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Abstract

Global climate change and the accumulation of the greenhouse gas, carbon
dioxide (COy), in the atmosphere, may be mitigated by the proper management of soils
and forests through carbon (C) sequestration. Longleaf pine (Pinus palustris Mill.)
forests, which historically dominated the upper and lower Coastal Plain in the
southeastern United States, have the potential to sequester large quantities of C through
long rotations and temperate climatic conditions. Soils compose the largest C sinks on
earth and thus have potential to be the largest contributors of CO, to total ecosystem
respiration. More knowledge on the effects of stand and community structure on soil
CO; efflux is needed to understand how forest management influences C cycling. The
objective of this study was to examine how forest structure and forest characteristics
influence the rate of soil CO; efflux to better understand forest management effects on C
pools. Soil CO, efflux was examined over a 10 month period on the Escambia
Experimental Forest near Brewton, AL in response to basal area, root biomass, woody
debris in the soil, soil charcoal mass, soil C, litter depth, litter mass, downed woody
debris, aboveground and belowground biomass, ground cover, and environmental
conditions.

Basal areas ranged from 7 to 36 m*ha™ and ground cover, litter mass, litter depth,
soil woody debris, and downed woody debris varied with basal area but soil temperature

did not. Mean monthly soil CO; efflux ranged from 1.6 umol m™.s™ in January to 6.5



umol m2s™tin August 2008. Soil CO; efflux increased exponentially with soil
temperature and temperature explained 96% of the variation in soil CO; efflux. Only 1-
11% of the variation in soil CO; efflux was explained by soil moisture, litter mass or
depth, ground cover, natural log-transformed live coarse roots, downed woody debris C,
or natural log-transformed soil charcoal. These results indicate that soil CO; efflux can
be modeled using soil temperature and that forest management practices that influence
soil temperature rather than forest structure or forest characteristics per se will influence

soil CO, efflux.
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CHAPTER 1. INTRODUCTION

Longleaf pine (Pinus palustris Mill.) historically inhabited approximately 37
million hectares (ha) of the upper and lower Coastal Plain in the Southeast United States
from east Texas to southeast Virginia and into the Piedmont of Alabama and Georgia
(Landers et al. 1995). Extensive logging practices, improper regeneration techniques,
reforestation with various species of southern yellow pine (P. taeda L., P. elliottii
Engelm., P. echinata Mill.), the naval stores industry which utilized pine oleoresin,
conversion of forested land to agricultural land, and suppression of natural wildfires all
played an important role in the decline of the natural range of the longleaf pine
(Wahlenberg 1946). The original longleaf range has been reduced to approximately 1.2
million ha (Landers et al. 1995).

There has been a renewed interest in longleaf pine in recent years. Lands are
being reforested with longleaf pine through private landowner interests, governmental
cost share programs assisting landowners with reforestation and afforestation, and
ecologists seeking to restore native habitat which supports many diverse forms of flora
and fauna. With the current concern that anthropogenic increases in carbon dioxide
(COy) are altering climates globally (Houghton 2005), and because the largest terrestrial
carbon (C) sinks are primarily within the soil (Hibbard et al. 2005) and secondarily

within trees (Woodbury et al. 2007), an understanding of controls on soil CO, efflux in a



variety of ecosystems is needed to better model global C budgets and C sequestration.
Soil CO; efflux is the rate at which CO, moves out of the soil and into the atmosphere
and is the product and the combination of autotrophic (root) and heterotrophic (microbial)
respiration (Janssens et al. 2001). This research investigated how forest structure and
forest characteristics were related to soil CO, efflux to characterize forest C fluxes and

provide a better estimate of forest C sequestration in managed longleaf pine stands.

1.1 Rational and Significance

Longleaf pine ecosystems are able to support an abundance of diverse plant and
animal species. Many of these species are threatened, such as the fox squirrel (Sciurus
niger L.), the gopher tortoise (Gopherus polyphemus Daudin), the indigo snake
(Drymarchon couperi Fitzinger), and pitcher plants (Sarracenia spp.). The red-cockaded
woodpecker (Picoides borealis Vieillot) is on the Endangered Species List. As interest in
these species and their supporting ecosystem increases, more land managers are seeking
to restore longleaf pine to its native range. Interest in the diverse ecosystem has helped
longleaf pine become a conduit through which C credits may be invested. Because
forests can be large C banks which are able to reduce the amount of greenhouse gases in
the atmosphere by storing C in biomass, their value has risen with increasing focus on a
national and global CO; cap and trade system. On June 26, 2009 the H.R. 2454 bill
sponsored by Henry Waxman and Ed Markey, known as American Clean Energy and
Security Act of 2009, passed with a margin of 7 votes in the House of Representatives
(Stone and Shaw 2009). Voluntary buying and selling of C credits in the United States

has been managed by voluntary C markets such as the Chicago Climate Exchange, Clean



Development Mechanism, Voluntary Carbon Standard, American Carbon Registry, and
the Climate Action Reserve, but the H.R. 2454 bill would be the first legislation to put
mandatory limits on greenhouse gas production (Ramseur et al. 2009). Passage of this
bill by Congress may increase the value of forestland as trees sequester large amounts of
C and thus may assist in a solution of greenhouse gas mitigation. United States’ forests
cover approximately one-third of the area in the United States and 67% of this forestland
is classified as timberland with the potential to produce more than 1.4 m*ha™.yr* in
volumetric growth (Smith et al. 2001).

The Kyoto Protocol meeting in 1997 identified intensely managed forested
plantations as a key player in global C sequestration (Kobziar 2007). Because longleaf
pine is being planted at a greater frequency, and because it is not usually planted
singularly for growing pulpwood and is often balanced with other objectives such as
habitat restoration for flora and fauna and for producing wood products, longleaf pine
may be a good species for long-term C sequestration. Management objectives to increase
C sequestration need to be developed based from scientific studies. Long rotation age in
longleaf pine timberlands also has potential to provide long-term C sequestration
opportunities, high-quality specialty lumber, diverse recreational activities, and habitat
for the threatened and endangered species.

Carbon sequestration at the forest level provides multiple ecosystem services.
Managed forests provide an avenue to capture sequestered C more efficiently than
unmanaged stands, and managed stands may store more C in forests, forest products, and
through the replacement of fossil fuel products (Perez-Garcia et al. 2005). In natural

longleaf stands, management often includes prescribed fire on a regular interval between



2 to 5 years and periodic thinning to achieve a targeted basal area depending on
management objectives. Meldahl and Kush (2006) speculated that longleaf pine
ecosystems in the Southeast United States have great potential for C sequestration in the
forest stand and in C storage in forest products such as poles, pilings, and lumber. The
benefits of sequestering C in longleaf forests are threefold. Renewable products such as
lumber are produced and harvested logs can store C for varying time periods with the
longest storage period most commonly attributed to solid wood products used for
structural supports. The second benefit is the substitution of renewable products for non-
renewable alternatives such as steel, vinyl, concrete, and oil. Gustavsson and Sathre
(2006) found in nearly all cases that wood based construction materials were superior to
concrete materials when lower energy and CO, balances were desired. Residential
contractors selecting wood products over non-renewable materials observed a fourfold
decrease in emissions when installing walls and flooring according to Lippke and
Edmonds (2006). The viable alternatives to wood based products require more inputs
during production and produce greater emissions during processing. Buchanan and
Levine (1999) stated that the small fossil fuel requirement necessary to process wood
products is much more important than the actual C stored in the wood products compared
to the large inputs required for C costly materials such as brick, aluminum, steel, or
concrete. The final benefit is the preservation of a unique ecosystem accommodating
various forms of flora and fauna.

Because a better understanding of forest management effects on C sequestration
and C stocks in longleaf pine forests is needed, the objective of this study was to examine

C stocks and soil CO, efflux rates in relation to forest structure, forest characteristics, and



environmental conditions in 50-year-old longleaf pine stands varying in basal area. The
study site on the Escambia Experimental Forest has been actively managed for over 60
years and detailed historical records of the past management are available and provide a
foundation for this unique research. Study plots have been managed for different
densities across a range of basal areas from 7-34 m*-ha™, and these target basal areas are
often used for different silvicultural objectives such as pinecone production for natural
regeneration methods, production of solid wood products, and wildlife management. If
land managers are able to utilize a land management plan to produce timber, manage for
wildlife, and sequester C simultaneously, economic and intrinsic values increase for the
land owner. A second objective was to explore environmental and plant factors related to
soil CO, efflux. Because soil CO, efflux composes the majority of ecosystem respiration
(Janssens et al. 2001) with the relative contribution of soil CO, efflux to ecosystem
respiration estimated between 50-80% (Lavigne et al. 1997; Davidson et al. 1998; Law et
al. 1999), factors affecting soil CO, efflux influence whether a stand is a source or sink
for CO,. This study examined relationships among soil CO, efflux and stand basal area,
soil temperature, soil moisture, soil C, soil N, soil charcoal, soil woody debris, ground

cover, litter, downed woody debris, and aboveground and belowground biomass.

