
 
August 19, 1999 
 
September 19,1999 

 

October 28, 1999 
 
November 30, 1999 
 
December 22, 1999 
 
January 19, 2000 
 
February 10, 2000 
 
March 8, 2000 

0.3891 
 

0.1320 
 

0.3252 
 

0.1009 
 

0.1720 
 

0.4424 
 

0.3242 

 

0.7220 
 

0.4256 
 

0.7541 
 

0.2677 
 

0.4602 
 

0.6889 

0.5468 
 

< 0.0001 
 

0.5734 
 

< 0.0001 
 

0.0024 
 

0.0012 
 

0.0065 

 

0.0004 
 

< 0.0001 
 

< 0.0001 
 

< 0.0001 
 

0.0247 
 

< 0.0001 

0.2064 
 

0.5165 
 

0.0024 
 

< 0.0001 
 

< 0.0001 
 

 0.0001 
 

< 0.0001 

 
0.1306 

 
0.4385 

 
0.0006 

 
0.7966 

 
 0.0017 

 
< 0.0001 

F×P (0.0031) 
M×P (0.0679) 

None 
 

None 
 

None 
 

None 
 

None 
 

F×P (0.0234) 
 

F×P (0.0064) 
 

F×P (0.0071) 
 

None 
 

F×P (0.0011) 
 

F×P (0.0301) 
 

M×P (0.0131) 
___________________________________________________________________________ 
1 Interactions significant at the 0.10 level. 
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As with soil temperature, there was no significant difference between fertilized 

and non-fertilized plots (p = 0.05) for any month with regard to mean soil moisture 

content (volume %) to a depth of 30 cm (Table 2.4).  Soil moisture was significantly 

higher (p ≤ 0.05) in mulched plots during monthly measurement sessions in April, May, 

June, October, and March 2000.  During the study period mean soil moisture was 

consistently higher in mulched plots with the exception of August and February.  

However, differences in mean soil moisture between mulched and non-mulched plots 

were often small with the greatest difference being noted in March 2000 at 2.2% by 

volume.  With the exception of September mean soil moisture content each month was 

lower in plots located near seedlings, but differences were only significant (p ≤ 0.05) 

during June, July, and August (Table 2.4).  The greatest difference in mean soil moisture 

content between plots near seedlings and plots away was noted in June at 1.8%.  It should 

be noted that soil moisture content and CO2 efflux rates were both higher in mulched 

plots during most months of the study period. 

Fertilization by position treatment interactions involving soil moisture content 

were significant (p ≤ 0.10) during each month with the exception of January (Table 2.5).  

During each of these months plots that were located near seedling bases and fertilized had 

a mean soil moisture content that was lower than any other fertilization by position 

combination.  Additionally, plots that were away from seedlings and fertilized had the 

highest observed mean soil moisture content during each month except for April and 

September.  However, the two aforementioned fertilization by position interactions were 

significantly different (p ≤ 0.10) only from each other during 11 months of the study 
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Table 2.4  Mean soil moisture content by treatment in volume (%) measured to a soil 
depth of 30 cm in a two-year old loblolly pine clear-cut located near Dillwyn, Virginia.  
Seedling position refers to plots located either at the seedling base or 1.22 m away.   
________________________________________________________________________ 
 
Measurement 
Date  

Mean Soil Moisture Content (volume %) by Treatment 

__________________           ____________________________________________________________________________________ 

 Fertilization Mulching Position 
                                                           ____________________                  ___________________                  ___________________ 

 Yes No Yes No Near Away 
____________________________________________________________________________________________________________ 
March 19,1999 
 
April 23, 1999 
 
May 26, 1999 
 
June 22, 1999 
 
July 16, 1999 
 
August 19, 1999 
 
September 19,1999 

 

October 28, 1999 
 
November 30, 1999 
 
December 22, 1999 
 
January 19, 2000 
 
February 10, 2000 
 
March 8, 2000 

17.9a1 
 

11.8a 
 

17.1a 
 

13.0a 
 

13.5a 
 

8.1a 
 

21.6a 
 

16.7a 
 

18.2a 
 

20.7a 
 

17.2a 
 

19.3a 
 

14.1a 

17.9a 
 

12.3a 
 

17.4a 
 

13.6a 
 

14.4a 
 

7.8a 
 

22.2a 
 

17.0a 
 

18.5a 
 

20.9a 
 

15.9a 
 

19.7a 
 

14.9a 

18.5a 
 

12.8a 
 

18.2a 
 

14.0a 
 

14.2a 
 

7.9a 
 

22.0a 
 

17.6a 
 

18.9a 
 

21.0a 
 

17.8a2 
 

19.5a 
 

15.6a 

17.3a 
 

11.3b 
 

16.3b 
 

12.6b 
 

13.7a 
 

8.1a 
 

21.8a 
 

16.1b 
 

17.8a 
 

20.6a 
 

15.5a 
 

19.5a 
 

13.4b 

17.6a 
 

11.8a 
 

16.9a 
 

12.4a 
 

13.2a 
 

7.4a 
 

21.9a 
 

16.6a 
 

17.9a 
 

20.6a 
 

16.6a 
 

19.2a 
 

14.1a 

18.2a 
 

12.3a 
 

17.6a 
 

14.2b 
 

14.7b 
 

8.5b 
 

21.9a 
 

17.1a 
 

18.7a 
 

20.9a 
 

16.7a 
 

19.8a 
 

14.9a 
________________________________________________________________________ 
1 Means with different letters within treatment categories (example - Fertilization vs. No 
Fertilization) are significantly different using Tukey’s HSD at the 0.05 level. 
2 Differences between January treatment means are not significantly different due to 
missing moisture values resulting from equipment failure. 
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Table 2.5  Treatment effects on soil moisture content (p-values from ANOVA) due to 
fertilization, mulching, and seedling position in a two-year old loblolly pine clear-cut 
located near Dillwyn, Virginia.  Seedling position refers to plots located either at the 
seedling base or 1.22 m away.   
___________________________________________________________________________ 
 
Measurement 
Date 

 

Fertilization (F) 
Treatment 

(p>F) 

Mulching (M) 
Treatment 

(p>F) 

Position (P) 
Treatment 

(p>F) 

Treatment 
Interactions 

(p>F)1 
________________________________________________________________________________________________________________ 

March 19,1999 
 
April 23, 1999 
 
May 26, 1999 
 
June 22, 1999 
 
July 16, 1999 
 
August 19, 1999 
 
September 19,1999 

 

October 28, 1999 
 
November 30, 1999 
 
December 22, 1999 
 
January 19, 2000 
 
February 10, 2000 
 
March 8, 2000 

0.9781 
 

0.3845 
 

0.7132 
 

0.3966 
 

0.2459 
 

0.6783 
 

0.3038 

 

0.6978 
 

0.7196 
 

0.7462 
 

0.11822 
 

0.5265 
 

0.2892 

0.1556 
 

0.0238 
 

0.0202 
 

0.0493 
 

0.5429 
 

0.7454 
 

0.6888 

 

0.0302 
 

0.1691 
 

0.6627 
 

0.06542 
 

0.9408 
 

0.0042 

0.3600 
 

0.3114 
 

0.2377 
 

0.0019 
 

0.0085 
 

0.0024 
 

0.9460 

 

0.3041 
 

0.2077 
 

0.6656 
 

0.96102 
 

0.2897 
 

0.1449 

F×P (0.0133) 
 

F×P (0.0030) 
 

F×P (0.0102) 
 

F×P (0.0077) 
 

F×P (0.0107) 
 

F×P (0.0122) 
 

F×P (0.0167) 
 

F×P (0.0719) 
 

F×P (0.0914) 
 

F×P (0.0297) 
 

None2 

 
F×P (0.0111) 

 
F×P (0.0154) 

___________________________________________________________________________ 
1 Interactions significant at the 0.10 level. 
2 January moisture measurements contain missing data due to equipment failure. 
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period, and either one was not significantly different from interactions at plots that were 

both non-fertilized and either near/away from seedlings. 

 

Influence of temperature and moisture on soil CO2 efflux rates 

Soil CO2 efflux from the site was strongly influenced by season and temperature 

with the highest average rates being noted during July, August, and September 

measurements when soil temperatures were at their highest (Figure 2.4).  Monthly mean 

efflux rates ranged from a September high of 2.48 µmol m-2 s-1 to a low of 0.14 µmol m-2 

s-1 in January when soil temperature was at a low of 2.7°C.  Soil moisture ranged from a 

high of 21.9% in September following heavy late summer rains to a August low of 8.0% 

observed during a prolonged summer drought.  The effects of limited soil moisture were 

evident in August when soil CO2 efflux rates were apparently depressed despite warm 

soil temperatures averaging 32.8°C (Figure 2.4). 

An examination of soil temperature influence within each measurement session 

revealed that CO2 efflux rates were significantly correlated (p ≤ 0.05) with soil 

temperature only during 6 of 13 months in the study period.  Furthermore, soil moisture 

content was significantly correlated (p ≤ 0.05) with efflux rates only during 2 months and 

neither soil temperature nor moisture explained much of the variability in CO2 efflux 

rates observed on a monthly basis.  However, both parameters were highly significant 

across the yearlong study period explaining a large percentage of the variability in 

monthly mean (treatment) soil CO2 efflux rates (R2 = 0.78) (Figure 2.5).  An examination 

of efflux rates during a June sampling period using an automated Forest Service soil  
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Figure 2.4  Mean monthly soil CO2 efflux rates, soil temperature, and soil moisture 
measured during monthly sampling periods in a two year-old loblolly pine plantation 
located in the Virginia Piedmont.  Error bars represent +/- 1 standard error (n=120).  
Monthly sampling period dates are provided in Table 2.1.           
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CO2 Efflux = -1.53 + 0.18 (Temp) - 0.43 ln(Temp)
+ .09 (MC) - 0.03 (Temp*Pos)  
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Figure 2.5  Soil CO2 efflux and soil temperature for monthly treatment means separated 
by plot position.  Plot position separation is for monthly treatment means in plots near or 
away from the base of seedlings.  Regression analysis is between CO2 efflux and soil 
temperature (Temp), ln (soil temperature), moisture content (MC), and a temperature by 
position adjustment (Temp*Pos).  Position (Pos) refers to either plots located near 
seedlings (1) or plots located away from seedlings (2).  Fitted lines represent CO2 efflux 
for both plot positions at a soil moisture content of 18%.       
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efflux system revealed that diurnal changes in soil CO2 efflux rates were well correlated 

with soil temperature change. (J.R. Butnor, unpublished data).  

 

Treatment effects on seedling biomass and carbon allocation 

Fertilization significantly increased growth (p ≤ 0.05) in both above and 

belowground biomass of harvested seedlings (Table 2.6).  Fertilized seedlings averaged a 

dry weight of 684.9 g compared to 467.7 g for seedlings that were not fertilized.   

Although seedlings in mulched plots had greater biomass than non-mulched seedlings 

this difference was not significant (p = 0.05) for either total seedling biomass or 

individual tissue categories.  However, increased fine root biomass in mulched plots was 

significant at p = 0.11.  There was no significant fertilization by mulch treatment 

interactions (p = 0.05).  With regard to carbon allocation between above and 

belowground tissues, there was no significant influence of either fertilization or mulching 

treatments on root:shoot ratios of harvested seedlings.  It was also noted that there where 

large differences in average seedling biomass across the study site.  For example, 

biomass in one harvested block averaged over 2 times the seedling biomass of another 

block containing some of the smallest seedlings harvested. 

In an effort to determine the influence of initial seedling size on final biomass, the 

height and diameter of seedlings measured at the beginning of the study was used as a 

covariate in an ANOVA of treatment effects.  Using a simple volume estimate (v = d2 × 

h), it was determined that initial size had a significant influence on subsequent growth (p 

≤ 0.05) in all tissue categories except for foliage and branch tissue.  However, growth due  
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Table 2.6  Mean dry weight (g/tree) of two year-old loblolly pine seedlings harvested in 
March 2000 from a pine plantation located near Dillwyn, Virginia.  Seedling biomass is 
separated by tissue category and treatment type. 
________________________________________________________________________ 
 

 Biomass Dry Weight (g)/ Tree by Treatment 
                                                                                          ________________________________________________________ 

Seedling Component Fertilization No Fertilization Mulch No Mulch 
_____________________________________________________________________________________________________________

Fine Root (< 2mm) 
 
Medium Root (2-5 mm) 
 
Coarse Root (> 5mm) 
 
Total Belowground Biomass 
 
Foliage 
 
Branch 
 
Stem 
 
Total Aboveground Biomass 
 
Total Seedling Biomass 
 
Root:Shoot Ratio 

24.9a1 
 

44.7a 
 

162.8a 
 

232.4a 
 

214.1a 
 

99.8a 
 

138.6a 
 

452.4a 
 

684.9a 
 

0.54a 

18.0b 
 

32.2b 
 

111.6b 
 

161.9b 
 

145.6b 
 

63.1b 
 

97.2b 
 

305.9b 
 

467.7b 
 

0.52a 

23.7a 
 

39.2a 
 

151.4a 
 

214.4a 
 

188.8a 
 

82.4a 
 

126.3a 
 

397.5a 
 

611.9a 
 

0.55a 

19.2a 
 

37.7a 
 

123.0a 
 

179.9a 
 

170.8a 
 

80.5a 
 

109.5a 
 

360.8a 
 

540.7a 
 

0.51a 
____________________________________________________________________________________________________________ 
1 Means with different letters within treatment categories (example- Fertilization vs. No 
Fertilization) are significantly different using Tukey’s HSD at the 0.05 level.  
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to fertilization was still significant (p ≤ 0.05) in all tissue categories with the exception of 

coarse root tissue which was significant at p ≤ 0.07.     

 

DISCUSSION 

Influence of seedling roots on CO2 efflux rates 

The contribution of root and rhizosphere respiration to total soil CO2 efflux is 

well documented in the literature, but our observation that young seedling roots had a 

consistent, significant influence on CO2 efflux rates during the second year after planting 

was quite unexpected given the very heterogeneous nature of the site (Hanson et al.2000, 

Raich and Tufekcioglu 2000, Schlesinger 1977).  We observed CO2 efflux rates near 

seedlings that were on average 39% and 65% higher during the growing season and 

winter months respectively, compared to rates in plots away from the influence of 

seedling roots.  Although our sampling design and procedures were not developed to 

measure the contribution of root respiration to total soil respiration, we estimate that root 

respiration contributed approximately 30% of the total soil CO2 efflux on an annual basis 

based on differences in efflux rates between near and away plots.  This estimate agrees 

with many studies from temperate forest ecosystems, which have found that the 

contribution of root respiration to total soil CO2 efflux averages from 30% to 60% (Raich 

and Tufekcioglu 2000).  Although our estimate does not fully account for the spatial 

distribution of seeding roots and its effect on overall soil CO2 efflux, it should be 

apparent that any estimation of carbon fluxes in newly established plantations must 

account for the influence of newly planted seedlings.  This observation is further 

supported by results from a study in the Virginia Piedmont where efflux rates near 
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seedlings planted in April 2000 had significantly higher efflux rates compared to plots 

without seedlings during sampling periods in May, June, July, and August of the first 

growing season (O. Popescu and J.R. Seiler, unpublished data).   

 

Effect of fertilization on CO2 efflux and seedling biomass 

 Fertilization had no significant effect on soil CO2 efflux rates either near or away 

from the base of seedlings, despite significant increases in root biomass due to 

fertilization.  The observation that efflux rates away from seedlings were not affected by 

fertilization supports observations noted in numerous studies examining microbial 

response to nitrogen fertilization.  Fog (1988) noted this effect in a review of a number of 

studies where nitrogen additions had little affect on microbial activity and in many 

instances decreased microbial activity.  Likewise, Smolander et al. (1994) and 

Söderström et al. (1983) reported reduced microbial activity and biomass due to nitrogen 

fertilization.   

 Interestingly, an average increase in total seedling fine root biomass of 39% and 

total root biomass of 44% due to fertilization did not increase CO2 efflux rates near 

fertilized seedlings.  Conversely, rates near seedlings without fertilization were slightly 

higher than fertilized seedlings during 7 monthly sampling periods, but differences were 

not significant.  This was despite the fact that fertilized seedlings had a rooting density 

beneath cuvette base rings that was 52% higher for fine root biomass compared to non-

fertilized plots.  Specifically, rooting density beneath cuvette base rings in fertilized plots 

near seedlings was significantly higher (p = 0.08) at a projected root area per soil volume 

of 1.25 mm2 cm-3 compared to 0.82 mm2 cm-3 in non-fertilized plots (see Table 3.4).  The 
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fact that soil CO2 efflux rates did not increase due to fertilization may be attributable to 

two possible explanations; 1) that the majority of increased root growth was located away 

from the seedling base, but not to the extent that an increase in respiring root biomass 

was noticed in plots away from seedlings or, 2) that an increase in root growth and 

biomass was accompanied by a decrease in specific root respiration rates.  Decreases in 

specific root respiration rates due to nitrogen fertilization were noted by Griffin et al. 

(1997) in loblolly pine seedlings.  However, other studies have observed increases in 

specific root respiration rates due to fertilization (Lu et al. 1998, Ryan et al. 1996).  

Furthermore, Castro et al. (1994), Haynes and Gower (1995), Mattson (1995), and Vose 

et al. (1995) reported that overall soil CO2 efflux rates remained unchanged or were 

reduced after nitrogen fertilization. 

 While fertilization did not affect CO2 efflux rates, it did produce significant 

increases in total seedling biomass without a significant change in seedling root to shoot 

ratio.  Significant increases in seedling biomass due to fertilization were observed for 

tissues with high turnover rates such as fine roots and foliage, as well as woody biomass 

including coarse roots, stems, and branches.  This indicates that productivity gains due to 

increasing nitrogen availability did not produce a shift in carbon allocation away from 

seedling roots during the first year after fertilization (Nadelhoffer et al. 1985).  This 

observation was also noted by King et al. (1999) in 9 year-old loblolly pine growing on 

nutrient limited soils where fertilization actually produced a slight shift in carbon 

allocation patterns toward perennial root biomass at the expense of perennial shoot tissue.  

Additionally, King et al. (1999) also reported that decreases in carbon allocation to 

ephemeral tissues occurred with the increased carbon partitioning to perennial biomass.  
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Furthermore, Albaugh et al. (1998), Axelsson and Axelsson (1986), and Maier and Kress 

(2000) observed that while fertilization increased coarse root production, fine root 

biomass was reduced or remained unchanged in fertilized stands ranging from 8 to 20 

years of age.  These observations contrast our results of an increase in fine root biomass 

due to fertilization, and this can be attributed to the fact that much of the soil volume on 

our site is still open to exploitation by roots, especially for developing seedlings in only 

their second growing season. 

  

Mulching effects on soil temperature and moisture 

During most months soil CO2 was slightly higher in mulched plots, and two of the 

main influences of mulching were the modification of soil temperature and moisture.  

Most often mulching buffered the soil from changes in air temperature.  This was 

especially apparent during the coldest winter months when mulched plots had higher soil 

CO2 efflux rates.  This was apparently due to elevated soil temperatures that resulted 

from the insulating properties of the mulch, which reduced radiative cooling of the soil.  

The temperature sensitivity of soil and root respiration is well known and studies by 

Edwards (1975) and Lloyd and Taylor (1994) note that daily CO2 efflux rates are highly 

correlated with soil temperature and that low temperature soils may have respiration rates 

that are more sensitive to temperature change than warmer soils.  The effect of even small 

changes in soil temperature were noted by Howard and Howard (1993) using a model 

that predicted an average 19% increase in CO2 efflux rates when soil temperatures were 

increased by only 2°C.  While mulching did not significantly (p = 0.05) increase the 

amount of fine root biomass beneath cuvette base rings, projected root area and root 
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length for fine root biomass was significantly higher (p ≤ 0.05) beneath cuvette base rings 

that were mulched and this indicates that mulching affected the diameter, length, and 

growth pattern of fine root biomass (see Table 3.4).  

While an increase in total seedling biomass due to mulching was not significant, 

higher seedling fine root biomass in mulched plots was significant at p ≤ 0.11, and this 

increase in fine root biomass could be partially attributed to a combination of higher soil 

moisture content under mulched plots and warmer soil temperatures during colder 

months.  Hallgren et al. (1991) and Torreano and Morris (1998) in studies examining soil 

water availability and growth reported that water stress had a negative effect on root 

growth.  Additionally, soils with higher moisture content are more favorable to root 

growth due to reductions in soil strength (Costantini et al. 1996, Greacen and Sands 

1980).  Furthermore, increased root growth due to warmer soil temperatures was 

observed by Anderson et al. (1986) and Vapaavuori et al. (1992) in studies where root 

growth response was observed over a range of soil temperatures from 5° to 20°C.                   

 

Seasonal influence on soil CO2 efflux 

 We observed a strong seasonal influence on soil CO2 efflux rates, with 

temperature being the main environmental factor controlling the respiration rate of roots 

and soil organisms (Lloyd and Taylor 1994).  In our regression analysis, soil temperature 

explained 61% of the variability observed in monthly treatment means, while soil 

moisture accounted for only 8% during the 13 month study period.  These observations 

are supported by Raich and Potter (1995) in a summary paper where they conclude that 

temperature is the single most important variable for predicting soil CO2 efflux.  
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Furthermore, they note that while soil moisture is an important environmental variable 

affecting soil and root respiration, it generally has little controlling influence on CO2 

efflux rates provided that moisture levels are adequate for the physiological needs of 

plants and soil organisms.  However, they note that soil moisture can become a limiting 

factor in situations where soils are either relatively dry or saturated to the point of 

anaerobic conditions (Raich and Potter 1995).  We observed this situation during the 

month of August when soil and root respiration was limited by a late summer drought 

and low soil moisture content.  The influence of low soil moisture content on microbial 

and plant activity was further compounded by the presence of fine textured clay soils 

having a high affinity for soil water which often results in low amounts of plant available 

water (Fisher and Binkley 2000).  We observed significant soil water depletion in plots 

near seedlings during the months of June, July, and August when precipitation was 

limited.  Additionally, soil water content was noted to be significantly lower near 

fertilized seedlings suggesting higher water use due to increased root biomass, growth, 

leaf area, and transpiration (Nilsen and Orcutt 1996). 

 

Conclusions: 

Efforts to quantify and model the carbon sequestration potential of intensively 

managed forest ecosystems will require monitoring of carbon fluxes for both above and 

belowground biological processes.  In an early rotation loblolly pine plantation in the 

Virginia Piedmont we observed that soil temperature and moisture could be used to 

explain a large percentage of the seasonal variability observed in soil CO2 efflux rates.  

Both of these environmental variables should be adequate to model soil CO2 efflux rates 
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from forest sites, once baseline data and process modeling has been completed for sites 

differing in regard to age class, productivity, and management intensity.  Efforts to model 

soil CO2 efflux rates will have to account for changes in the magnitude and spatial 

variability of soil CO2 efflux as stands age, forest floors develop, root biomass 

accumulates, and microbial activity is modified due to changes in soil organic matter. 

Specifically, we observed that soil CO2 efflux rates were significantly influenced by 

respiration from seedlings roots during both growing season and winter months, 

suggesting that efforts to model soil CO2 efflux rates in young plantations may require 

sampling designs that determine the spatial influence of root respiration on total soil CO2 

efflux. 

Furthermore, we observed significant increases in seedling growth due to 

fertilization with no change in soil CO2 efflux rates.  Thus, early rotation fertilization of 

loblolly pine growing on relatively low productivity sites in the Virginia Piedmont should 

be a useful treatment for increasing stand growth and carbon sequestration, while 

potentially not increasing soil CO2 efflux rates or organic matter decomposition.  Quite 

the opposite, early rotation and/or frequent fertilization may produce decreases in soil 

microbial activity and increases in soil organic matter percentage as observed by Maier 

and Kress (2000) and Smolander et al. (1994).   

With regard to the effects of mulching treatments, we observed that the main 

effect of mulching was to slightly alter soil temperature and moisture, which produced 

small increases in soil CO2 efflux rates especially during colder winter months.  Finally, 

mulching was observed to increase seedling growth, but the difference in biomass 

between seedlings that were mulched and non-mulched was not found to be significant.  
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CHAPTER 3 

INFLUENCE OF ENVIRONMENTAL FACTORS, SOIL PARAMETERS, AND 
SEEDLING GROWTH ON SOIL CO2 EFFLUX RATES IN A TWO-YEAR OLD 

LOBLOLLY PINE (Pinus taeda L.) PLANTATION IN THE VIRGINIA 
PIEDMONT. 

 
INTRODUCTION 

Currently, there is an increasing concern over the potential for global climate 

change due to increasing concentrations of CO2 in the atmosphere (National Research 

Council 1998).  As a result, forest researchers and managers are interested in and 

currently studying the effects of varying silvicultural and harvesting practices on the 

carbon dynamics of intensely managed forest ecosystems. 

Soil CO2 efflux resulting from soil microbial activity and root respiration is one of 

the major components of the total carbon flux in forested ecosystems.  A number of 

environmental, soil, and vegetation factors interact to influence the rate of soil CO2 efflux 

from terrestrial ecosystems.  Raich and Tufekcioglu (2000) and Rustad et al. (2000) 

summarized the factors controlling soil CO2 efflux as: 1) temperature, 2) moisture, 3) 

vegetation and substrate quality, 4) ecosystem net primary productivity (NPP), 5) plant 

rooting density and belowground biomass allocations, 6) soil physical and chemical 

properties, 7) population and community dynamics for above/belowground flora and 

fauna, and 8) land-use and/or disturbance regimes.  Of these factors, temperature and 

moisture are considered the most influential environmental factors affecting soil CO2 

efflux rates because they interact to influence the productivity of terrestrial ecosystems 

and the decomposition rate of detritus/soil organic carbon (Raich and Schlesinger 1992, 

Schlesinger 1977, Singh and Gupta 1977).  A number of studies and reviews have also 
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reported the strong correlation between ecosystem NPP and soil respiration rates 

(Kirschbaum 2000, Raich and Schlesinger 1992, Raich and Tufekcioglu 2000, 

Schlesinger and Andrews 2000). 