1.2 Hypotheses

The hypotheses tested by this study were:
1. Soil temperature will explain the majority of variation in soil CO, efflux rates
in the longleaf pine stands.

2. Soil moisture will be related to soil CO, efflux rates.



3. Forest structure defined by basal area will be related to soil CO, efflux through
effects on forest characteristics including soil temperature, soil moisture, percent

ground cover, litter, and above and belowground biomass.



CHAPTER 2. LITERATURE REVIEW

2.1 Forest Carbon Sequestration

Forests are a large component of the C cycle as both sources and sinks for CO..
Forests in the northern hemisphere during the 1980’s and 1990’s were estimated to store
0.6-0.7 Pg C-year™ (1 Pg = 10° Mg) in the forest with approximately 0.21 Pg C-year™ in
live tree biomass (Goodale et al. 2002). Every year, forests in the United States sequester
approximately 200 Tg C (1 Tg = 10° Mg) from CO; in the atmosphere (Heath and Smith
2004). Sources of CO, from forests include forest fires, decomposition of leaf matter and
woody debris, and autotrophic respiration (Kimmins 2004). The amount of C stored in
forests of the United States has increased since 1953 (Birdsey 2006). Currently, the C
sequestration rate has slowed because of maturing forests and from increased harvesting
operations (Birdsey 2006). In general, as forests mature, the rate at which C is
sequestered is reduced because of slower growth rates (Birdsey 2006). Forest C
sequestration in the Southeast United States was modeled from historical records of land
use transitions from 1900 to 1940 by Woodbury et al. (2006) who determined that there
was a net emission of CO; because of deforestation and timber maturation, but from 1940
to present there was a net sequestration of C by forests. When timber is harvested for
lumber production, the C sequestered during the life span of the trees is stored in the final

product. Dimensional lumber stores C for many decades before decomposition occurs



(Birdsey 2006). Ultimately, when wood products are deposited in a landfill, the amount
of C released back into the atmosphere as CO, is between 0-3% of the C in the wood
(Micales and Skog 1997).

The net flux of C in an ecosystem entering through photosynthesis or exiting
through respiration is the net ecosystem exchange. Valentini et al. (2000) found that
annual ecosystem respiration increased as latitude increased in European forests, even
though the mean temperature of the air decreased. While individual site ecosystem
respiration rates were well explained by temperature, the relationship between all sites
and ecosystem respiration was not significant. This may be an indication that latitude
influences length of the growing season, mean soil temperature, precipitation, soil
organic matter decomposition, species composition, and site, which may determine soil
CO; efflux (Valentini et al. 2000). Valentini et al. (2000) suggest that the temperature
sensitivity of soil organic matter decomposition is greater in higher latitudes, thus a
similar temperature increase across all latitudes would result in greater decomposition
rates from the high latitude boreal forests.

Total ecosystem respiration within forests is determined by autotrophic and
heterotrophic respiration. Soils are the largest storage bank of C, exceeding aboveground
and belowground biomass or atmospheric CO; by two to three times (Johnson and Curtis
2001; Post et al. 1982) and therefore soil organic C is equal in importance if not greater to
the tree biomass growing in the soil (Chen et al. 2007). Because of the importance of soil
C relative to a forest as a C sink, many soil factors influence soil CO, efflux including the
parent material, texture, depth, forest cover, and past and present forest management

practices (Yu et al. 2007). For example, soil CO, efflux can be the most significant



source of CO,emitted from forests and soil CO; efflux was found to be between 58% and
76% of total ecosystem respiration in a temperate mixed hardwood and conifer forest in
Belgium (Yuste et al. 2005). Goulden et al. (1996) and Longdoz et al. (2000)
hypothesized that soil CO, efflux in temperate forested ecosystems may compose
between 60-90% of total ecosystem respiration. Soil C is difficult to determine because
of the non-uniform spatial distribution of C in the soil and limited methods for
measurements of the soil C inputs, especially belowground systems (Ebinger et al. 2003).
In fact, there is only a partial understanding of the process of C allocation in forests,
because there are uncertainties concerning belowground C fluxes and allocation of C
through different forested ecosystems (Litton et al. 2007). Soil C has been noted by
Birdsey (2006) to change in very small increments that are difficult to quantify over short
time scales.

Soil C can be released through disturbances such as fire, pest outbreaks, logging,
or through land use changes. Valentini et al. (2000) found that as the use of land
changes, there is often a large change in the soil organic matter, which may accumulate
within soil stores or decompose and be recycled through the C cycle by increased soil
CO; efflux rates. Land C storage is composed of plant and soil C sinks. When a C sink
is not maintained in the same manner as when C accumulation took place, transformation
from a C sink to a C source may occur (Scholes and Noble 2001). For example, land
change from forestland to agricultural land results in different cycling patterns of C. A
land use change resulting in the transformation of a forest into cropland will lose long
term storage ability as woody materials are excluded from the landscape. Land use may

alter microclimate which changes the variable residence time of soil organic C. Factors



which influence the mean residence time of soil C are the ability of a C source to resist
decay as well as the degree of protection C sources have against decomposition (Paul et
al. 2003). Both variables influence the storage and respiration of C in soil. Scholes and
Noble (2001) stated that C in plant biomass or soil organic C will be released back into
the atmosphere with improper management. The transformation of a C sink to a C source
can be a very rapid change as a result of disturbances altering the structure of the land.
However, the transformation can also be gradual through the process of respiration.
Falkowski et al. (2000) state three possible pathways by which C is reintroduced into the
atmosphere. These are autotrophic respiration, heterotrophic respiration, and land

disturbances such as fire, pests, land use change, deforestation, and aforestation.

2.2 Soil CO; Efflux

2.2.1 History

In the 19™ century, soil organisms and bacteria were found to produce a majority
of the CO, efflux from the soil (Pettenkofer 1858). Other early studies found that soil
CO, rates indicated microbial activity (Hutchinson 1912) and nitrification rates (Russell
1915, Russell and Appleyard 1915) due to the bacteria in the soil. Microbial
decomposition of roots was also determined by Potter and Snyder (1916) to be a factor in
soil CO; production. In contrast, Neller (1918) did not find a relationship between the
soil bacteria and soil CO; efflux.

Additional studies found that soil CO, levels were greater in soils with crops than
in bare soil and that CO, efflux increased during flowering and fruit production,

demonstrating a positive relationship between belowground root activity and soil CO,

10



efflux (Russell and Appleyard 1917; Lundegardh 1926). Lundegardh (1926) also found
that root respiration accounted for 30% of soil CO, efflux when a cropped soil was
compared to bare soil. Turpin (1920) compared cropped soil to bare soil and discovered
increased CO, production within cropped soil, even after oat (Avena spp.) and common
millet (Panicum miliaceum L.) harvest. The increase in CO; rates following harvesting
were possibly from decay of residual plant roots. He also found that during vigorous
plant growth soil CO; rates were higher and that soil temperature did not influence soil
COg,rates. In contrast, in the same study bare soil CO; rates did fluctuate with soil
temperature. Turpin (1920) concluded that plant and soil organisms acted independently
in soil CO, production and that the soil fauna was a more consistent source of soil CO,,
but plant root systems produced the greatest amount of soil CO, when vigorous plant
growth was observed. Therefore, Turpin (1920) concluded that during the growing
season soil CO, production was primarily attributed to root respiration and not to root
decomposition or fine root turnover.

Soil conditions have been shown to play a role in the amount of soil CO,
produced. For instance, in early soil CO, efflux studies, soil CO, levels were extremely
low in a rice (Oryza sativa L.) swamp in India, possibly due to low oxygen (O,) levels
and greater methane (CH,) production (Harrison and Aiyer 1913). High organic matter
was also noted to correlate with soil CO; levels when studied by Russell and Appleyard
(1915). Soil temperature and soil CO; levels were positively related in numerous early
studies due to the common relationship between rate of reaction and temperature (Russell
and Appleyard 1915; Leather 1915). These studies demonstrated the importance of

environmental conditions, plant factors and microbes in understanding soil CO; efflux.
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2.2.2 Autotrophic and Heterotrophic Respiration

Autotrophic (root) respiration and heterotrophic (microbial) respiration are the
components that produce the majority of CO, in soil CO, efflux (Bond-Lamberty et al.
2004; Hanson et al. 2000; Olsson et al. 2005). Autotrophic respiration consists of
maintenance and growth respiration (Amthor 1984). Soil CO, efflux from autotrophic
maintenance respiration is produced from metabolic repairs, protein reconstruction,
maintenance of ion gradients, and physiological adaptations (Penning de Vries 1975).
Growth respiration is the use of C during the production of biomass (Amthor 1984).

Autotrophic respiration ranges from 10% to 90% of total soil CO, efflux (Hanson
et al. 2000). Hogberg et al. (2001) performed a phloem girdling study to reduce C
transport to roots and to eliminate autotrophic respiration using Scots pine (Pinus
sylvestris L.) in Sweden and found up to 56% of the soil CO, efflux was due to
autotrophic respiration. Tree phloem girdling studies prevent the flow of photosynthates
to root systems, therefore the reduction in soil CO, efflux after phloem girdling may be
directly related to autotrophic respiration. In a Central Amazon tropical forest, Chambers
et al. (2004) found that approximately 70% of soil CO, efflux was due to autotrophic
respiration. Andersen et al. (2005) reported that phloem girdling of European beech
(Fagus sylvatica L.) trees in Germany resulted in a decrease in soil CO, efflux by 50%
and they attributed the reduction to an absence of autotrophic outputs. In another
phloem girdling study using 40-year-old Norway spruce (Picea abies (L.) H. Karst) in
Sweden, Olsson et al. (2005) reported that the girdled trees had significantly less soil CO,
efflux than the nongirdled trees. In the same experiment, fertilized trees exhibited lower

soil CO, efflux rates than the trees receiving no fertilizer even though the aboveground
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portion of the fertilized trees was two to three times greater than the unfertilized trees.
The decrease in soil CO; efflux in the fertilized treatment was attributed to less C
allocated to fine root production as nutrients became readily available from fertilization,
thus resulting in reduced fine root biomass and respiration (Axelson and Axelson 1986).
The importance of fine root respiration was demonstrated by Ryan et al. (1997) after
determining that fine root respiration was greater than coarse root respiration per unit of
root biomass. In another study, fine root respiration was reported to be slightly greater
than coarse root respiration and fine root respiration was related to fine root nitrogen
deposition, indicating a relationship between photosynthesis, leaf production and
litterfall, and respiration (Vose and Ryan 2002).

Litton et al. (2007) found that autotrophic respiration was heavily correlated to
both aboveground and belowground biomass production. As biomass grows
volumetrically, autotrophic respiration also increases. Carbon allocation to aboveground
and belowground biomass production is recognized by many scientists to be directly
related to soil CO, efflux (Ekblad and Hogberg 2001; Hogberg et al. 2001). As more
biomass is produced aboveground or belowground, plant respiration will increase due to
the amount of living tissue and its supporting biological processes. Also, the supply of
photosynthate and autotrophic respiration are closely related due to metabolic rates,
individual and stand growth rates, and stand dynamics (Lambers et al. 1998; Reich et al.
1998; Ekblad and Hogberg 2001). Other factors which influence autotrophic respiration
include temperature, moisture, nutrients, and photosynthate supply (Amthor 1994;
Sprugel et al. 1995; Lambers et al. 1998; Singh and Shekhar 1986). Cheng et al. (2005)

separated rhizospheric respiration from soil CO, efflux using buried root chambers within
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a 21-year-old longleaf pine plantation in Georgia and determined that different tree
species had different soil CO,, efflux rates that varied with soil types.

Heterotrophic respiration is linked to the rate of litter decomposition as well as
photosynthate production and net primary productivity (NPP) (Zak et al. 1994; Gaudinski
et al. 2000). Hamer and Marschner (2002) also reported an increase in heterotrophic
respiration resulting from the deposition of more organic matter which was likely due to
microbial communities flourishing under the nutrient rich conditions accompanying litter
and root decomposition. However, the relative contribution of heterotrophic respiration
to soil CO; efflux is not clearly understood because of difficulty in the separation of
autotrophic and heterotrophic respiration (Ekberg et al. 2007). Isotope fractionation,
trenching, phloem girdling, and component analyses are approaches used to attempt the
separation of autotrophic respiration from heterotrophic respiration, but all methods have

drawbacks and limitations (Hanson et al. 2000).

2.3 Factors Influencing Soil CO, Efflux

Important biotic, abiotic, and edaphic factors that may influence soil CO, efflux
include soil temperature, soil moisture, plant cover, litter, and aboveground and
belowground biomass. These factors have a large impact on the autotrophic and
heterotrophic components of soil CO, efflux (Hanson et al. 2000). Biotic and abiotic
factors are often autocorrelated. For example, reduced plant cover may alter soil
temperature which in turn can increase soil CO, efflux rates. Other factors influencing
soil CO, efflux rates are forest management practices. Intensive silviculture techniques

may increase growth and overall productivity with practices such as fertilization,
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irrigation, and the use of herbicide, pesticide, and fungicide treatments. Intensive culture
techniques result in faster growth rates, but these practices can alter fine root production

and soil CO; efflux rates (Samuelson et al. 2004).

2.3.1 Soil Temperature

The amount of increase in the rate of reaction in response to a 10 °C increase in
temperature is known as the temperature sensitivity or Qi (Winkler et al. 1996). Within
a limited range of temperatures, biological and microorganism reactions will behave
according to the Van’t Hoff and Arrhenius laws by increasing the rate of a chemical
reaction by a factor of two with a temperature increase of 10 °C (Greaves 1922,

Waksman 1932; Lloyd and Taylor 1994; Meyer et al. 2001; Winkler et al. 1996;
Takahashi et al. 2003). Soil CO,, efflux reactions are often described by the Q1o
relationship. However, caution must be used as Fang and Moncrieff (2001) demonstrated
that Qo values are not all equal because of multiple Q1o equations which may result in
different Qo values. Quadratic and first-order exponential Q;o models have a fixed Q1o
value and therefore may underestimate Q1o values at low temperatures and overestimate
values at high temperatures (Lloyd and Taylor 1994).

The average Qi of soil CO, efflux as reported from the literature by Raich and
Schlesinger (1992) was 2.4 and ranged from 1.3 to 3.3. Wiant (1967) found a Qo value
of 2.0 for soil CO, efflux for eastern white pine (Pinus strobus L.), black spruce (Picea
mariana (Mill.) B. S. P.), and northern red oak (Quercus rubra L.), and a value of 1.7 for
eastern hemlock (Tsuga canadensis (L.) Carr.) with temperature ranging from 10 °C to 40

°C. When temperature is greater than 50 °C, microbe and tissue damage may result from
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protein denaturation and enzyme deactivation, and thus Wiant (1967) and others have
found a significant decrease in the amount of soil CO, efflux at high temperatures.
Reichstein et al. (2000) found Q1o values of 2.5 and 2.8 for soil CO, efflux in the organic
soil layer and the A-horizon in a forest-tundra ecosystem in Switzerland, respectively.
Peterjohn et al. (1993) found a Qo of 3.1 for soil CO; efflux in a temperate hardwood
forest in Massachusetts. Kao and Chang (2009) measured a higher Qqo value of 3.5 in a
mountainous hemlock (Tsuga chinensis var. formosana (Bong.) Carr.) forest and noted
that the forest soil CO, efflux was more sensitive to temperature than a grassland site
(Q10 of 2.8). Martin et al. (2007) noted temperature to be more significant in controlling
belowground soil CO,, efflux than any other variable, including soil moisture. Gough and
Seiler (2004) also found a strong correlation between the rate of soil CO, efflux and soil
temperature. Soil temperature has been noted to drive soil CO, efflux rates more than

any other variable (Wang et al. 2007; Wang and Yang 2007).

2.3.2 Soil Moisture

The relationship between soil CO, efflux and soil moisture varies with site and
species (Davidson et al. 2000). For example, arid soils experiencing drought stress may
likely have lower soil CO, efflux rates from lack of adequate moisture which may limit
microbial and root production (Wildung et al. 1975). Tufekcioglu et al. (2001) observed
that soil moisture influenced soil CO, efflux rates more in soybean (Glycine max (L.)
Merr.) and prairie grass (Panicum spp.) fields than soil temperature, and the combination
of soil temperature and soil moisture explained 69% of the variation in soil CO, efflux.

Laboratory experiments inducing drought showed that when soil moisture was below
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field capacity, soil CO; efflux was reduced (Doran et al. 1991; Orchard and Cook 1983).
Other studies report an increase in soil CO, efflux with increased moisture availability
(Schmidt et al. 2004; Wan et al. 2007). On the other hand, in soils which are very wet a
decrease in moisture may increase soil CO, efflux rates. For example, Oberhauer et al.
(1992) tested tundra soil in the Arctic and found increasing soil CO, efflux rates with
decreasing water table levels. Qi and Xu (2001) found a maximum soil CO, efflux at
20% soil moisture content in a ponderosa pine (Pinus ponderosa Douglas ex C. Lawson)
plantation in California but soil moisture greater than 20% reduced soil CO, efflux. Linn
and Doran (1984) explained that increased soil CO, efflux after drying of regularly
inundated soil took place because O, diffusion increased enabling respiration to occur.
Davidson et al. (2000) observed the general pattern of decreasing soil CO, rates with
decreasing soil moisture in a forest and pasture in the Amazon Basin in Brazil. However,
when soil CO; efflux measurements directly followed a precipitation event in Davidson’s
experiment, soil was nearly saturated (matric potential >-0.005 MPa) and efflux rates
were depressed. Saturation of soil pore space limits O,, reducing respiration (Bouma and
Bryla 2000). In contrast, precipitation events can cause water percolation into soil pore
spaces which displaces soil pore gas, releasing an intense pulse of soil CO, (De Selm
1952).