The contribution of root respiration to total soil CO2 efflux can be quite high in 

forest ecosystems.  Most estimates of root respiration contributions in temperate forest 

ecosystems range from 30% to 60% of total soil CO2 efflux (Raich and Tufekcioglu 

2000).  Additionally, root biomass contributes significantly to the pool of belowground 

carbon available for decomposition through turnover of fine root biomass and death of 

coarse roots. 

 In young plantations newly planted seedlings can have a significant effect on soil 

processes, as seedlings develop root systems and exploit the soil volume for nutrients and 

moisture (Dewar et al. 1994, Gower et al. 1994).  Nitrogen, phosphorus, and moisture 

deficiencies often limit the productivity of many intensively managed forest sites in the 

coastal plain and Piedmont regions of the S.E. (Albaugh et al. 1998, Vose and Allen 

1988).  A proposed mechanism for nutrient and moisture limited trees to enhance uptake 

is to increase carbon allocation to root systems in an effort to more fully exploit soil 

resources and moisture availability (Nadelhoffer et al. 1985).  Haynes and Gower (1995) 

noted that increased nutrient availability in red pine plantations due to fertilization 

lowered belowground carbon allocation, fine root biomass, and soil CO2 efflux rates.  

Furthermore, Adams et al. (1989) and Axelsson and Axelsson (1986) observed that 

fertilization reduced the ratio of fine root to aboveground biomass, while increasing 

overall productivity.  While nutrient availability can affect carbon allocation patterns and 

the turnover rate of fine root biomass, it also can affect root tissue nutrient concentrations 
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and the specific respiration rate of root biomass (Aber et al. 1985, Ryan et al. 1996).  

Increased specific root respiration rates with increasing root tissue nitrogen concentration 

have been noted by Lu et al. (1998), Ryan et al. (1996), and Zogg et al. (1996) in studies 

examining fertilization and nutrient availability. 

To accurately predict soil CO2 efflux rates from intensively managed forest sites a 

thorough examination of variables that influence these rates is required.  We specifically 

investigated how soil CO2 efflux was influenced by fertilization, soil temperature, soil 

moisture, soil properties, nutrient availability, and plant root biomass.  Our long-term 

goal is to develop models that can be used to predict seasonal rates of soil CO2 efflux on 

similar forest sites across the region.  Specifically our objectives are as follows: 

 
 
 
1) Determine the effect of fertilization, mulching, and soil conditions on tissue nutrient 
content and growth. 
 
2) Examine the effect of temperature, moisture, soil nutrients, soil physical factors, and  
root biomass on seasonal and daily changes in soil CO2 efflux rates.   
 
3) Examine the relationship between seedling growth, nutrient uptake, and the effect on 
soil CO2 efflux.    
 
 
 
SITE AND MATERIALS 
 
Study site 

Our research was conducted in a loblolly pine plantation located in Buckingham 

County Virginia (37º 34' 56" N, 78º 26' 55" W) on industrial forestland owned by the 

Westvāco Corporation.  The previous loblolly pine stand was clear-cut in 1995 at age 29 

and the current stand was planted in early 1998 after a chop and burn site preparation 
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which included herbicide treatments of imazapyr (Arsenal®) and metsulfuron methyl 

(Escort®) in the spring of 1998 and 1999.  Site productivity based on the previous stand's 

growth was calculated at 55 ft (16.7 m) at 25 years for loblolly pine.  The site is well 

drained with an average slope of 5% or less, an S-SW aspect, and soil that is mapped as a 

Cecil soil series having a typical profile classification of a clayey kaolinitic thermic typic 

hapludult.  The A horizon is loamy textured with an average depth of 10 to 20 cm.   A 

clay Bt horizon extends on average to a depth of 100 cm.  Clay BC and C horizons extend 

to a depth of over 150+ cm.  The surface horizon(s) contains a high percentage of coarse 

fragments (15-35% by volume) which are present in the profile to a depth of 20-30 cm.  

The site averages 1067 mm of precipitation, an average growing season temperature of 

20.7º C from April through September, an average winter temperature of 3.3º C from 

December through February, and a frost free period of roughly 180 days ranging from 

mid-April through early October (Westvāco Corporation, unpublished data). 

 

Treatments applied 

During early March 1999, 60 seedlings were randomly selected for the study with 

seedlings having obvious poor form or serious damage being excluded.  At each seedling 

a pair of 1.22 m2 plots were established, one at the seedling base and a second 

approximately 1.22 m away from the base of each seedling.  Plots located away from 

seedlings were used to analyze the effects of treatments on soil processes with seedling 

roots excluded.  The study used a randomized complete block design with a split plot, 

utilizing a factorial combination of 4 treatments and 15 blocks.  To each pair of plots one 

of four treatment combinations was randomly applied including no treatment (control), 
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fertilization only, mulch only, and fertilization with mulching.  For fertilized plots a 

combination of 7.5 g diammonium phosphate and 42 grams ammonium nitrate was 

applied to achieve a application rate of 115 kg ha-1 for nitrogen and 11.5 kg ha-1 for 

phosphorous.  For mulched plots, black landscape cloth was installed and fertilization 

treatments were applied prior to installation of the mulch treatment.  Approximately 15 

cm from each cuvette base ring a nitrogen resin exchange bag containing 5 g mixed bed 

exchange resin, IONAC® NM-60 (J.T. Baker®, Phillipsburg, NJ.) was buried to the depth 

of 12 cm to provide an index of nitrogen mineralization over the course of the yearlong 

study period (Binkley and Vitousek 1989).  All of the nitrogen resin exchange bags were 

buried for the entire study period and were collected at the end of the study.  All plots 

were treated with a broadcast application of glyphosate (Round-Up®) herbicide in April 

and September 1999 to control competing woody and herbaceous vegetation.  Competing 

vegetation was also controlled via mechanical removal and all pine seedlings were treated 

with acephate (Orthene®) to control Nantucket pine tip moth (Rhyacionia frustrana 

Comstock).  Finally, all seedlings were measured for initial heights and diameters to the 

nearest 1 mm for height and nearest 0.1 mm for diameter.  Foliar samples were collected 

on all 60 seedlings at the time of study establishment, during the June 1999 sampling 

period, and at the end of the study in March 2000.  All foliage samples were sent to the 

Westvāco Forest Science Laboratory in Summerville, S.C. for tissue nutrient analysis.    

 

Soil CO2 efflux, temperature, and moisture measurements 

 On a monthly basis soil CO2 efflux, soil temperature, and soil moisture was 

measured across all 120 plots, starting in the A.M. and continuing until all plots were 
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sampled (sampling dates are provided in Table 2.1).  The time of day when sampling was 

performed was used as a blocking variable in the analysis of data.  For each monthly 

sampling period a complete set of treatment combinations was measured followed by 

another set until all 15 replications were completed.  Blocking by replication and time of 

day served to minimize external influences on CO2 efflux rates that were not easily 

attributed to soil temperature or moisture.  Soil CO2 efflux was measured using a Licor® 

6200 infrared gas analyzer and dynamic closed cuvette chamber system (Janssens et al. 

2000).  At each plot, a 20.3 cm diameter cuvette base ring was installed on the soil 

surface to a depth of 3 cm.  In plots with seedlings cuvette base rings were positioned 

approximately 5 cm from seedling stems.  The cuvette chamber was constructed using a 

20.3 cm internal diameter end cap fitted with a foam gasket to insure a reliable seal with 

cuvette base rings.  The PVC end cap was fitted with a gas sampling and return ports 

creating a closed chamber system with an internal volume of 4150 cm3.  CO2 efflux rates 

in µmol m-2 s-1 were measured over 30 s sampling periods and calculated to the nearest 

0.01 µmol m-2 s-1 using the following equation; 

 
Soil CO2 efflux (µmol m-2 s-1) = [(∆C/∆T) (PVt/RT)] ÷ surface area of soil 

 
where C = CO2 concentration, T = time, P = atmospheric pressure, Vt  = system volume, 

R = universal gas constant, and T = temperature. 

 

Soil temperature to the nearest 0.1° C in each plot was recorded in conjunction 

with CO2 efflux measurements using thermocouples that were installed to a depth of  7 

cm.  Soil moisture content (volume %) for each plot was also recorded to the nearest 0.1 
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% using time domain reflectometry (Soil Moisture Equipment Corporation®, 6050X1, 

Golena, CA.) to a depth of 30 cm (Topp and Davis 1985).  

 

Final Harvest 

 At the end of the study period in March 2000, a total of 64 plots both near and 

away from seedlings were selected for destructive harvesting of seedling biomass and 

sampling of soil parameters.  All of the odd numbered blocks in the study (total of 8) 

were harvested in an effort to sample the variability in growth and soil CO2 efflux 

observed across the study site.  Beneath each of the 64 cuvette base rings in these plots 

soil was excavated to a depth of 10.2 cm and sifted through a 6.4 mm screen to separate 

soil particles from fine roots, coarse fragments, and coarse woody debris.  Soil samples, 

coarse fragments, pine root biomass, non-pine root biomass, and coarse woody debris 

were all separately bagged and returned to the lab for further analysis.  At each of the 64 

plots nitrogen resin exchange bags were excavated, refrigerated, and returned to the 

laboratory for later analysis.  At each of the 32 plots near seedlings a sample of pine root 

biomass beneath each cuvette base ring was measured for specific root respiration rate to 

the nearest 0.001 nmol g-1 s-1 (dry weight) using a Licor® 6200 (Lincoln, NE.) portable 

photosynthesis system with a 1-liter cuvette chamber.  Finally, the 32 seedlings from near 

seedling plots were harvested (roots and shoots) and prior to harvest height and diameter 

measurements of seedlings were recorded.  Seedlings were bagged and returned to the lab 

for analysis.   
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Laboratory Analysis 

Seedlings were separated into the following tissue categories: fine root (< 2 mm), 

medium root (2-5 mm), coarse root (> 5 mm), stem, branch, and foliage and were dried 

for 1 month at 65° C before dry weight was recorded for each tissue category to the 

nearest 0.01 g.  Samples of tissue from each tissue category were ground and shipped to 

the Westvāco Forest Science Laboratory for tissue nutrient analysis.  Excavated pine 

roots from beneath cuvette base rings were separated by hand into fine (< 2 mm), 

medium (2-5 mm), coarse (> 5 mm) root categories using digital hand calipers.  Roots 

were then scanned for projected root area (mm2), root length (mm), and root diameter 

(mm) to the nearest 0.1 mm & mm2 using Delta-T SCAN® (Cambridge, England) image 

analysis software (version 2.0).  After scanning roots were oven dried as described before 

and dry weight recorded to the nearest 0.01 g. 

Soil samples were dried, shifted through a 2 mm sieve, and along with nitrogen 

resin exchange bags were shipped to the Westvāco Forest Science Laboratory for 

analysis.  The volume percentage of coarse fragment material beneath cuvette base rings 

was calculated using coarse fragment weight to the nearest 0.01 g and a specific density 

of 2.62 g cm-3 that had been determined using volume displacement of H20.  Coarse 

woody debris and non-pine root biomass were oven dried as described before and dry 

weight recorded to the nearest 0.01 g.  In an effort to correct coarse woody debris for 

mineral soil content samples were ashed at 500º C for 24 hr using a muffle furnace 

(Sybron/Thermolyne® F-A1740, Dubuque, IA) and weight corrected for mineral soil and 

coarse fragment content. 
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Soil, Tissue, and Nitrogen Resin Bag Analysis 

 The Westvāco Forest Science Laboratory in Summerville, S.C, performed all 

tissue, soil, and nitrogen resin bag analysis.  Tissue and soil nitrogen were analyzed using 

combustion in a high oxygen environment with the resulting NOx gases being measured 

using an infrared detector (LECO® FP-528, St. Joseph, MI).  Total soil carbon was 

determined using the same basic procedure (LECO® CR-412 St. Joseph, MI).  Tissue 

phosphorus, potassium, calcium, and magnesium were analyzed using dry ash digestion 

and a Perkin-Elmer® Optima 3000 (Turku, Finland), inductively coupled plasma optical 

emission spectrophotometer.  Soil phosphorus, potassium, calcium, and magnesium were 

determined using a Mehlich-1 double acid analysis (Thomas 1982).  Soil pH was 

determined using a pH meter (Orion  SA-720, Thermo Orion, Beverly, MA) and soil in a 

solution of distilled H20.  Net nitrogen mineralization rates from resin bag samples were 

determined using KCl extraction and analysis of nitrate and ammonium using a 

colorimeter (Lachat® Qiuk-Chem 8000, Zellweger Analytics, Inc., Milwaukee, WI) 

(Binkley and Vitousek 1989).   

    

 Statistical Analysis 

 Treatment effects on soil CO2 efflux rates, soil temperature, soil moisture, 

nitrogen mineralization rates and varying soil parameters were analyzed utilizing 

ANOVA for a randomized complete block design with a split plot factor (Steel et al. 

1997).  All treatment analyses were performed on data from the 64 plots that were 

harvested and excavated in March 2000.  Treatment effects were tested for significance at  

p = 0.05.  Differences in means were tested using Tukey's HSD at a significance level of  
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p = 0.05.  To analyze treatment effects on growth, biomass, root respiration, and tissue 

nutrient concentration an ANOVA for a completely randomized block design was used 

with significant treatment effects and mean differences being tested at  p = 0.05.  