Other studies have not found significant relationships between soil CO, efflux and
soil moisture. Edwards (1975) found no statistically significant relationship between soil
moisture and soil CO, efflux in a 40 to 50-year-old yellow-poplar (Liriodendron
tulipifera L.) stand. Keith et al. (1997) reported that soil moisture does not have an effect

on soil CO; efflux rates unless drought conditions occur. Keith et al. (1997)
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demonstrated that higher soil temperatures reduced soil moisture in a eucalypt snow gum
(Eucalyptus pauciflora Sieber ex Spreng.) ecosystem in Australia and reduced soil CO,
efflux. The interaction between soil temperature and soil moisture can often influence
soil CO;, efflux (Kirschbaum 2000). Martin et al. (2007) reported that when moisture was
adequate, there was only a small correlation between soil moisture and soil CO, efflux
rates in mountain ash (Eucalyptus regnans F. Muell.). However, Gough and Seiler
(2004) stated that there was no correlation between the soil CO, efflux rates and soil
moisture in loblolly pine plantations in the upper Coastal Plain of South Carolina. A
study at Fort Benning, Georgia in a mixed pine stand reported that soil CO, efflux was
related to soil moisture in sandy soils when moisture was greater than the wilting point,
but was not related to soil moisture in clayey soils with greater moisture holding capacity

(Dilustro et al. 2005).

2.3.3 Fire

A native plant restoration study in Northern Arizona reported that reintroduction
of prescribed fire into a ponderosa pine stand increased herbaceous fine root biomass and
soil moisture, reduced total fine root biomass, and increased soil CO, efflux rates
(Selmants et al. 2008). Herbaceous fine root biomass may have increased in response to
more soil moisture, greater light resources, and additional nutrients. Studies in longleaf
pine ecosystems also demonstrate the role of fire in increasing or maintaining an
herbaceous layer (Kush et al. 1999; Hiers et al. 2000; Brockway and Lewis 1997) but it is
not well understood how the herbaceous layer and fire influence soil CO; efflux rates in

longleaf pine. Kush et al. (1999) reported that the timing of burning did not influence
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longleaf overstory basal area but that understory hardwood basal areas were different
among burning season treatments, with greater hardwood basal areas in the unburned and
winter burn treatments. Additionally, there was a greater amount of total biomass in the
unburned plots with the majority of the biomass attributed to accumulation of organic
matter in the litter layer over a 34-year duration without prescribed fire (Kush et al.
1999). It may be that unburned longleaf pine forests sequester greater amounts of C due
to understory growth and litter accumulation, but these unburned stands increase the risk
of severe wildfire and do not provide adequate habitat for certain targeted flora and
fauna. Prescribed fire is vital in longleaf ecosystems, but Boyer (1994) found that
prescribed fire within longleaf did reduce growth in stands of 24 years and younger.
However, Boyer’s findings may provide evidence that increased rotation length in
longleaf pine stands and use of prescribed fire on a regular interval offer long-term C
storage in trees and solid wood products, reduced wildfire hazard, and a valuable

gcosystem.

2.3.4 Litter

Reinke et al. (1981) reported that prescribed fire and pine straw removal in a
longleaf pine plantation in South Carolina reduced total soil CO, efflux, but only by 5%
and 6%, respectively. However, the removal of litter, duff, and humus layers decreased
soil CO, efflux in a longleaf pine plantation by 22% (Reinke et al. 1981). Leaf litter may
inhibit soil drying by acting as a natural barrier to evaporation (Ginter et al. 1979), may
influence nutrients supplied through organic matter decomposition, and may be a CO,

source as decomposition occurs thus affecting soil CO, efflux. Bowden et al. (1993) and
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Edwards and Sollins (1973) reported that litter contributed 37-48% to total soil CO,
efflux in a mixed hardwood stand.

As litter breaks down and decomposes, organic materials are deposited into soil
increasing the soil organic content (Keith et al. 1997). Also, a considerable amount of
energy produced during primary production is accumulated in the litter layer and then
recycled back into the system through decomposition (Macfadyen 1971). Phillipson et al.
(1975) observed that total organic matter (including above and below ground litter)
decomposition made up 95% of soil CO, efflux rates. Higher rates of litterfall increase
the amount of C in the soil as litter breaks down through decomposition (Martin et al.
2007). A mature oak-hickory forest type had greater litterfall than a maturing pine
plantation and the decomposition of the hardwood litter was also greater, which increased
forest floor CO, efflux rates (Palmroth et al. 2005), and the higher rates of litterfall and
decomposition resulted in greater soil organic C content. Bolstad et al. (2005) found
similar results when comparing pasture land to forested land. The aboveground live
biomass was much greater in the forests than in pastures, and the average soil C in the
pasture sites was lower than forest sites as the forested sites maintained much higher litter
volumes than pastures. The differences between aboveground biomass allocation and
litter decomposition resulted in lower soil CO, efflux rates in the pasture sites.

Downed woody debris is a significant part of the C cycle, an important structural
component of forested ecosystems (Lindenmayer and McCarthy 2002), and composes
approximately 18% of the total C within temperate forested ecosystems (Pregitzer and
Euskirchen 2004). Liu et al. (2006) observed that 30% of the net ecosystem exchange in

the Harvard Forest in Massachusetts was from downed woody debris, and the main
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factors driving decomposition of downed woody debris were air temperature, sampling
temperature, bulk density, and wood moisture. Tate et al. (2006) reported that CO,
production was significantly higher in treatments containing logging residue than in

treatments lacking slash.

2.3.5 Root Biomass

Root biomass contributes to soil CO; efflux levels through the autotrophic
component of soil CO, efflux. King et al. (2000) found a close correlation between soil
CO, efflux rates and fine root biomass in stands of paper birch (Betula papyrifera
Marsh.) and trembling aspen (Populus tremuloides Michx.) under conditions of elevated
CO,. However, the stands with greater rates of fine root growth also exhibited a greater
fine root turnover rate which in turn may increase heterotrophic respiration as microbial
populations decompose root biomass (Badia and Marti 2003). Heterotrophic respiration
may increase when microbial communities increase in population size within the bounds
of the microbial carrying capacity. Pregitzer et al. (1995) also found that elevated CO,
levels increased fine root growth and turnover. The mortality of fine roots provides fuel
for microbial activity which may increase heterotrophic soil respiration rates (Pregitzer et
al. 1995). In an intensively managed loblolly pine plantation in Bainbridge, Georgia, soil
CO; efflux rates were not correlated with fine root biomass (Samuelson et al. 2004).
However, Wiseman and Seiler (2004) and Gough et al. (2005) reported that soil CO,
efflux rates in loblolly pine plantations in Virginia and South Carolina increased with

root biomass and root biomass increased with stand age and proximity to trees.
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CHAPTER 3. MATERIALS AND METHODS

3.1 Study Site

The study site is located at the Escambia Experimental Forest, seven miles south
of Brewton, Alabama. The USDA-Forest Service maintains this =1214 ha forest as an
experimental study site primarily for natural longleaf pine management. It was
established as an Experimental Forest on April 1, 1947 when the T.R. Miller Mill
Company leased it without charge for 99 years to the USDA-Forest Service. The 16 ha
study site, Compartment 135, was naturally regenerated in 1957-1958 by the shelterwood
method. Seedlings from the 1957-1958 seed crop were released from the parent
overstory in the winter of 1961. Since regeneration, the stand has been managed with
prescribed fire approximately every three years and the last prescribed fire before this
experiment began was conducted on January 9, 2007.

Compartment 135 is located in the lower Coastal Plain with the majority of soils
of the Troup fine sand type with 0-5% slope. The taxonomic class for Troup fine sand is:
loamy, kaolinitic, thermic Grossarenic Kandiodults. All experimental plots are in the
Troup fine sand type. Minor soil types bordering Compartment 135 include the
Orangburg (taxonomic class: fine-loamy, kaolinitic, thermic Typic Kandiudults) and

Dothan (taxonomic class: fine-loamy, kaolinitic, thermic Plinthic Kandiudults).
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The study site was established in 1967-1968 in order to examine the relationship
between density and stand development. Three replicates (0.08 ha) of five densities
includuing 741, 1483, 2224, 2965, and 3707 residual trees-ha™!, were installed through
precommercial thinning of seedlings. The average stand density across all plots in 1963
was 14 826 trees-ha™’. Stand density was eventually reassigned from trees-ha to basal
area-ha™ as trees grew, including residual basal area targets of 7, 14, 21, 28, and 34
m*ha™. Stand inventories were conducted at 2-year intervals through 1978, then in 1981
and 1985. Post 1985, stands were remeasured every five years. These 15 plots were part
of a permanent plot Regional Longleaf Growth Study investigating growth and yield in
pure, even-aged, longleaf pine stands relative to site, age, and stand density. Plot basal
areas were maintained by low thinning and improvement cuts every five years if plot
basal area growth exceeded the target basal area by 2 m*ha™ (Farrar 1978).

The 15 study plots used for this study ranged in basal area from 7-36 m*ha™'.
Study plots were 0.04 ha in area and each plot was subdivided into 400 separate 1 m*
subplots. During the 10 month study from January through October 2008, five different 1
m” subplots from each plot were sampled every month. Soil CO; efflux, soil
temperature, soil moisture, downed woody debris, litter depth, litter mass, live, dead, fine
and coarse root biomass, woody debris within the soil (consisting of residual coarse root
biomass), soil charcoal mass, and percent ground cover were measured within each

subplot. Total soil C and soil N were measured in January 2008.
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3.2 Soil CO, Efflux Measurements

Soil CO, efflux rates were measured in a single location in each 1 m* subplot
using an infrared gas analyzer (IRGA) (LICOR 6400, Li-Cor, Inc.; Lincoln, Nebraska
USA) connected with a soil chamber head attachment (LICOR 6400-09 Soil CO, Flux
Chamber). Polyvinyl chloride (PVC) soil collars, 10 cm in diameter, were installed into
the ground the day prior to measurements in order to avoid the pulse of CO, immediately
following installation of collars due to soil disturbance and injury to fine roots (Maier and
Kress 2000; Law et al. 1999).

Instantaneous soil CO; efflux rates were measured monthly so that over the
course of 10 months seasonal variations would be observed (Maier and Kress 2000).
Measurements were taken before the peak of the diurnal cycle between the hours of 0900
and 1200. The concentration of CO, in the air at ground level was determined by placing
the soil chamber on its side and monitoring the CO, concentration. This concentration
was set as the ambient CO, concentration used in the efflux calculation. Soil CO, efflux
rates were measured with the LICOR 6400 using a single measurement cycle set for a
delta of 10 parts per million (ppm) above and below the ambient CO, concentration
unless CO; rates were low. In the case when low soil CO, efflux rates were observed, a
delta of 5 ppm was used. Low rates of soil CO; efflux at the Escambia Experimental
Forest occurred during cool weather. The LICOR 6400 calculated the flux of CO, for the
targeted ambient CO, level. Concurrent soil temperature measurements were taken
adjacent the soil chamber head at a depth of 0-15 cm with a soil temperature probe

connected to the IRGA.
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3.3 Environmental Measurements

In order to estimate annual soil C efflux from the instantaneous soil CO; efflux
measurements and soil temperature, soil temperature was continuously measured using
HOBO thermocouples (U12) inserted to a depth of 15 cm and recorded using data loggers
(U12-008) (Onset Computer Corporation, Pocasset, Massachusetts USA). Sensors were
inserted into the soil in four cardinal directions 6.0 m from plot center in five plots
selected to represent the range in basal area including 8, 16, 25, 30, and 32 m*ha”. Soil
temperatures within the five measurement plots were averaged across plots because soil
temperature was similar among varying basal areas. Mean hourly soil temperatures were
used to estimate cumulative annual soil CO, efflux rates. Soil CO; efflux was modeled

¢®™, where y

for each experimental plot from soil temperature using the equation y = a*
is the soil CO; efflux (umol CO,'m™s™) and x is soil temperature (°C) (see Results). Soil
moisture at a depth of 0-10 cm was measured immediately adjacent to soil respiration
collars with a time domain reflectometry system (TDR Model 6050X1, Soil Moisture
Equipment Corp., Santa Barbara, California USA; Trime-FM Probe P3 SN.:14323,
IMKO Micromodultechnik, Ettlingen, Germany) concomitantly with soil respiration
measurements.

A HOBO Weather Station (Onset Computer Corporation, Pocasset, Massachusetts
USA) measured and recorded photosynthetically active radiation, precipitation, soil
moisture, air temperature, relative humidity, wind speed, and wind direction every half

hour. The weather station was located in the Escambia Experimental Forest near the

USDA-Forest Service office.
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3.4 Forest Characteristics

Current annual increment was calculated from diameter at breast height (DBH)
(1.37 m) measurements on trees marked at DBH in January 2008 and February 2009.
Longleaf pine aboveground biomass was estimated following Mitchell et al. (1999) using
allometric equations to estimate stem and branch biomass and total aboveground biomass
which included stem, branch, and foliage. Longleaf pine taproot and coarse root biomass
for 1 m” around each tree was estimated according to Johnsen et al. (2004) using
allometric equations for loblolly pine. The amount of C in all biomass was assumed to be
50% of the oven-dried biomass (Pearson et al. 2007). In addition, three site specific
longleaf pine biomass equations were used to estimate stem and branch, foliage, and total
aboveground biomass including stem, branch, and foliage, from Taras and Clark (1977),
Baldwin and Saucier (1983), and Garbett (1977).

Litter depth and litter mass were measured inside the soil collar. Litter depth was
measured by inserting a ruler into the litter matter down to the beginning of the soil
profile after installation of the soil collar and approximately 24 hours prior to soil CO,
efflux measurements in order to limit disturbance of CO, concentration within soil pore
space. Litter was removed after soil CO, efflux measurements, placed in a paper bag and
transported to the laboratory, where the mass was determined directly following drying in
an oven at 75 °C for at least 96 hours.

Coarse woody debris consisted of downed trees and downed branches. Cubic
volume of downed coarse woody debris within subplots was estimated by measuring the
mid-diameter and length of the log following Siitonen et al. (2000). The calculation is

based on the volume of a cylinder. Decomposition estimation followed the three degrees
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of decay defined by Heath and Chojnacky (2001). The first class of decay assumed 90%
of the oven-dried density of wood from a living tree of the same species, 0.66 g-cm™ for
longleaf pine (Brown et al. 1949). The second decay class allocated 70% of the oven
dried density of longleaf pine to downed woody debris, and the third decay class
allocated 40% of the oven dried density of longleaf pine to downed woody debris. Class
I included new downed woody debris. Classes II and III included slightly decomposing
and fully decomposed logs, respectively (Stewart et al. 1994).

Soil cores containing the soil horizon from 0-15 cm were removed directly
underneath the soil CO, efflux measurements each month after completion of soil CO,
efflux measurements. A cylindrical metal corer 10 cm in diameter by 60 cm in length
was used to remove the soil cores. The soil cores were placed in a plastic bag and stored
in a cooler during transportation. Samples were stored at 5 °C to minimize desiccation of
live fine roots. Soil was then hand sifted in the laboratory through a No. 10 sieve (2 mm
opening) (U.S.A. Standard Testing Sieve, Fisher Scientific Company, Pittsburgh,
Pennsylvania USA) and the remaining components were washed, divided into one of the
four root categories including live fine (< 2 mm), dead fine (<2 mm), live coarse (> 2
mm), and dead coarse (> 2 mm) root biomass. Soil woody debris biomass and soil
charcoal biomass were also measured. All biomass components within the soil were
oven-dried at 75 °C until reaching a constant mass. The amount of C in charcoal was
assumed to be 80% of the oven-dried charcoal mass (Forbes et al. 2006). January soil
samples were used to estimate soil C concentration to a 15 cm depth assuming a bulk
density of 1.41 g-em™ which was measured in the A-horizon in a Troup soil series at the

Escambia Experimental Forest by Kush et al. (2004). Total soil C and N concentrations
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were analyzed in the Soil Testing Laboratory at Auburn University by elemental
combustion analysis at approximately 950 °C in pure oxygen.

On a monthly basis, ground cover was estimated ocularly and included all
herbaceous plants and woody stems less than 2.54 ¢cm in DBH within each 1 m? subplot.
Species with a DBH greater than or equal to 2.54 cm were recorded to estimate basal area
ingrowth. To describe the vegetation in the understory in more detail and to examine
relationships between soil CO, efflux and cover type, in July 2008, woody vegetation less
than breast height was identified by genus and counted. Ground cover was sorted into
grasses, herbs, vines, woody plants and poison-oak (Toxicodendron toxicarium (Salisb.)

Gillis.) due to its frequent occurrence. Nomenclature followed Godfrey (1988).

3.5 Statistical Analysis

The experimental unit was the 0.04 ha plot. Subplot values were averaged by plot
and relationships between soil respiration and basal area, current annual increment, soil
temperature, soil moisture, aboveground biomass, belowground biomass, litter depth,
litter mass and ground cover were explored using stepwise regression analyses, linear
regression, and nonlinear regression. All analyses were conducted at the 0.10 level of
significance. Residual analyses and tests for normality were performed on regression
analyses. Natural log-transformations provided the best outcome when transformations
were required. Statistical procedures were performed with SAS (Statistical Analysis

Program) version 9.1 (SAS 2003).
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CHAPTER 4. RESULTS

4.1 Climate

The 50-year mean annual precipitation for Brewton, Alabama is 1648 mm, with a
50-year average minimum of 89 mm in October and a 50-year average maximum of 176
mm in July (data from National Oceanic and Atmospheric Administration) (Figure 4.1.1).
During the experiment, annual precipitation at the EEF was 1292 mm, with a minimum
of 16 mm in September and a maximum of 239 mm in July (Figure 4.1.1). The 50-year
average minimum and maximum temperatures at Brewton, Alabama were 8.4 °C and
27.1 °C, respectively, and the 24 hour mean was 18.4 °C (Figure 4.1.1). The mean annual
minimum and maximum temperatures were 13.3 °C and 24.2 °C, respectively, during

2008 at the EEF and the annual mean temperature for 2008 was 19.6 °C.