Additionally, initial seedling volume was included as a covariate in an ANOVA to isolate 

treatment affects on growth from the influence of initial seedling size (Steel et.al. 1997).  

The relationship between CO2 efflux rates and soil temperature, moisture, 

seedling biomass, tissue nutrient levels and soil parameters were analyzed using 

regression analysis (Neter et al. 1996).  Significant variables that were included in 

individual regression models were selected using SAS step-wise procedure (forward and 

backward) to achieve models with a high R2 and low Cp statistic, while eliminating 

collinear variables and controlling for variance inflation of parameters.  Regression 

models examining the relationship between soil CO2 efflux and environmental, soil, and 

biomass parameters used data recorded for 64 plots near and away from the 32 seedlings 

that were harvested in March 2000.  Regression models that analyzed the relationship 

between either seedling biomass or nutrient totals and growing season, winter, mean 

annual, and March 2000 soil CO2 efflux rates used data collected only from 32 plots near 

seedlings that were harvested in March 2000.  All statistical analysis was performed 

using SAS software (SAS Institute, Cary, NC). 
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RESULTS 

Soil Properties by Treatment 

Total soil carbon to a depth of 10.2 cm ranged from a mean high of 51.3 Mg ha-1 

in plots near the base of seedlings to a low of 45.4 Mg ha-1 in plots located away from 

seedlings (Table 3.1).  A mean high of 2.31 Mg ha-1 for soil nitrogen was noted in plots 

that were fertilized compared to a low of 2.03 Mg ha-1 in plots away from seedlings.  

There were no significant differences in either soil carbon or nitrogen between any of the 

main treatment effects at p = 0.05 (Table 3.1).  Soil phosphorus varied from a mean high 

of 16.8 kg ha-1 in plots that were fertilized to a low of 9.8 kg ha-1 in non-fertilized plots.  

Soil phosphorus was significantly higher (p ≤ 0.05) in both plots that were fertilized and 

in plots away from seedlings compared to either non-fertilized or near seedling plots.  

This observation was attributable to two factors.  First, soil phosphorus was significantly 

higher in plots that were fertilized due to the fixation of phosphorus with soluble 

aluminum and iron which are present in the highly eroded, clayey, and acidic Cecil soil 

series found at the site (Thomas et al. 1993).  Secondly, phosphorus was noted to be 

significantly lower in plots near seedlings, which suggests seedling uptake of mineralized 

soil phosphorus (Fisher and Binkley 2000).  There was no significant difference in soil 

phosphorus between mulched and non-mulched plots at p = 0.05.  Soil calcium varied 

from a mean high of 0.366 Mg ha-1 in plots with mulching to a low of 0.331 Mg ha-1 in 

plots with no mulch.  Soil magnesium ranged from a mean high of 30.8 kg ha-1 in non-

fertilized plots to a low of 24.2 kg ha-1 in both plots that were fertilized and plots that 

were away from seedlings.  A mean high of 40.4 kg ha-1 for soil potassium was noted in 
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Table 3.1  Mean soil nutrient level by treatment measured to a depth of 10.2 cm in a two-
year old loblolly pine clear-cut located near Dillwyn, Virginia.  Soil was sampled in  
March 2000 at the beginning of the 3rd growing season.  All data except nitrogen 
mineralization rates have been adjusted for bulk density and coarse fragment %.  
Seedling position refers to plots located either at the seedling base or 1.22 m away. 
________________________________________________________________________ 
 
 Mean Soil Nutrient Level to a Depth of 10.2 cm by Treatment 
                                                            ______________________________________________________________________________ 

 Fertilization Mulching Position 
                                                                _________________________         _____________________          ____________________ 

Soil Variable Yes No Yes No Near Away 
____________________________________________________________________________________________________________ 
Soil Carbon (Mg/ha) 
 
Soil Nitrogen (Mg/ha) 
 
Soil Calcium (Mg/ha) 
 
Soil Phosphorus (kg/ha) 
 
Soil Magnesium (kg/ha) 
 
Soil Potassium (kg/ha) 
 
Soil pH 
 
Soil C/N Ratio 
 
Coarse Fragment (%)  
 
N Mineralization Index 
(mg N/g exchange resin/yr) 

 
 a) Ammonium N 

 
       b) Nitrate N 
 

48.3a1 
 

2.31a 
 

0.339a 
 

16.8a 
 

24.2a 
 

37.7a 
 

4.32a 
 

21.9a 
 

23.1a 
 

6.92a 
 
 

1.44a 
 

5.48a 

48.5a 
 

2.10a 
 

0.358a 
 

9.8b 
 

30.8a 
 

40.1a 
 

4.39a 
 

23.2a 
 

21.8a 
 

1.26b 
 
 

0.19b 
 

1.07b 

50.3a 
 

2.31a 
 

0.366a 
 

13.4a 
 

27.6a 
 

39.0a 
 

4.38a 
 

22.5a 
 

20.8a 
 

4.18a 
 
 

0.71a 
 

3.47a 

46.5a 
 

2.10a 
 

0.331a 
 

13.1a 
 

27.4a 
 

38.8a 
 

4.33a 
 

22.5a 
 

24.0a 
 

4.01a 
 
 

0.92a 
 

3.09a 

51.3a 
 

2.38a 
 

0.358a 
 

11.1a 
 

30.7a 
 

40.4a 
 

4.36a 
 

22.3a 
 

21.0a 
 

4.07a 
 
 

0.62a 
 

3.45a 

45.4a 
 

2.03a 
 

0.338a 
 

15.5b 
 

24.2a 
 

37.4a 
 

4.35a  
 

22.8a 
 

23.8a 
 

4.12a 
 
 

1.01b 
 

3.11a 

1 Means with different letters within treatment categories (example - Fertilization vs. No 
Fertilization) are significantly different using Tukey’s HSD at the 0.05 level.  
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plots that were near seedlings compared to a low of 37.4 kg ha-1 in plots away from 

seedlings.  There were no significant differences in soil calcium, magnesium, or 

potassium between any of the main treatment effects at p = 0.05 (Table 3.1).   

Mean C/N ratios were highest in non-fertilized plots at 23.2, while fertilization 

plots had the lowest ratio at 21.9.  The mean percentage of coarse fragments in the top 

10.2 cm of soil ranged from a high of 24.0 % in mulched plots to a low of 20.8 % in non-

mulched plots.  Soil pH averaged 4.36 across all treatment categories.  There were no 

significant differences in C/N ratio, coarse fragment %, or pH between any of the main 

treatment effects at p = 0.05 (Table 3.1).   

An index of mineralized nitrogen measured across the yearlong study period 

using buried resin exchange bags ranged from a high of 6.92 mg N g exchange resin-1 yr-1 

in fertilized plots to a low of 1.26 mg N g exchange resin-1 yr-1 in non-fertilized plots.  

Mineralized nitrogen in fertilized plots was significantly higher (p ≤ 0.05) than rates in 

non-fertilized plots.  There were no significantly different (p = 0.05) nitrogen 

mineralization rates between mulched and non-mulched plots or between near and away 

plots with the exception of significantly higher ammonium N mineralization in away 

plots compared to plots near seedlings (Table 3.1).  Although nitrogen mineralization was 

significantly higher in plots that were fertilized, there was no difference in total soil 

nitrogen between fertilized and non-fertilized plots.  This indicates that the added 

nitrogen from fertilization with ammonium nitrate and diammonium phosphate was either 

accumulated by plant biomass and soil organisms or lost from the soil through leaching 

and/or volitalization (Fisher and Binkley 2000). 
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A significant fertilization by position interaction (p ≤ 0.05) was noted for soil 

potassium.  Plots that were non-fertilized and near seedlings had a mean potassium level 

of 43.4 kg ha-1, which was significantly higher (p ≤ 0.10) than the mean value of 36.8 kg 

ha-1 for plots without fertilization and away from seedlings.  Furthermore, a significant 

fertilization by mulching interaction (p ≤ 0.05) was also observed with regard to soil C/N 

ratio.  Plots that were non-fertilized and mulched had a mean C/N ratio of 24.3, which 

was significantly higher (p ≤ 0.10) than the mean C/N ratio of 22.1 observed in plots that 

were non-fertilized and non-mulched. 

                  

Treatment Effects on Seedling Tissue Nutrient Level and Growth         
  

Foliar tissue nutrient concentration per tree (weight %) for nitrogen, phosphorus, 

calcium, magnesium, and potassium was not significantly different (p = 0.05) for any of 

the main effects during either the February 1999 or March 2000 sampling periods (Table 

3.2).  However, results from foliar analysis performed in June 1999 indicated that foliar 

calcium and magnesium were significantly lower (p ≤ 0.05) in foliage from fertilized 

seedlings (Table 3.2).  Complete nutrient concentrations (weight %) for all other plant 

parts is located in Appendix A1. & A2. (below and aboveground biomass). 

 For tissue nitrogen and phosphorus, fertilization produced a significant increase   

(p ≤ 0.05) in total seedling nutrient content (g) in all 6 tissue categories (Table 3.3).  Total 

tissue calcium (g) in fertilized seedlings was significantly higher (p ≤ 0.05) for fine root, 

branch, and foliage biomass compared to non-fertilized seedlings.  Total tissue 

magnesium (g) in fertilized seedlings was significantly higher (p ≤ 0.05) for medium root 

and branch biomass.  Potassium tissue content (g) was significantly higher (p ≤ 0.05) in  
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Table 3.2  Mean foliar nutrient concentration per tree (weight %) by treatment for foliage 
samples of seedlings growing in a two-year old loblolly pine plantation located near 
Dillwyn, Virginia.  March 2000 sampling was conducted at the beginning of the 3rd 
growing season.  
________________________________________________________________________ 
 
 Nutrient Concentration / Tree (weight %) by Treatment 
                                                                                ________________________________________________________ 

Sampling Date and Nutrient Fertilization No Fertilization Mulch No Mulch 
_____________________________________________________________________________________________________________

February 19, 1999 
 
Nitrogen 
Phosphorus 
Calcium 
Magnesium 
Potassium 
 
June 6, 1999 
 
Nitrogen 
Phosphorus 
Calcium 
Magnesium 
Potassium 
 
March 13, 2000 
 
Nitrogen 
Phosphorus 
Calcium 
Magnesium 
Potassium 
 

 
 

1.84a1 
0.14a 
0.24a 
0.08a 
0.51a 

 
 
 

1.81a 
0.13a 
0.13a 
0.06a 
0.75a 

 
 
 

1.70a 
0.12a 
0.23a 
0.05a 
0.44a 

  
 

1.82a 
0.13a 
0.22a 
0.08a 
0.53a 

 
 
 

1.74a 
0.14a 
0.17b 
0.08b 
0.78a 

 
 
 

1.72a 
0.11a 
0.26a 
0.06a 
0.43a 

 
 

1.79a 
0.13a 
0.23a 
0.07a 
0.52a 

 
 
 

1.75a 
0.13a 
0.15a 
0.07a 
0.75a 

 
 
 

1.69a 
0.12a 
0.23a 
0.05a 
0.43a 

 
 

1.87a 
0.14a 
0.23a 
0.08a 
0.53a 

 
 
 

1.80a 
0.13a 
0.16a 
0.07a 
0.79a 

 
 
 

1.72a 
0.11a 
0.25a 
0.06a 
0.44a 

____________________________________________________________________________________________________________ 
1 Means with different letters within treatment categories (example- Fertilization vs. No 
Fertilization) are significantly different using Tukey’s HSD at the 0.05 level.  
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Table 3.3  Mean total tissue nutrient content (g/tree) for individual tissue categories of 
seedlings harvested from a loblolly pine plantation located near Dillwyn, Virginia.  
Seedlings were harvested in March 2000 at the beginning of the 3rd growing season.   
________________________________________________________________________ 
 
 Tissue Nutrient Total (g/tree) by Treatment 
                                                                               _____________________________________________________________ 

Nutrient and Tissue Type Fertilization No Fertilization Mulch No Mulch 
____________________________________________________________________________________________________________ 

N 
 
 
 
 
 
 
P 
 
 
 
 
 
 
Ca2+ 
 
 
 
 
 
 
Mg2+ 
 
 
 
 
 