4.2 Forest Structure and Forest Characteristics

Stand structure was described by basal area, quadratic mean diameter, current
annual increment, ingrowth, mortality, and standing shags (Table 4.2.1). Basal area
ranged from 7-36 m>ha* and quadratic mean diameter was between 18.0-41.7 cm.
Longleaf pine density ranged from 49-1334 trees-ha™ (Table 4.2.1). In general, density,
current annual increment, mortality, and snag density were higher in plots with higher

basal area. Ingrowth was small and was observed in only three plots.
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Figure 4.1.1. The 50-year mean monthly 24 hour temperature and monthly precipitation
for Brewton, Alabama (NOAA data) (a) and monthly mean 24 hour temperature and
monthly precipitation during 2008 measured at the Escambia Experimental Forest (EEF)

(b).
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Additional ecosystem variables that were measured to describe forest
characteristics included ground cover, shrub biodiversity, litter depth and mass, root
biomass, and soil characteristics. Ground cover was generally higher during the growing
season and varied from 9 to 93% (Figure 4.2.1). Tables describing the July 2008
understory vegetation by component of ground cover, species richness and Shannon-
Weaver diversity index for woody plants, and a species count for woody species are
included in the Appendix. The forest floor was described not only by cover but by litter
mass which ranged from 1.9-29.4 Mg-ha™ and litter depth which varied from 7-22 mm
(Figure 4.2.1). Downed woody debris ranged from 0.0-45.7 Mg-ha™* and soil woody
debris was between 0.2-5.5 Mg-ha* (Figure 4.2.2). Soil charcoal was from 0.02-2.5
Mg-ha™* (Figure 4.2.2). Soil N concentration varied from 0.48 to 0.99 mg-g™* and soil C
concentration ranged from 5.39 to 14.32 mg-g™* (Table 4.2.2). In general, no seasonal
trends in live fine and coarse root biomass and dead fine and coarse root biomass were
observed (Figure 4.2.3).

Relationships between forest characteristics and basal area were examined in
order to determine how basal area influenced forest characteristics. Ground cover was
significantly and negatively related to basal area (Figure 4.2.4; Table 4.2.3). The arcsine
transformation of ground cover did not improve the relationship between basal area and
cover therefore the arcsine transformation was not used. Litter mass, litter depth, downed
woody debris, and soil woody debris were significantly and positively related to basal
area (Figures 4.2.4 and 4.2.5; Table 4.2.3). The wide range in downed woody debris in
Figure 4.2.5 is a result of a few large, downed trees in the measurement plots. Frequent

prescribed fires in these 50-year-old longleaf pine stands reduced downed woody debris
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to minimal amounts. Soil charcoal, live fine and coarse root biomass and dead fine and
coarse root biomass, total root biomass, soil N, and soil C were not significantly related
to basal area (Figures 4.2.5, 4.2.6, 4.2.7, and 4.2.8; Table 4.2.3). Vine and grass cover

measured in July was significantly related to basal area (Figure 4.2.9; Table 4.2.3).
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Figure 4.2.1. Total ground cover (a), litter mass (b), and litter depth (c) versus sampling
date in 2008 in 50-year-old longleaf pine stands varying in basal area. Each data point

represents a plot average of five subplots.
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Figure 4.2.2. Downed woody debris (a), soil woody debris (b), and soil charcoal (c)

versus sampling date in 2008 in 50-year-old longleaf pine stands varying in basal area.

Each data point represents a plot average of five subplots.

35



Table 4.2.2. Soil nitrogen (N) and carbon (C) concentration
measured in January 2008 in longleaf pine stands varying in
basal area.

Plot No. Basal Area Soil N Soil C

(m*ha") (mg-g™) (mg-g™)

189 7 0.65 11.55
186 8 0.73 8.51
190 13 0.58 9.34
188 14 0.56 5.39
184 15 0.73 14.32
182 16 0.99 11.17
185 18 0.74 11.74
187 18 0.62 7.47
179 23 0.57 11.37
183 25 0.81 10.77
176 29 0.59 11.97
180 30 0.56 8.73
181 31 0.60 11.26
177 32 0.48 8.22
178 36 0.50 7.24
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Figure 4.2.4. Total ground cover (a), litter mass (b), and litter depth (c) versus basal area
in 50-year-old longleaf pine stands. Each data point represents a plot average across
measurements conducted from January through October 2008. Regression equations
were included when p<0.100.
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Table 4.2.3. Observed probability values for significant linear
relationships between basal area or annual carbon (C) efflux versus soil
CO, efflux, forest characteristic variables, and environmental variables

in 50-year-old longleaf pine stands.

Source Basal Area Annual C Efflux
Soil CO, efflux 0.045 0.077
Soil temperature 0.912 0.345
Air temperature 0.711 0.626
Soil moisture 0.209 0.010
Live fine root biomass 0.991 0.246
Live coarse root biomass 0.126 0.455
Dead fine root biomass 0.678 0.143
Dead coarse root biomass 0.677 0.032
Soil woody debris <0.001 0.299
Soil charcoal 0.195 0.936
Soil N 0.167 0.564
Soil C 0.695 0.103
Downed woody debris 0.006 0.121
Cover 0.003 0.187
Litter mass 0.001 0.687
Litter depth 0.003 0.015
Aboveground biomass <0.001 0.064
Belowground biomass <0.001 0.064
Total biomass <0.001 0.064
Basal area - 0.062
Current annual increment <0.001 0.048
Density <0.001 0.088
Quadratic mean diameter <0.001 0.016
Grass 0.007 0.004
Vine 0.015 0.750
Herb 0.512 0.089
Poison-oak 0.369 0.072
Richness 0.111 0.641
Shannon-Weaver diversity index 0.846 0.563
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Figure 4.2.8. Soil nitrogen concentration (N) (a) and soil carbon concentration (C) (b)
versus basal area in 50-year-old longleaf pine stands. Each data point represents a plot
average measured in January 2008.
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Figure 4.2.9. Ground cover in vines (a) and grasses (b) versus basal area in 50-year-old
longleaf pine stands. Each data point represents an average measured in July 2008.
Regression equations were included when p<0.100.

44



4.3 Soil CO; Efflux

Soil CO, efflux ranged from 0.9-8.8 umol CO,m™?.s™ and tracked seasonal
changes in soil temperature (Figure 4.3.1). Soil temperature ranged from 8.0-26.9° C
and soil moisture content ranged from 1.8-16.6 % (Figure 4.3.1). Soil CO, efflux
increased exponentially with increasing soil temperature and soil temperature explained
96% of the variation in soil CO; efflux (Figure 4.3.2). The Q1o was 2.7, defined as the
change in soil CO, efflux with a 10° C change in soil temperature and was calculated
using the equation y=0.4723*e®%%™ where y is soil CO, efflux and x is soil
temperature.

Averaged across all measurement dates, soil CO, efflux was significantly and
positively related to basal area and basal area explained 29% of the variation in soil CO,
efflux (Figure 4.3.3). However, averaged across measurement dates, soil temperature
was not significantly related to basal area (Figure 4.3.3; Table 4.2.3). In addition, soil
moisture averaged across dates was not related to basal area (Figure 4.3.3; Table 4.2.3).

The relationship between air temperature, continuously measured at the Escambia
Experimental Forest, and soil temperature, continuously measured in five plots, was
examined to determine if air temperature could be used to model soil CO, efflux since air
temperature is most often measured at weather stations. Soil temperature was measured
to a 15 cm depth continuously at four locations in five plots with varying basal areas and
data were averaged across the five plots. Air temperature was measured continuously to
a 3 m height in one location. Soil temperature and air temperature measured at the
Escambia Experimental Forest were similar and air temperature explained 88% of the

variation in soil temperature (Figure 4.3.4).
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Figure 4.3.1. Soil CO, efflux (a), soil temperature (b), and soil moisture (c) versus
sampling date in 2008 in 50-year-old longleaf pine stands varying in basal area. Each
data point represents a plot average of five subplots.
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Figure 4.3.3. Soil CO, efflux (a), soil temperature (b), and soil moisture (c) versus basal
area (BA) in 50-year-old longleaf pine stands. Each data point represents a plot average
across measurements conducted from January through October 2008. Regression

equations were included when p<0.100.
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Figure 4.3.4. Monthly average soil temperature and air temperature versus month (a) and
soil temperature versus air temperature (b) in 50-year-old longleaf pine stands. Averaged
over the five locations, soil temperature was measured to 15 cm continuously at four
locations in five plots with varying basal areas. Air temperature was measured

continuously to a 3 m height in one location. Regression equations were included when
p<0.100.
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Stepwise regression analysis was used to determine which environmental and
forest characteristic variables were related to soil CO, efflux. Because of the potential
for seasonal hysteresis in the relationship between soil CO, efflux and soil temperature,
and because factors covarying with soil temperature may vary with seasonality and plant
phenology, stepwise regression analysis was separated into two time periods. The first
modeling time period began in March and continued to the end of July (March-July
period, N=75) and the second modeling period began in August and continued through
the completion of the study in October (August-October period, N=45). Soil
temperatures were similar between sampling dates, but there was no obvious seasonal
hysteresis loop as defined by Kopfova (2006) because soil CO, efflux rates were similar
for a given temperature across seasons (Figure 4.3.5). However, physiological processes
such as flushing, xylem production, and leaf area development may differ over the year
and may influence the relationship between soil CO; efflux and soil temperature
differently in Spring versus Fall. Therefore, stepwise regression was used to determine if
there were other predictor variables for soil CO, efflux during the two modeling periods.