 
K+ 

Fine Root 
Medium Root 
Coarse Root 
Stem 
Branch 
Foliage 
 
Fine Root 
Medium Root 
Coarse Root 
Stem 
Branch 
Foliage 
 
Fine Root 
Medium Root 
Coarse Root 
Stem 
Branch 
Foliage 
 
Fine Root 
Medium Root 
Coarse Root 
Stem 
Branch 
Foliage 
 
Fine Root 
Medium Root 
Coarse Root 
Stem 
Branch 
Foliage 

0.25a1  

0.40a 
1.24a 
1.41a 
0.98a 
3.61a 

 
0.02a 
0.04a 
0.13a 
0.15a 
0.09a 
0.25a 

 
0.03a 
0.06a 
0.15a 
0.25a 
0.24a 
0.48a 

 
0.02a 
0.03a 
0.11a 
0.14a 
0.09a 
0.11a 

 
0.09a 
0.20a 
0.70a 
0.68a 
0.39a 
0.94a 

0.18b 
0.30b 
0.88b 
0.99b 
0.66b 
2.45b 

 
0.01b 
0.03b 
0.10b 
0.10b 
0.06b 
0.16b 

 
0.02b 
0.04a 
0.12a 
0.19a 
0.17b 
0.37b 

 
0.01a 
0.02b 
0.08a 
0.10a 
0.07b 
0.08a 

 
0.07b 
0.15b 
0.52a 
0.48b 
0.27b 
0.63b 

0.24a 
0.34a 
1.13a 
1.26a 
0.82a 
3.14a 

 
0.02a 
0.03a 
0.12a 
0.14a 
0.08a 
0.22a 

 
0.03a 
0.06a 
0.15a 
0.24a 
0.21a 
0.43a 

 
0.02a 
0.03a 
0.10a 
0.13a 
0.08a 
0.10a 

 
0.08a 
0.18a 
0.65a 
0.61a 
0.35a 
0.82a 

0.19a 
0.36a 
0.98a 
1.14a 
0.82a 
2.92a 

 
0.02a 
0.03a 
0.11a 
0.11a 
0.07a 
0.20a 

 
0.03a 
0.04a 
0.12a 
0.20a 
0.20a 
0.41a 

 
0.01a 
0.03a 
0.09a 
0.11a 
0.08a 
0.09a 

 
0.07a 
0.17a 
0.56a 
0.55a 
0.32a 
0.75a 

____________________________________________________________________________________________________________ 
1 Means with different letters within treatment categories (example- Fertilization vs. No 
Fertilization) are significantly different using Tukey’s HSD at the 0.05 level. 
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Table 3.3 con’t.  Mean total tissue nutrient content (g/tree) for individual tissue 
categories of seedlings harvested from a loblolly pine plantation located near Dillwyn, 
Virginia.  Seedlings were harvested in March 2000 at the beginning of the 3rd growing 
season.   
________________________________________________________________________ 
 
 Tissue Nutrient Total (g/tree) by Treatment 
                                                                                         _________________________________________________________ 

Nutrient and Tissue Type Fert. No Fert. Mulch No Mulch.
____________________________________________________________________________________________________________ 

N 
 
 
 
 
P 
 
 
 
 
Ca2+ 
 
 
 
 
Mg2+ 
 
 
 
 
K+ 

Belowground Tissue Total 
Aboveground Tissue Total 
Total Seedling Nutrient Content 
Ratio of Below to Aboveground 
 
Belowground Tissue Total 
Aboveground Tissue Total 
Total Seedling Nutrient Content 
Ratio of Below to Aboveground 
 
Belowground Tissue Total 
Aboveground Tissue Total 
Total Seedling Nutrient Content 
Ratio of Below to Aboveground 
 
Belowground Tissue Total 
Aboveground Tissue Total 
Total Seedling Nutrient Content 
Ratio of Below to Aboveground 
 
Belowground Tissue Total 
Aboveground Tissue Total 
Total Seedling Nutrient Content 
Ratio of Below to Aboveground 

1.89a 
6.00a 
7.89a 
0.32a 

 
0.19a 
0.49a 
0.68a 
0.40a 

 
0.25a 
0.96a 
1.21a 
0.26a 

 
0.16a 
0.34a 
0.50a 
0.47a 

 
0.99a 
2.02a 
3.01a 
0.50a 

1.36b 
4.10b 
5.46b 
0.34a 

 
0.14b 
0.32b 
0.46b 
0.43a 

 
0.19a 
0.72b 
0.91b 
0.26a 

 
0.11b 
0.25b 
0.36b 
0.48a 

 
0.74a 
1.38b 
2.12b 
0.56a 

1.71a 
5.22a 
6.93a 
0.33a 

 
0.17a 
0.43a 
0.60a 
0.41a 

 
0.24a 
0.88a 
1.12a 
0.28a 

 
0.14a 
0.31a 
0.45a 
0.49a 

 
0.93a 
1.78a 
2.70a 
0.54a 

1.53a 
4.89a 
6.42a 
0.33a 

 
0.16a 
0.38a 
0.54a 
0.43a 

 
0.19a 
0.81a 
1.00a 
0.24a 

 
0.13a 
0.28a 
0.41a 
0.46a 

 
0.81a 
1.62a 
2.43a 
0.52a 

____________________________________________________________________________________________________________ 
1 Means with different letters within treatment categories (example- Fertilization vs. No 
Fertilization) are significantly different using Tukey’s HSD at the 0.05 level. 
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fine root, medium root, stem, branch, and foliage biomass of fertilized seedlings 

compared to non-fertilized.  While tissue nutrient content (g) for each nutrient and tissue 

type was higher in mulched seedlings compared to non-mulched, these differences were 

not significant at p = 0.05 (Table 3.3). 

 Fertilized seedlings had a significantly higher (p ≤ 0.05) mean total seedling 

nitrogen content (g/tree) of 7.89 g compared to non-fertilized seedlings at 5.46 g (Table 

3.3).  Total seedling phosphorus was also significantly higher (p ≤ 0.05) for fertilized 

seedlings at 0.68 g compared to 0.46 g for non-fertilized seedlings.  Furthermore, total 

seedling calcium, magnesium, and potassium were also significantly higher for fertilized 

seedlings (p ≤ 0.05) with mean values of 1.21, 0.50, 3.01 g respectively, compared to 

non-fertilized seedlings with total mean calcium, magnesium, and potassium contents of 

0.91, 0.36, and 2.12 g respectively (Table 3.3).  Higher total nutrient content in seedlings 

that were fertilized was attributable to a significant increase (p ≤ 0.05) in both above and 

belowground biomass due to nitrogen and phosphorus fertilization (see Table 2.6).           

 Total seedling nitrogen, phosphorus, calcium, magnesium, and potassium did not 

differ statistically due to mulching (p = 0.05), although total tissue nutrient content 

(g/tree) was always higher in mulching treatments (Table 3.3). 

 

Pine Root Biomass beneath Cuvette Base Rings 
  

Pine root biomass, projected root area, projected length, root diameter, and 

rooting density (for fine, medium, and coarse roots) under cuvette base rings located near 

seedlings did not differ significantly (p = 0.05) for either main treatment effect (Table 

3.4).  The only exception to this was fine root length, which was significantly higher 
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Table 3.4  Mean pine root biomass (g), projected root area (mm2), projected root length 
(mm), root diameter (mm), and rooting density (mm2 root area/cm3 soil volume) to a soil 
depth of 10.2 cm beneath cuvette base rings located near the base of 32 seedlings 
harvested from a loblolly pine plantation located near Dillwyn, Virginia.  Pine root 
biomass beneath cuvette base rings was sampled in March 2000 at the beginning of the 
3rd growing season.   
________________________________________________________________________ 
 
 Mean Parameter Value by Treatment 
                                                            ________________________________________________________ 

Root Category and Parameter Fertilization No Fertilization Mulch No Mulch 
_____________________________________________________________________________________________________________

Fine Roots (< 2mm)  
 
Root biomass (g) dry wt. 
Projected root area (mm2)  
Projected root length (mm) 
Root diameter (mm) 
Rooting density (mm2 cm-3) 
 
Medium Roots ( 2-5 mm) 
 
Root biomass (g) dry wt. 
Projected root area (mm2)  
Projected root length (mm) 
Root diameter (mm) 
Rooting density (mm2 cm-3) 
 
Coarse Roots ( > 5mm) 
 
Root biomass (g) dry wt. 
Projected root area (mm2)  
Projected root length (mm) 
Root diameter (mm) 
Rooting density (mm2 cm-3) 
 
Total Pine Root Biomass (g)  

 
 

0.88a1  

4122a 
4163a 
0.99a 
1.25a 

 
 
 

1.29a 
1259a 
408a 
3.08a 
0.38a 

 
 
 

3.09a 
1449a 
189a 
7.67a 
0.44a 

 
5.25a 

 
 

0.66a 
2713a 
2553b 
1.06a 
0.82a 

 
 
 

1.02a 
917a 
311a 
2.95a 
0.28a 

 
 
 

2.56a 
1079a 
154a 
7.01a 
0.33a 

 
4.24a 

 
 

0.89a 
4138a 
4155a 
1.00a 
1.26a 

 
 
 

1.10a 
1081a 
351a 
3.07a 
0.33a 

 
 
 

2.69a 
1326a 
180a 
7.37a 
0.40a 

 
4.68a 

 
 

0.64a 
2697a 
2561b 
1.05a 
0.82a 

 
 
 

1.21a 
1095a 
368a 
2.98a 
0.33a 

 
 
 

2.96a 
1202a 
163a 
7.37a 
0.36a 

 
4.82a 

____________________________________________________________________________________________________________ 
1 Means with different letters within treatment categories (example- Fertilization vs. No 
Fertilization) are significantly different using Tukey’s HSD at the 0.05 level. 
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(p ≤ 0.05) due to fertilization and mulching.  Root totals (all variables) were consistently 

higher due to fertilization and mulching, but with the exception of fine root length 

differences were not significant (p = 0.05).      

 The specific respiration rate of pine root biomass beneath cuvette base rings did 

not differ significantly for either main treatment effect in the 32 plots that were sampled 

during the March 2000 final harvesting period (Table 3.5).   

 

Growing Season and Winter Soil CO2 Efflux, Temperature, and Moisture Trends  

The highest mean growing season (April-October) soil CO2 efflux rate of 2.17 

µmol m-2 s-1 was observed in plots that were near seedlings and unfertilized (Table 3.6).  

Growing season rates in plots that were non-mulched and away from seedlings were the 

lowest noted at 1.32 µmol m-2 s-1.  There were no significant (p = 0.05) differences 

between treatment main effects for growing season soil CO2 efflux rates from either plots 

near seedlings or plots away from seedlings.  Winter soil CO2 efflux (November-March) 

varied from a mean high of 0.35 µmol m-2 s-1 in plots near seedlings that were mulched to 

a low of 0.15 µmol m-2 s-1 in plots that were away from seedlings and non-mulched.  

While fertilization did not significantly (p = 0.05) affect winter soil CO2 efflux rates, 

mulching treatments significantly increased soil CO2 efflux rates in both plots near 

seedlings and away at p ≤ 0.05.  Growing season soil temperatures averaged between a 

mean value of 22 to 23°C for both plots near seedlings and away (Table 3.6).  Winter soil 

temperatures in plots near and away from seedlings averaged between a mean of 8 to 

9°C, with significant differences in winter soil temperature between mulched and non-

mulched plots near seedlings at p ≤ 0.05.  Growing season soil moisture content (vol. %)  
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Table 3.5  Mean specific root respiration rates for pine root biomass (fine, medium, and 
coarse roots) beneath cuvette base rings located near the base of 32 seedlings harvested 
from a loblolly pine plantation located near Dillwyn, Virginia.  Pine root biomass beneath 
cuvette base rings was harvested in March 2000 at the beginning of the 3rd growing 
season. 
________________________________________________________________________ 
 
 Mean Parameter Value by Treatment 
                                                            ________________________________________________________ 

Specific Root Respiration Fertilization No Fert. Mulch No Mulch 
_____________________________________________________________________________________________________________

nmol g-1 s-1 (root dry weight) 
 
nmol mm-1 s-1 (root length)  
 
nmol mm-2 s-1 (root area) 

1.7851  

 
2.44 × 10-3 

 

1.38 × 10-3 

1.780 
 

1.94 × 10-3 
 
1.18 × 10-3 

1.873 
 

2.12 × 10-3 
 
1.27 × 10-3 

1.691 
 

2.25 × 10-3 
 

1.23 × 10-3 
____________________________________________________________________________________________________________ 

1 There were no significant differences between means for main effects categories 
(example- Fertilization vs. No Fertilization) using temperature as a covariate and least 
square means for separation of treatment means at the 0.05 significance level. 
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Table 3.6  Mean growing season and winter soil CO2 efflux rate, soil temperature, and 
soil moisture content by treatment in a two-year old loblolly pine plantation located near 
Dillwyn, Virginia.  Mean values are for 64 plots that were selected for soil sampling, 
cuvette base ring excavation and biomass harvesting in March 2000.  Treatments include 
fertilization, no-fertilization, mulching, and no mulching. 
___________________________________________________________________________ 
 
        Mean Parameter Value by Treatment 

                                                                               ____________________________________________________ 

Parameter Fert. No Fert. Mulch No Mulch 
 
 
Near Seedlings - Growing Season 
 
Soil CO2 Efflux (µmol m-2 s-1)   
Soil Temperature (°C) at 7 cm   
Soil Moisture (vol. %) to 30 cm   
 
Near Seedlings - Winter 
 
Soil CO2 Efflux (µmol m-2 s-1)   
Soil Temperature (°C) at 7 cm   
Soil Moisture (vol. %) to 30 cm   
 
Away From Seedlings - Growing Season 
 
Soil CO2 Efflux (µmol m-2 s-1)   
Soil Temperature (°C) at 7 cm   
Soil Moisture (vol. %) to 30 cm   

 
Away From Seedlings - Winter 
 
Soil CO2 Efflux (µmol m-2 s-1)   
Soil Temperature (°C) at 7 cm   
Soil Moisture (vol. %) to 30 cm   

 
 
 
 

1.82a1 

22.5a 
13.4a 

 
 
 

0.31a 
8.7a 
17.2a 

 
 
 

1.45a 
23.0a 
15.4a 

 
 
 

0.19a 
8.9a 
18.9a 

 
 
 
 

2.17a 
22.4a 
15.1a 

 
 
 

0.31a 
8.4a 
19.2a 

 
 
 

1.47a 
23.1a 
14.1a 

 
 
 

0.18a 
9.0a 
17.2a 

 

 
 
 
 

1.93a 
22.4a 
14.4a 

 
 
 

0.35a 
9.0a 
18.9a 

 
 
 

1.60a 
23.0a 
14.6a 

 
 
 

0.21a 
9.1a 
17.7a 

 
 
 
 

2.06a 
22.5a 
14.1a 

 
 
 

0.27b 
8.2b 
17.6a 

 
 
 

1.32a 
23.0a 
14.9a 

 
 
 

0.15b 
8.8a 
18.4a 

____________________________________________________________________________________________________________ 
1 Means with different letters within treatment categories (example- Fertilization vs. No 
Fertilization) are significantly different using Tukey’s HSD at the 0.05 level. 
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averaged between 13% and 15% for plots both near and away from seedlings, while 

winter soil moisture content averaged between 17% and 19% by volume.  There were no 

significant treatment differences (p = 0.05) for either winter or growing season soil 

moisture content (Table 3.6).   