Stepwise regression analyses for soil CO, efflux measured in March-July
indicated that soil temperature explained the majority of variation (83%) in soil CO,
efflux, while litter mass, ground cover, natural log-transformed live coarse root biomass,
downed woody debris C, and natural log-transformed soil charcoal were significant
variables in the model but explained only a minor amount of the variation (1-2%) in soil
CO; efflux (Table 4.3.1). In July, the combined effect of litter mass and poison-oak
explained the most variation in soil CO, efflux (37% and 30%, respectively) (Table

4.3.1). Other significant variables included natural log-transformed live coarse roots,
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which explained 10% of the variation in soil CO; efflux in July, and natural log-
transformed soil charcoal, which explained 7% of July’s variation in soil CO, efflux
(Table 4.3.1). Natural log-transformations improved residual plots. During August-
October, soil temperature explained 64% of the variation in soil CO, efflux and litter
depth, ground cover, and soil moisture were significant predictor variables in the model

but explained only 2-11% of the variation in soil CO, efflux (Table 4.3.1).
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Table 4.3.1. Stepwise regression analysis for significant relationships between monthly
soil CO, efflux or annual soil C efflux and forest characteristic variables by sampling

period.

Sampling Parameter Partial

Period Parameter Estimate ~R® F-value P>F

March-July Soil temperature 0.4075 0.83 279.19 <0.001
Litter mass 0.0467 0.02 5.64 0.009
Ground cover 0.0139 0.01 6.68 0.085
Log(Live coarse roots) 0.2681 0.01 3.71  0.093
Downed woody debris C 0.0382 0.01 528  0.069
Log(Soil charcoal) -0.2374 0.01 401  0.049

July Litter mass 0.1903 0.37 7.98 0.017
Poison-oak 0.1155 0.30 6.8 0.007
Log(Live coarse roots) -0.5756 0.10 254  0.049
Log(Soil charcoal) 0.4015 0.07 1.14  0.065

August-October Soil temperature 0.3643 0.64  68.00 <0.001
Litter depth 0.2197 0.11 28.31 <0.001
Ground cover 0.0196 0.05 491 0.003
Soil moisture 0.1177 0.02 4.46 0.041

Annual soil C efflux Log(Soil charcoal) 11.8213 0.17 68.58 0.046
Litter depth 0.7457 0.14 64.19 0.041
Log(Dead fine roots) 2.7436 0.05 19.86  0.098
Log(Soil woody debris) -1.9772 0.07 1488 0.013
Current annual increment ~ 1.9095 0.03 4.26 0.069

Note: N=75 for March-July, N=15 for July, N=45 for August-October, and N=15 for

annual soil C efflux
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A fourth stepwise regression was performed to examine variables related to
annual soil C efflux. Annual soil C efflux was significantly related to natural log-
transformed soil charcoal, litter depth, natural log-transformed dead fine root mass,
natural log-transformed soil woody debris, and current annual increment (Table 4.3.1).
These variables explained between 3-17% of the variation in the annual soil C efflux.
Annual soil C efflux modeled from soil temperature and air temperature varied from

11.0-17.9 Mg C-ha™.yr*and 10.6-18.9 Mg C-hat-yr?, respectively (Table 4.3.2).

Table 4.3.2. Annual soil C efflux for longleaf pine plots varying in basal area
modeled using soil (Tso) or air temperature (Tair)-

Plot Basal =~ ----e-eemeeeeeeeee- Annual soil C efflux---------=---n===----
No. Area TsoiL TAR
QRS T — (T, oo N—
189 7 13.22 13.90
186 8 14.90 14.84
190 13 11.16 11.23
188 14 11.04 10.59
184 15 14.82 14.49
182 16 15.72 15.18
185 18 15.73 16.07
187 18 12.50 12.61
179 23 13.55 13.67
183 25 13.63 12.89
176 29 15.68 15.97
180 30 14.90 14.57
181 31 17.93 18.88
177 32 14.42 14.92
178 36 15.67 15.65

Note: The general formula y = e*a®* was used for annual soil C efflux
estimates where y was soil CO, efflux and x was soil temperature or air
temperature.
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4.4 Carbon Sequestration

Longleaf pine aboveground biomass (stem plus branch and foliage) was estimated
using allometric equations developed by Mitchell et al. (1999) from natural, uneven-aged
longleaf pine in Georgia across three different sites and longleaf pine belowground
biomass (taproot and coarse roots) was estimated using relationships between DBH and
woody root biomass reported for loblolly pine (Johnsen et al. 2004). Aboveground
standing stock biomass in longleaf pine stem and branch biomass ranged from 27.3-107.8
Mg C-ha™* and from 1.2-5.5 Mg C-ha™ for foliage. Depending on plot basal area,
belowground standing stock biomass estimates varied from 7.2-25.5 Mg C-ha™ (Table
4.4.1). Standing C stocks in longleaf pine trees, composed of stem plus branch, foliage,
taproot, and coarse root biomass ranged from 35.7-138.8 Mg C-ha™ (Table 4.4.1). Total
stand C stocks, which included litter, soil woody debris, soil charcoal, soil C, live and
dead fine roots, live and dead coarse roots, downed woody debris, and aboveground and
belowground longleaf biomass, ranged from 66.3-183.7 Mg C-ha™* (Table 4.4.2).

In addition to Mitchell et al. (1999) biomass equations, three other site specific
longleaf pine biomass equations were applied to the longleaf pine stands at the Escambia
Experimental Forest using 2005 Regional Longleaf Pine Growth Study diameter and
height data (Kush, unpublished data). Using Mitchell et al. (1999) biomass equations
and 2005 inventory data, aboveground woody biomass was between 24.4-103.8 Mg
C-ha™, foliage biomass was 1.1-5.9 Mg C-ha™, and total tree biomass was from 25.5-
109.1 Mg C-ha* (Figure 4.4.1). Taras and Clark (1977) developed biomass equations at
the Escambia Experimental Forest for natural, uneven-aged sawtimber which ranged

from 15.2-46.0 cm in DBH. Aboveground woody biomass ranged from 21.1-107.5 Mg
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C-ha™, foliage biomass ranged from 0.9-5.3 Mg C-ha™, and total tree biomass was from
22.0-112.8 Mg C-ha™ using allometric equations from Taras and Clark (1977) (Figure
4.4.1). Baldwin and Saucier (1983) developed biomass equations in 10 unthinned
longleaf pine plantations in Texas and Louisiana for trees ranging in DBH from 2.5-53.0
cm. Using Baldwin and Saucier (1983) equations, aboveground woody biomass was
from 13.0-92.7 Mg C-ha™*, foliage biomass ranged from 1.3-7.8 Mg C-ha, and total tree
biomass was from 14.4-98.5 Mg C-ha™ (Figure 4.4.1). In an uneven-aged Florida
flatwoods slash-longleaf pine forest, Garbett (1977) developed biomass equations using
longleaf pine trees which ranged in DBH from 12.0-42.0 cm. Estimated aboveground
woody biomass ranged from 23.1-118.8 Mg C-ha™, foliage biomass was from 0.8-3.0 Mg
C-ha, and total tree biomass ranged from 23.9-121.8 Mg C-ha™ using Garbett (1977)
allometry (Figure 4.4.1).

Longleaf pine current annual growth increment ranged from 0.1 to 0.9 m*ha™.yr*
(Table 4.2.1). Longleaf pine aboveground NPP ranged from 0.4-4.2 Mg C-ha™.yr* and
belowground NPP ranged from 0.1-0.9 Mg C-ha™t.yr* (Table 4.4.3). Annual soil C efflux
was on average 8.3 Mg C-ha™-yr* higher than total NPP and ranged from 3.1 to 30.0

Mg C-ha™*yr* higher than total NPP (Table 4.4.3).
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Table 4.4.1. Standing C in longleaf pine biomass for 50-year-old longleaf pine stands
varying in basal area.