A significant fertilization by mulch interaction was noted for winter soil CO2 

efflux rates near seedlings.  In this interaction plots near seedlings that were fertilized and 

mulched were noted to have significantly higher winter soil CO2 efflux rates (p ≤ 0.05) 

than plots near seedlings that were fertilized and non-mulched.  Additionally, the mean 

growing season soil CO2 efflux rate near seedlings of 1.99 µmol m-2 s-1 was significantly 

higher (p ≤ 0.05) than the mean rate of 1.45 µmol m-2 s-1 in plots away from seedlings.  

Furthermore, the mean winter soil CO2 efflux rate near seedlings of 0.31 µmol m-2 s-1 was 

also significantly higher (p ≤ 0.05) than the mean rate of 0.18 µmol m-2 s-1 observed in 

plots away from seedlings. 

 
 
Influence of Soil Parameters, Environmental Factors, and Root Biomass on Soil 
CO2 Efflux Rates 
 
 In a regression analysis of soil CO2 efflux rates at 64 plots located near and away 

from seedlings using soil temperature, soil moisture, and all soil and seedling parameters 

it was found that soil temperature explained most of the seasonal variability in CO2 efflux 

rates (Table 3.7).  Soil temperature explained 42% of the variability in efflux rates 

followed by total soil carbon, which explained an additional 5%.  Soil moisture content 

and the amount of fine root biomass beneath cuvette base rings were also significant 

variables providing an additional explanation of 3% and 2% of observed variability.  Soil 

phosphorus, the amount of coarse woody debris & non-pine root biomass beneath base 
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Table 3.7  Significant environmental, soil, and biomass parameters influencing soil CO2 efflux rates across a 13 month sampling 
period from March 1999 to March 2000.  The regression model included data from 64 plots located both near and away from the base 
of seedlings harvested from a loblolly pine plantation in March 2000 at the beginning of the 3rd growing season.    
____________________________________________________________________________________________________________ 
 
                                                                                                                                               Soil CO2 Efflux  (µmol m-2 s-1) 
        
Parameter df mean std. dev. Partial R2 Parameter Estimate F value p > F 
        
        
Soil Temperature (Cº) at 7 cm 1 16.5 9.0 0.4219 0.08888 573.58 < 0.0001 
        
Soil Carbon (Mg ha-1) in upper 10.2 cm 1 48.38 16.45 0.0515 0.01165 76.70 < 0.0001 
        
Soil Moisture (vol. %) to 30 cm 1 16.9 4.5 0.0272 0.03946 42.63 < 0.0001 
        
Fine Root Biomass (g) beneath cuvette chambers (10.2 cm) 1 0.383 0.54 0.0243 0.27456 39.97 < 0.0001 
        
Soil Phosphorus (kg ha-1) in upper 10.2 cm  1 13.28 8.44 0.0080 - 0.01224 13.43 < 0.0003 
        
Coarse woody debris/non-pine root biomass (g) 1 8.44 9.06 0.0039 0.00786 6.50 < 0.0110 
        
Soil Calcium (Mg ha-1) in upper 10.2 cm 1 .3482 .1978 0.0030 .38321 5.14 < 0.0237 
        
        
Model               R2 = 0.5397          MS(E) =  0.4895 787    Intercept = - 1.7518 130.64 < 0.0001 
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rings, and soil calcium were all significant to the model and combined provided an 

additional explanation of 2% of variation.  The overall regression model was significant 

at p < 0.0001, with a R2 = 0.5397 (Table 3.7).  All variables included in the model were 

significant at p ≤ 0.05.  Other soil and seedling biomass parameters were significant at p 

≤ 0.15, but were excluded due to a low partial R2.  Soil temperature, soil carbon, soil 

moisture, and the amount of fine root biomass beneath cuvette base rings were used to 

develop a simpler regression model that incorporated significant variables explaining at 

least 1% of the variability in soil CO2 efflux rates.  This model was fitted to the 832 CO2 

efflux and soil temperature measurements made across the entire study period using mean 

values observed for all variables remaining in the model (Figure 3.1). 

 In contrast to seasonal influences on CO2 efflux rates, regression analysis of data 

from individual monthly sampling periods reveal that variation in efflux rates across the 

study site are best explained by soil factors and seedling biomass (Table 3.8).  During 7 

monthly sampling periods total soil carbon explained most of the variability in daily soil 

CO2 efflux rates.  During June, September, and March 2000 sampling periods either soil 

magnesium or soil nitrogen was the most significant variable having the largest partial 

R2.  Total soil carbon was observed to be collinear with both soil magnesium and soil 

nitrogen.  Subsequently, in June, September, and March 2000 regression models where 

soil carbon was substituted for soil magnesium and nitrogen, it explained the largest 

percentage of the variability in efflux rates, but the overall model had a lower R2 than 

models using soil magnesium and nitrogen.  February was the only month where total 

soil carbon was not retained in a regression model when substituted for soil magnesium.  

The amount of pine fine root biomass beneath cuvette base rings and seedling total root 
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Soil CO2 Efflux (µµµµmol m-2 s-1) = -1.561 + 0.196 (temp.) + 0.0145 (soil carbon)+ 0.0373 (moisture) 
+ 0.2924 (cuvette fine root biomass) - 0.5187 (ln temp.) - 0.0019 (temp. sq.)

R2 = 0.54       832 Observations
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Figure 3.1.  Soil CO2 efflux in a two-year old loblolly pine plantation in the Virginia 
Piedmont.  Soil CO2 efflux rates were measured over a yearlong sampling period from 
March 1999 to March 2000.  Mean parameter values were used to model soil CO2 
efflux rates. 
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Table 3.8  Significant environmental, soil, and biomass parameters influencing soil CO2 efflux rates during individual monthly 
sampling periods.  All variables have positive parameter estimates except for soil phosphorus and coarse fragment %.  Regression 
models included data from 64 plots located both near and away from the base of seedlings harvested from a loblolly pine plantation in 
March 2000 at the beginning of the 3rd growing season.  
 
           
                                                                          Significant Regression Variables (p < 0.15), Partial R2, and Model Parameter Estimates 

            
 Soil  

Carbon 
Fine Root 
(cuvette) 

Soil 
Temp. 

Soil  
Phosphorus 

Total Root 
Biomass 

Coarse 
Fragment % 

Soil 
Magnesium 

Other  Significant 
Variables 

dF Model 
Pr < F 

Model 
R2 

            
Sampling Date       Partial R2 
 

3/19/99 0.2194 - 0.1643 - - - - - 63 < .0001 0.3837 
4/23/99 0.3051 - - 0.0493 - 0.0294 - Soil Moisture 

0.0304 
63 < .0001 0.4143 

5/26/99 0.2406 0.0227 0.0527 0.0527 - - - - 63 < .0001 0.3739 

6/22/99 - 0.0793 - 0.0471 - - 0.2825 Soil Nitrogen 
.0564 

63 < .0001 0.4680 

7/16/99 0.2951 0.1077 - 0.0642 - 0.0194 - Soil Calcium 
.0360 

63 < .0001 0.5224 

8/19/99 0.3713 0.0313 - - - 0.0271 - - 63 < .0001 0.4297 

9/19/99 - - 0.0924 0.0366 - - 0.1843 P/Root (cuv) 0.0741 
Soil Nitrogen 0.0275 

63 < .0001 0.4120 

10/28/99 
 

0.202 0.1923 0.0321 0.0210 - - - - 63 < .0001 0.4477 

11/30/99 0.0745 0.1080 0.1739 - - - - CWD - 0.0506 
Soil Moisture 0.0285 

63 < .0001 0.4355 

12/22/99 0.1780 - 0.0519 - 0.1370 - - - 63 < .0001 0.3670 

01/19/00 0.2701 0.3617 - 0.0548 - - - - 19 < .0003 0.6866 

02/10/00 - - 0.1728 0.0587 0.0399 - 0.1255 - 63 < .0001 0.3969 

03/08/00 - - 0.0855 0.0659 0.1782 - - Soil Nitrogen 
0.2738 

63 < .0001 0.6034 

Mean Annual 
CO2 Efflux 

0.3807 0.1061 0.0546 0.0446 - - - Soil Calcium 
0.0212 

63 < .0001 0.6073 
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biomass were significant variables in 10 monthly regression models.  During 8 of these 

months either of these two variables explained the largest percentage of variation not 

explained by soil carbon, magnesium, or nitrogen.  Cuvette fine root biomass, total 

seedling root biomass, and the total amount of pine root biomass beneath cuvette base 

rings were all collinear, and the parameter providing the best model was included in 

monthly regression models.  Additionally, soil temperature was still a significant variable 

in 9 monthly regression models, and it explained most of the variability in soil CO2 efflux 

rates for the November and February sampling periods.  Soil phosphorus was a 

significant variable in 9 monthly regression models followed by coarse fragment 

percentage and soil moisture content, which were significant in 3 and 2 monthly 

regression models respectively.  Soil calcium, coarse woody debris, and the amount of 

total pine root biomass beneath cuvette base rings were each significant in one monthly 

regression model.  An analysis of mean annual soil CO2 efflux rates at all 64 harvested 

plots revealed that soil carbon explained most of the variability observed followed by 

cuvette fine root biomass, soil temperature, soil phosphorus and soil calcium in a 

regression model with an R2 = 0.61 (Table 3.8).     

  

Relationship of Soil CO2 Efflux to Seedling Biomass and Nutrient Content 

Regression analysis of seedling nutrient totals and biomass vs. either growing 

season or mean annual soil CO2 efflux revealed that plots near seedlings with larger 

biomass and higher total nutrient levels exhibited lower soil CO2 efflux rates (Tables 3.9 

& 3.10).  In all regression models only efflux rates from plots near harvested seedlings 

were analyzed and soil temperature was also included in models to control for the effect 
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Table 3.9  Regression models comparing seedling nutrient and biomass totals to growing season and winter soil CO2 efflux rates.  All 
regression models included soil temperature as a regression parameter to control for the effects of daily change in soil and plant 
activity during sampling sessions. 
____________________________________________________________________________________________________________ 

 
                                                                       Soil CO2 Efflux (µmol m-2 s-1) near Seedlings 

 
 

 
Growing Season Mean Soil CO2 Efflux 

 

 
Winter Mean Soil CO2 Efflux 

Dependant Variable Parameter 
 Estimate 

Model 
 R2 

Parameter 
Pr > | t | 

Parameter 
 Estimate 

Model 
 R2 

Parameter 
Pr > | t | 

       
Total Seedling N (g) -1.1921 0.0960 0.0921 1.7494 0.0210 0.6927 
Total Seedling P (g) -0.12115 0.1091 0.0706 0.22234 0.0255 0.5966 
Total Seedling Ca2+ (g) -0.13751 0.0661 0.1687 0.58282 0.0545 0.3419 
Total Seedling Mg2+ (g) -0.07679 0.0908 0.0999 0.29667 0.0434 0.3068 
Total Seedling K+ (g) -0.56151 0.1256 0.0509 0.78223 0.0202 0.6664 
       
Total Root N (g) -0.33461 0.1176 0.0591 0.33215 0.0138 0.7665 
Total Root P (g) -0.04110 0.1452 0.0364 0.06869 0.0122 0.5837 
Total Root Ca2+ (g) -0.03876 0.0748 0.1460 0.19947 0.1011 0.2151 
Total Root Mg2+ (g) -0.03011 0.1258 0.0503 0.09654 0.0497 0.3160 
Total Root K+ (g) -0.20108 0.1306 0.0475 0.50199 0.0263 0.4339 
       
Total Fine Root N (g) -0.07159 0.3368 0.0100 -0.34044 0.3350 0.0421 
Total Fine Root P (g) -0.00574 0.3042 0.0102 -0.03030 0.2579 0.0300 
Total Fine Root Ca2+ (g) -0.00897 0.2053 0.0565 -0.03806 0.1783 0.1884 
Total Fine Root Mg2+ (g) -0.00464 0.2690 0.0250 -0.03440 0.3229 0.0061 
Total Fine Root K+ (g) -0.03050 0.3471 0.0033 -0.12799 0.2676 0.0487 
       
Total Seedling Biomass (g) -120.08 0.1138 0.0642 258.20 0.0370 0.5241 
Seedling Root Biomass (g) -53.687 0.1673 0.0224 185.10 0.0415 0.4866 
Seedling Shoot Biomass (g) -66.391 0.0825 0.1227 73.107 0.0255 0.6255 
Seedling Fine Root Biomass (g) -7.9244 0.3576 0.0059 -34.729 0.3184 0.0490 
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Table 3.10  Regression models comparing seedling nutrient and biomass totals to mean annual and March 2000 soil CO2 efflux rates.  
All regression models included soil temperature as a regression parameter to control for the effects of daily change in soil and plant 
activity during sampling sessions. 
____________________________________________________________________________________________________________ 

 
                                                                       Soil CO2 Efflux (µmol m-2 s-1) near Seedlings 

 
 

 
Mean Annual Soil CO2 Efflux 

 

 
March 2000 Soil CO2 Efflux 

Dependant Variable Parameter Est. Model R2 Pr > | t | Parameter Est. Model R2 Pr > | t | 

       
Total Seedling N (g) -1.8945 0.0879 0.1160 1.1052 0.0275 0.5571 
Total Seedling P (g) -0.19268 0.0995 0.0910 0.13677 0.0299 0.4449 
Total Seedling Ca2+ (g) -0.21383 0.0623 0.2080 0.31686 0.0705 0.2236 
Total Seedling Mg2+ (g) -0.11672 0.0745 0.1431 0.16467 0.0685 0.1801 
Total Seedling K+ (g) -0.90061 0.1151 0.0663 0.36021 0.0195 0.6414 
       
Total Root N (g) -0.52794 0.1016 0.0814 0.29655 0.0177 0.5340 
Total Root P (g) -0.06513 0.1235 0.0530 0.04384 0.0235 0.4105 
Total Root Ca2+ (g) -0.05883 0.0720 0.1937 0.12037 0.1064 0.0822 
Total Root Mg2+ (g) -0.04568 0.0406 0.0828 0.03475 0.0331 0.3997 
Total Root K+ (g) -0.31217 0.1070 0.0725 0.23944 0.0284 0.3812 
       
Total Fine Root N (g) -0.12273 0.3693 0.0080 -0.03918 0.0826 0.6285 
Total Fine Root P (g) -0.01014 0.3331 0.0068 -0.00383 0.0522 0.5534 
Total Fine Root Ca2+ (g) -0.01560 0.2328 0.0478 0.00445 0.0252 0.7366 
Total Fine Root Mg2+ (g) -0.00851 0.3026 0.0143 -0.00734 0.0912 0.2118 
Total Fine Root K+ (g) -0.05291 0.3812 0.0023 -0.00792 0.0408 0.7957 
       
Total Seedling Biomass (g) -190.97 0.1047 0.0840 120.45 0.0336 0.4865 
Seedling Root Biomass (g) -85.295 0.1468 0.0340 38.924 0.0172 0.5441 
Seedling Shoot Biomass (g) -105.67 0.0795 0.1483 81.523 0.0436 0.4716 
Seedling Fine Root Biomass (g) -13.703 0.3966 0.0041 -3.5646 0.0766 0.6737 
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of daily change in plant and microbial metabolism due to physiological activity and soil 

warming.  In the overwhelming majority of the regression models examining seedling 

nutrient totals and biomass vs. winter soil CO2 efflux rates it was found that seedling 

parameter estimates were not significant to the model at p = 0.15 (Table 3.9).  Likewise, 

the same pattern was also observed in regression models incorporating March 2000 soil 

CO2 efflux rates (Table 3.10).  In regression models examining seedling fine root nutrient 

totals and fine root biomass vs. either winter soil CO2 efflux rates or March 2000 soil 

CO2 efflux rates, it was found that fine root biomass had a slightly negative correlation 

with both winter and March 2000 soil CO2 efflux rates (Tables 3.9 & 3.10). 

 

DISCUSSION 

Seedling Growth, Nutrient Availability, and Soil CO2 Efflux 

 The influence of nitrogen and phosphorus fertilization on seedling growth was 

significant with fertilized seedlings having over 46% greater biomass, 38% higher fine 

root biomass, and greater total tissue nutrient levels than non-fertilized seedlings without 

experiencing a significant increase in soil CO2 efflux from plots near fertilized seedlings.  

By contrast, growing season soil CO2 efflux from plots near fertilized seedlings was 

slightly lower indicating a possible change in either specific root respiration rate or the 

spatial distribution of seedling roots.  Studies by Castro et al. (1994) and Maier and Kress 

(2000) observed both decreased and unchanged soil CO2 efflux rates respectively in 

loblolly and slash pine plantations that had been nitrogen fertilized.  Griffin et al. (1997) 

found that specific CO2 efflux rates for root biomass of loblolly and ponderosa pine 

seedlings were positively correlated with root nitrogen concentration and that roots from 
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fertilized seedlings had a consistently higher tissue nitrogen status as the level of nitrogen 

fertilization increased.  However, in our study root nitrogen content was slightly lower in 

fine and medium sized roots of fertilized seedlings and the mean specific respiration rate 

of roots from fertilized seedlings did not differ significantly from that of non-fertilized 

roots during sampling at the time of harvest in March 2000.  It should be noted that soil 

CO2 efflux during the March 2000 sampling period was also slightly higher in plots near 

fertilized seedlings.  This contrasts with other monthly sampling periods when soil CO2 

efflux was slightly lower in fertilized plots near seedlings.  The amount of fine, medium, 

and coarse pine root biomass beneath cuvette chambers was slightly higher in fertilized 

plots which suggests that changes in specific root respiration rates may have occurred 

over the coarse of the year-long study period.  Conversely, increased root growth due to 

fertilization may have occurred outward and away from the seedlings causing no increase 

in soil CO2 efflux at cuvette base rings.  Higher rates of soil CO2 efflux may have 

occurred farther away from the base of fertilized seedlings compared to non-fertilized 

seedlings; however we did not examine this effect in this study.  A change in rooting 

patterns of loblolly pine has been observed in studies by King et al. (1999) and Sword 

(1998) where respectively, the ratio of fine to coarse root biomass in loblolly pine was 

altered by the level of nitrogen availability and the lateral root initiation of fertilized 

loblolly pines was increased by fertilization.  

 

Parameters Effecting Soil CO2 Efflux Rates Seasonally: 

 The most influential factor affecting soil CO2 efflux during the yearlong study 

period was soil temperature.  This observation was not unexpected and the majority of 
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the published literature states that soil temperature and moisture are the two main factors 

controlling both soil and root respiration (Raich and Tufekcioglu 2000, Rustad et al. 

2000, Schlesinger 1977, Singh and Gupta 1977).  Temperature and moisture together 

interact to determine the particular climate and productivity of a particular site and hence 

the amount of soil and root respiration from a particular site is correlated with site net 

ecosystem productivity and vegetation type (Rustad et al. 2000).  

 Soil and root respiration rates are often assumed to double (Q10 = 2) for every 10° 

C increase in temperature (Kozlowski and Pallardy 1997).  During the study period soil 

CO2 efflux rates exhibited an average Q10 of 2.3 for temperatures of 5° to 35° C.  

However, soil CO2 efflux rates were more sensitive to temperature change during     

colder months exhibiting a Q10 of 3.6 for soil CO2 efflux rates between 5° and 15° C.  

This is especially apparent for winter soil CO2 efflux rates in mulched plots where a 

small increase in soil temperature due to the insulating effect of the mulch apparently 

increased both soil microbial and seedling root respiration.  The temperature sensitivity 

of roots was noted in a study by Boone et al. (1998) where roots in a mixed hardwood 

stand exhibited a higher Q10 coefficient at colder soil temperatures.  Raich and 

Schlesinger (1992) in a review of numerous soil respiration studies noted annual Q10 

coefficients ranging from 1.3 to 3.3 for a variety of study sites.  Kirschbaum (2000) in a 

similar review noted Q10 coefficients as high as 5 to 6 at soil temperatures ranging from 0 

to 10° C.                 

 While soil moisture did not explain as high a percentage of the observed seasonal 

variability in soil CO2 efflux rates as total soil carbon, it was the critical factor limiting 

efflux rates during part of the 1999 growing season when drought conditions were 
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prevalent.  This observation was noted by Kirshbaum (2000) in a discussion of the 

confounding interaction of soil temperature and moisture on soil respiration and plant 

growth.  Kirschbaum stated that moisture limitations often increase with temperature on 

many seasonally dry sites, compared to constantly moist sites where increasing 

temperatures may not produce moisture limitations on soil respiration and root growth.   

 The fact that soil carbon was the second most significant variable explaining 

seasonal changes in soil CO2 efflux is not unexpected assuming that total soil carbon 

includes both the amount of microbial biomass carbon and fine textured carbon substrates 

available for decomposition (Raich and Tufekcioglu 2000).  Studies by Edwards (1975), 

Mathes and Schriefer (1985) and Winkler et al. (1996) noted that microbial activity was 

well correlated with seasonal changes in soil temperature and the availability of carbon 

substrates such as litterfall and root necromass for decomposition. 

 Surprisingly, the amount of pine root biomass beneath cuvette chambers did not 

account for much of the observed variability in soil CO2 efflux rates despite the fact that 

efflux rates were always significantly higher near seedlings during each monthly 

sampling period.  Soil CO2 efflux rates near seedlings were on average 39% higher 

during the growing season and 65% higher during winter months compared to efflux 

rates away from seedlings.  While total soil carbon was slightly higher in plots near 

seedlings, it is doubtful that increased microbial activity alone caused higher efflux rates 

near seedlings because differences in soil carbon were not significant (Table 3.1).  The 

fact that the amount of pine root biomass beneath cuvette chambers explained only a 

small percentage of the variability in soil CO2 efflux from cuvette chambers suggests that 

initially high soil CO2 concentrations near respiring roots are quickly and thoroughly 
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diffused to a lower, more uniform soil CO2 concentration by the surrounding soil 

medium.  Therefore, it is quite possible that CO2 molecules originating from a respiring 

root beneath a cuvette base ring would not reach the soil-atmosphere interface directly 

above the location of that respiring root.  We only sampled root biomass to a depth of 

10.2 cm beneath cuvette base rings, but it is questionable what additional value 

accounting for root biomass at deeper soil levels would have provided due to the fact that 

CO2 molecules originating deeper in the soil profile would be subject to a more tortuous 

and meandering pathway to the soil-atmosphere interface.  Total seedling root biomass 

and total seedling fine root biomass were also included in regression models to ascertain 

if they provided any additional explanation of the observed variability in soil CO2 efflux 

near seedlings.  It was found that seedling root biomass was significantly and negatively 

correlated with both growing season and mean annual CO2 efflux rates near seedlings.  

This corresponds with the observation that plots near fertilized seedlings had slightly 

lower growing season and mean annual soil CO2 efflux rates.            

 It should be noted that in all the regression analysis of soil CO2 efflux rates soil 

phosphorus has a negative parameter estimate.  This was caused by a combination of 

higher soil CO2 efflux rates and lower soil phosphorus levels likely due to depletion in 

plots near seedlings.  As a result, higher soil phosphorus levels occurred in plots away 

from seedlings where low soil CO2 efflux rates were observed. 

 

Parameters Influencing Spatial Variation In Soil CO2 Efflux Rates: 

 Soil carbon and pine root biomass explained a significant proportion of the 

observed spatial variability in soil CO2 efflux rates during daily sampling periods when 
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the influence of soil temperature change was not the dominant factor affecting efflux 

rates.  As discussed previously, it is not surprising that total soil carbon had a significant 

influence on the spatial variability of soil CO2 efflux rates (Figure 3.2).  Both of these 

observations are supported by Raich and Tukecioglu (2000) and Rustad et al. (2000) in 

which they state that soil organisms, carbon substrate quality, and plant rooting density 

and activity are all influential factors affecting soil CO2 efflux rates.  

An analysis of the affects of coarse fragment percentage on soil CO2 efflux rates 

was found to be quite significant in 9 monthly regression models incorporating soil 

nutrient parameters that were not corrected for coarse fragment percentage and bulk 

density.  All models reported in Table 3.7 use soil nutrient parameters that are corrected 

for coarse fragment percentage, which reduces the significance of coarse fragments in 

monthly models.  Parameter estimates for coarse fragment percentage were always 

negative, indicating that a high coarse fragment percentage reduced soil CO2 efflux by 

limiting the amount and volume of soil in the A horizon and subsequent biological 

activity (Figure 3.3).  Studies by Jobbágy and Jackson (2000), Pietikäinen et al. (1999), 

and Trumbore (2000) all noted that a significant portion of the soil organic carbon with 

short turnover periods resides in the top 10-20 cm of the soil profile.  Furthermore, soil 

moisture content was also affected by the amount of coarse fragments in the soil profile 

and in 3 monthly regression models where soil moisture was adjusted for coarse fragment 

percentage it was not included in a final model despite having been a significant variable 

in preliminary models using unadjusted soil parameters.
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CO2 Efflux = 0.34 + 1.51 x 10-5 (Soil Carbon) 
R2 = 0.3808
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Figure 3.2  Total Soil Carbon (kg/ha) vs mean annual soil CO2 efflux rate (µmol m-2 s-1) 
for 64 plots both near and away from the base of seedlings in a two-year old loblolly 
pine plantation.  Total soil carbon is adjusted for coarse fragment percentage and bulk 
density
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CO2 Efflux = 1.43 - 0.016 (Coarse Fragment %) 
R2 = 0.2165
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Figure 3.3  Coarse fragment percentage vs. mean annual soil CO2 efflux rate (µmol m-2 
s-1) for 64 plots both near and away from the base of seedlings in a two-year old loblolly 
pine plantation. 
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Annual Soil Carbon Losses 
  

A mean soil CO2 efflux rate of 1.11 µmol m-2 s-1 was observed at the study site 

over a 12 month sampling period.  The resulting carbon loss from the soil of 115 g C m-2 

yr-1 is much lower than most losses reported by Raich and Schlesinger (1992) in a review 

of studies for temperate coniferous forest sites.  They report an average annual soil 

carbon loss of 695 g C m-2 yr-1 from temperate coniferous forests based on data from a 

variety of sites ranging from highly productive coastal forests in New Zealand and the 

Pacific Northwest to less productive jack pine woodlands in Quebec.  Low soil CO2 

efflux rates and carbon loss from our site can be attributed to several causes including 

low productivity, stand age, a high percentage of coarse fragments in the A horizon, use 

of a burning treatment for site preparation before planting, and low soil organic matter 

resulting from erosional loss of surface horizons during past agricultural use.  As 

discussed earlier, sites with lower NPP tend to have lower rates of soil CO2 efflux and 

soil carbon loss due to the fact that less carbon is being assimilated via photosynthesis 

and added to the soil carbon pool (Schlesinger and Andrews 2000).  Secondly, the stand 

was only in its second growing season and a large percentage of the soil volume was 

unoccupied by respiring root biomass.  Our excavation of soil below cuvette base rings 

supports this observation due to the fact that we found pine root biomass in only one of 

the 32 plots located away from seedlings.  Furthermore, the high percentage of coarse 

fragments in the A horizon reduce the amount of soil volume available for microbial 

biomass and soil macrofauna (Pietikäinen et al. 1999, Trumbore 2000).  With regard to 

burning treatments, Ahlgren and Ahlgren (1965), Pietikäinen and Fritze (1995), and 

Weber (1990), reported lower soil microbial respiration rates and less microbial carbon 
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biomass two years after harvesting and burning treatments were applied compared to 

rates and levels in plots that were both harvested/non-harvested and not burned. 

Our site released approximately 104 g C m-2 over the growing season months of 

April through October compared to soil carbon losses of 166 g C m-2 during the same 

period for another site on in the Virginia Piedmont which was unburned, without a high 

coarse fragment percentage and in its first growing season (O. Popescu and J.R. Seiler, 

unpublished data).  This also compares with two other sites in the Virginia Piedmont 

where mean growing season soil carbon losses averaged 167 and 270 g C m-2 for 2 year-

old and 20 year-old loblolly pine stands sampled during the 2000 growing season (P.E. 

Wiseman and J.R. Seiler, unpublished data). 

 

Conclusion: 

 Soil temperature, soil carbon, soil moisture, and respiring root biomass were all 

variables that explained a large percentage of the observed changes in soil CO2 efflux on 

a seasonal and annual basis.  During daily sampling periods soil carbon and respiring root 

biomass were the two variables that most consistently explained a significant portion of 

the observed differences in soil CO2 efflux rates across the site.  Soil CO2 efflux rates 

were observed to be higher near the base of seedlings during both growing season and 

winter months and the influence of respiring root biomass on overall soil CO2 efflux 

should increase as roots of maturing trees fully exploit the soil volume of the study site.  

However, increases in seedling biomass and nutrient uptake due to fertilization did not 

increase soil CO2 efflux rates despite the fact that fertilized seedlings had significantly 

greater root biomass than non-fertilized seedlings.  While mulching did not significantly 



 122

increase seedling biomass or nutrient uptake, it was noted that mulched plots had 

significantly higher winter soil CO2 efflux rates due to the moderation of soil 

temperature.  Additionally, it was observed that soil CO2 efflux rates near seedlings were 

not always positively correlated with the total amount of seedling root biomass, which 

indicates that there may have been either a change in specific root respiration rates or 

spatial rooting pattern of fertilized seedlings.  While root biomass was not always 

positively correlated with observed efflux rates in plots near seedlings, root biomass was 

positively correlated with soil CO2 efflux rates when differences in efflux rates between 

plots both near and away from seedlings were examined.  Furthermore, soil CO2 efflux 

rates near seedlings were not well correlated with the amount of either fine or coarse pine 

root biomass beneath cuvette base rings.   

Confident modeling of soil CO2 efflux rates from managed forests using 

temperature and moisture should be achievable with the establishment of data sets and 

statistical models covering a range of sites differing in productivity, stand age, and 

management intensity.  The establishment of data sets and statistical models across a 

variety of forest sites should account for the changing influence of soil carbon levels, 

aboveground biomass, organic matter inputs, microbial activity, and root biomass on soil 

CO2 efflux.   
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CHAPTER 4 

THESIS SYNTHESIS 

 
Efforts to quantify and model the carbon sequestration potential of intensively 

managed forest ecosystems will require monitoring of carbon fluxes for both above and 

belowground biological processes.  In an early rotation loblolly pine plantation in the 

Virginia Piedmont we observed that soil temperature and moisture could be used to 

explain a large percentage of the seasonal variability observed in monthly soil CO2 efflux 

rates.  Both of these environmental variables should be adequate to model soil CO2 efflux 

rates from forest sites, once baseline data and process modeling has been completed for 

sites differing in regard to age class, productivity, and management intensity.  Efforts to 

model soil CO2 efflux rates will have to account for changes in the magnitude and spatial 

variability of soil CO2 efflux as stands age, forest floors develop, root biomass 

accumulates, and microbial activity is modified due to changes in soil organic matter.   

This conclusion is based on our observation that soil temperature and moisture 

explained a large percentage of the variability in monthly mean soil CO2 efflux rates, 

while spatial differences in daily and mean annual soil CO2 efflux between differing plots 

was most consistently explained by the amount of total soil carbon and respiring root 

biomass beneath measurement plots.  Additionally, soil temperature and moisture are 

easily measured environmental variables that vary daily, compared to soil organic carbon 

and root biomass, which experience slower change over the length of a rotation.         

With regard to the influence of respiring root biomass, we observed that soil CO2 

efflux rates were significantly influenced by respiration from seedlings roots during both 
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growing season and winter months, suggesting that efforts to model soil CO2 efflux rates 

in young plantations may require sampling designs that determine the spatial influence of 

root respiration on total soil CO2 efflux.  Furthermore, the influence of respiring root 

biomass on overall soil CO2 efflux should increase as roots of maturing trees fully exploit 

the soil volume of the study site.   

In relation to improving productivity, we observed significant increases in 

seedling growth and nutrient uptake due to fertilization with no change in soil CO2 efflux 

rates.  Thus, early rotation fertilization of loblolly pine growing on relatively low 

productivity sites in the Virginia Piedmont should be a useful treatment for increasing 

stand growth and carbon sequestration, while potentially not increasing soil CO2 efflux 

rates or organic matter decomposition.  Quite the opposite, early rotation and/or frequent 

fertilization may produce decreases in soil microbial activity and increases in soil organic 

matter percentage as observed by Maier and Kress (2000) and Smolander et al. (1994).   

In our examination of the effects of mulching treatments, we observed that the 

main effect of mulching was to slightly alter soil temperature and moisture, which 

produced small increases in soil CO2 efflux rates especially during colder winter months.  

Finally, mulching was observed to increase seedling growth, but the difference in 

biomass and nutrient accumulation between seedlings that were mulched and non-

mulched was not found to be significant. 

Again, we conclude that confident modeling of soil CO2 efflux rates from 

managed forests using temperature and moisture should be achievable with the 

establishment of data sets and statistical models covering a range of sites differing in 

productivity, stand age, and management intensity.  The establishment of data sets and 
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statistical models across a variety of forest sites should account for the changing 

influence of soil carbon levels, aboveground biomass, organic matter inputs, microbial 

activity, and root biomass on soil CO2 efflux.   
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APPENDIX A 
 
 

MEAN TISSIE NUTRIENT CONCENTRATION (WEIGHT % PER SEEDLING) FOR 
BELOW AND ABOVEGROUND SEEDLING BIOMASS HARVESTED IN MARCH 
2000 FROM A LOBLOLLY PINE PLANTATION IN THE VIRGINIA PIEDMONT. 
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 Appendix A1.  Mean tissue nutrient concentration (weight %) per tree for fine, medium, 
and coarse root biomass of seedlings harvested from a loblolly pine plantation located 
near Dillwyn, Virginia.  Seedlings were harvested in March 2000 at the beginning of the 
3rd growing season.  
____________________________________________________________________ 
 

 Nutrient Content (weight % / tree) by Treatment 
                                                                                 ________________________________________________________ 

Seedling Component Fertilization No Fertilization Mulch No Mulch 
_____________________________________________________________________________________________________________

Fine Root (< 2mm) 
 
Nitrogen 
Phosphorus 
Calcium 
Magnesium 
Potassium 
 
Medium Root (2-5 mm) 
 
Nitrogen 
Phosphorus 
Calcium 
Magnesium 
Potassium 
 
Coarse Root (> 5mm) 
 
Nitrogen 
Phosphorus 
Calcium 
Magnesium 
Potassium 
 

 
 

1.03a1 
0.08a 
0.14a 
0.07a 
0.36a 

 
 
 

0.93a 
0.09a 
0.14a 
0.07a 
0.45a 

 
 
 

0.80a 
0.09a 
0.09a 
0.07a 
0.43a 

  
 

1.04a 
0.08a 
0.14a 
0.07b 
0.37a 

 
 
 

0.95a 
0.08a 
0.13a 
0.07a 
0.47a 

 
 
 

0.80a 
0.09a 
0.11a 
0.07a 
0.47a 

 
 

1.00a 
0.08a 
0.15a 
0.07a 
0.37a 

 
 
 

0.89a 
0.08a 
0.14a 
0.07a 
0.47a 

 
 
 

0.75a 
0.08a 
0.10a 
0.07a 
0.44a 

 
 

1.07a 
0.09a 
0.14a 
0.07a 
0.38a 

 
 
 

1.00a 
0.09a 
0.12a 
0.07a 
0.46a 

 
 
 

0.85a 
0.09a 
0.11a 
0.07a 
0.47a 

____________________________________________________________________________________________________________ 
1 Means with different letters within treatment categories (example- Fertilization vs. No 
Fertilization) are significantly different using Tukey’s HSD at the 0.05 level.  
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Appendix A2.  Mean tissue nutrient concentration (weight %) per tree for stem, branch, 
and foliage biomass of seedlings harvested from a loblolly pine plantation located near 
Dillwyn, Virginia.  Seedlings were harvested in March 2000 at the beginning of the 3rd 
growing season.   
________________________________________________________________________ 
 

 Nutrient Content (weight % / tree) by Treatment 
                                                                                ________________________________________________________ 

Seedling Component Fertilization No Fertilization Mulch No Mulch 
_____________________________________________________________________________________________________________

Stem  
 
Nitrogen 
Phosphorus 
Calcium 
Magnesium 
Potassium 
 
Branch  
 
Nitrogen 
Phosphorus 
Calcium 
Magnesium 
Potassium 
 
Foliage 
 
Nitrogen 
Phosphorus 
Calcium 
Magnesium 
Potassium 

 
 

1.031 

0.11 
0.19 
0.10 
0.50  

 
 
 

1.00 
0.10  
0.24 
0.10 
0.39 

 
 
 

1.70 
0.12 
0.23 
0.05 
0.44 

  
 

1.04 
0.10 
0.20 
0.10 
0.50 

 
 
 

1.07 
0.10 
0.27 
0.11 
0.44 

 
 
 

1.72 
0.11 
0.26 
0.06 
0.43 

 
 

1.00 
0.11 
0.19 
0.10 
0.49 

 
 
 

1.01 
0.09 
0.26 
0.10 
0.42 

 
 
 

1.70 
0.12 
0.23 
0.05 
0.43 

 
 

1.07 
0.10 
0.20 
0.10 
0.51 

 
 
 

1.06 
0.09 
0.26 
0.10 
0.40 

 
 
 

1.72 
0.11 
0.25 
0.06 
0.44 

____________________________________________________________________________________________________________ 
1 There were no significant differences between means of main effect treatment 
categories (example- Fertilization vs. No Fertilization) using Tukey’s HSD at the 0.05 
level. 