------------------------------------ Standing C-------------=-=-mmememm oo e-

Plot Basal

No. Area Stem/Branch Foliage Tap/Coarse Roots Total Standing C

(11T ——— (L Y1 T ————

189 7 27.3 1.2 7.2 35.7

186 8 29.6 1.4 7.7 38.7

190 13 50.3 2.3 12.4 65.0

188 14 53.6 2.5 13.1 69.2

184 15 54.3 2.8 13.3 704

182 16 57.6 2.9 14.1 74.6

185 18 68.3 3.3 16.5 88.1

187 18 67.6 3.2 16.3 87.1

179 23 78.9 4.0 19.0 101.9

183 25 87.5 4.4 20.9 112.8

176 29 90.4 5.0 21.6 117.0

180 30 101.5 5.4 24.1 131.0

181 31 107.8 55 25.5 138.8

177 32 91.8 55 22.1 119.4

178 36 101.0 6.1 24.2 131.3
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Figure 4.4.1. Site specific longleaf pine biomass equations applied to the longleaf pine
stands in the Escambia Experimental Forest from 2005 inventory data for aboveground

woody (a), foliage (b), and total aboveground (c) biomass (

= Mitchell et al. 1999,

— — — =Taras and Clark 1977, --------- = Baldwin and Saucier 1983, and

= Garbett 1977).
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Table 4.4.3. Annual C fluxes for longleaf pine stands varying in basal
area.

Plot Basal  SoilC Longleaf Longleaf Longleaf

No. Area  Efflux NPP g NPPgg NPProtaL
Q117 ——— O Y/ g ————
189 7 13.22 0.4 0.1 0.4
186 8 14.90 0.9 0.2 11
190 13 11.16 1.9 0.4 2.3
188 14 11.04 11 0.2 1.3
184 15 14.82 0.6 0.1 0.7
182 16 15.72 1.8 0.4 2.2
185 18 15.73 2.2 0.5 2.7
187 18 12.50 1.7 0.4 2.1
179 23 13.55 2.6 0.6 3.2
183 25 13.63 2.6 0.6 3.1
176 29 15.68 3.6 0.8 4.4
180 30 14.90 2.6 0.6 3.2
181 31 17.93 4.2 0.9 5.2
177 32 14.42 3.8 0.8 4.6
178 36 15.67 3.3 0.7 4.0

Note: NPP=net primary productivity, AG=aboveground,
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CHAPTER 5. DISCUSSION

The research at the Escambia Experimental Forest is unique in that soil C fluxes
were measured over the course of 10 months in naturally regenerated, even-aged, fire
maintained, 50-year-old longleaf pine stands varying in basal area. There have been
multiple studies which have measured C fluxes in both young and mature loblolly pine
plantations to determine the effectiveness with which vigorous plantations can sequester
C (Samuelson et al. 2004; Gough and Seiler 2004; Wiseman and Seiler 2004; Maier and
Kress 2000). However, information on C fluxes in longleaf pine ecosystems is limited.
Of the available literature on soil CO, efflux in longleaf pine stands, Cheng et al. (2005)
observed that longleaf soil CO; efflux rates were significantly higher in wiregrass soil
than in prairie soil or a sand/vermiculite mixture. Another experiment investigated the
influence of litter on soil CO, efflux in a 20-year-old longleaf plantation in South
Carolina and reported that different levels of litter removal resulted in varying soil CO,
efflux rates, with the greatest reduction in soil CO; efflux following total litter removal
(Reinke et al. 1981). Tobert et al. (2004) modeled a regenerating longleaf community
treated with ambient and elevated atmospheric CO, concentrations and found a decrease
in soil CO; efflux in response to elevated atmospheric CO, although longleaf pine

biomass significantly increased. Soil C mineralization rates and C turnover rates were
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lower for elevated CO, conditions suggesting that soil C sequestration will increase under
elevated CO; levels (Torbert et al. 2004).

Soil CO, efflux ranged from 0.9-8.8 pmol COm™?:s™* over the 10 month
experiment. These rates are similar to values reported for other Coastal Plain sites with
various southern pine species. For example, soil CO, efflux ranged from 0.8-7.0 umol
CO,m?s™ in natural mixed pine and pine-hardwood stands at Fort Benning, Georgia
(Dilustro et al. 2005). Moncrieff and Fang (1999) reported soil CO, efflux rates ranging
from 1.5-7.1 umol CO,m™.s™ in a mature slash pine stand in Gainesville, Florida. Ina
23-year-old slash pine plantation in Gainesville, soil CO, efflux rates were between 0.7-
5.8 umol CO»m™?-s™* (Fang et al. 1998). On the Virginia Piedmont, varying age classes
of loblolly pine produced soil CO, efflux rates between 0.3-6.5 umol CO,-m?s™
(Wiseman and Seiler 2004).

Annual soil C efflux estimates ranged between 11.0-17.9 Mg C-ha™*.yr™* and this
range is similar to other southern pine species and sites in the Coastal Plain region. For
example, Moncrieff and Fang (1999) estimated an annual sum of 14.0 Mg C-ha™.yr for a
mature slash pine stand in Florida. Ewel et al. (1987) estimated 13.0 Mg C-ha™*.yrtina
mature 29-year-old slash pine plantation located in Florida. A 20-year-old longleaf pine
plantation in South Carolina with 1100 trees-ha™ and a mean DBH of 15 cm had a lower
estimate of 5.1 Mg C-ha™.yr*! perhaps due to the underestimation by the static alkali
technique used to measure soil CO, efflux (Reinke et al. 1981). Gough et al. (2005)
observed annual soil C efflux rates in 20-year-old loblolly pine stands of 12.3
Mg C-ha*yr' in Virginia and 13.2 Mg C -ha™*-yr™ in South Carolina. In an 11-year-old

loblolly pine stand with a density of 1260 trees-ha™ in North Carolina, mean annual soil
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C efflux was 14.1 Mg C-ha™-yr! (Maier and Kress 2000), which was similar to the soil C
efflux rate of 14.4 Mg C-ha™*-yr™* from Plot 177 on the Escambia Experimental Forest
with similar tree density (1186 trees-ha™). Raich and Schlesinger (1992) determined that
the average annual soil C efflux in temperate coniferous forests was 7.0 Mg C-hat.yr?
and the average ranged between 2.5-13.0 Mg C -ha™-yr™, with a maximum of 26.0 Mg
C-hat.yr? on arecently clearcut slash pine plantation.

Soil temperature was hypothesized to explain the majority of variation in soil CO;
efflux rates in the 50-year-old longleaf pine stands in this study. Soil CO, efflux was
exponentially related to soil temperature, and soil temperature explained 96% of the
variability in the soil CO, efflux rates. Gough and Seiler (2004) explained 26% of soil
CO; efflux variation with soil temperature over a range of different ages in loblolly pine
plantations with a nonlinear model. Pangle and Seiler (2002) explained 42% of the
variation in soil CO; efflux in a 2-year-old loblolly stand using soil temperature in a
linear model. Butnor et al. (2006) used soil temperature as the predictor variable in an
exponential model and explained 40-66% of the variability in soil CO, efflux in a loblolly
pine plantation. Maier and Kress (2000) explained 70% of the variation in soil CO,
efflux in 11-year-old loblolly stands with soil temperature using a similar exponential
model. Borken et al. (2002) explained 68-86% of the variation in soil CO; efflux in two
Scots pine forests using soil temperature modeled from the Arrhenius function. Carlyle
and Than (1988) modeled soil CO; efflux in an 18-year-old Monterey pine (Pinus radiata
D. Don) stand with a nonlinear model that included interaction terms between soil
temperature and soil moisture and accounted for 85% of variation in soil CO; efflux.

Winter soil CO, efflux was modeled with a nonlinear function in a ponderosa pine-
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bunchgrass system and soil temperature explained 43% of the variation in soil CO; efflux
(Kaye and Hart 1998).

The Q1 of 2.7 for soil CO; efflux was slightly higher than the average of 2.4
reported in the literature but was within the range of 1.3-3.3 reported by Raich and
Schlesinger (1992) and was consistent with other Q1o values reported for southern pines.
For example, Pangle and Seiler (2002) observed a Qo of 2.3 for soil CO, efflux with soil
temperatures ranging from 5-35° C in a loblolly stand. In a naturally regenerated slash
and longleaf stand in Florida, the Q1o for soil CO, efflux varied between 2.0 in soil with a
water content greater than 5.5% and 1.4 for soils with a water content less than 5.5%
(Powell et al. 2008). Fang et al. (1998) calculated a Q1o of 2.5 for soil CO; efflux in a
mature, Florida slash pine plantation. The Q1o value is useful as a modeling tool in
predicting soil CO, efflux at varying spatial and temporal scales (Carlyle and Than 1988;
Qi and Xu 2001).

An objective of the study was to identify environmental and plant variables in
addition to soil temperature that may be related to soil CO, efflux. In the March-July and
August-October modeling periods, soil temperature demonstrated the strongest
relationship with soil CO, efflux and soil temperature explained 83% of the variation in
soil CO, efflux during March-July and 64% of variation during August-October.

Dilustro et al. (2005) also used stepwise regression analyses to examine relationships
between environmental variables and soil CO, efflux, and soil temperature was the
strongest explanatory variable explaining 24-51% of the variation in soil CO, efflux in
natural mixed pine and pine-hardwood stands at Fort Benning, Georgia. In the study at

the Escambia Experimental Forest, soil moisture was expected to be related to soil CO,

64



efflux rates only when moisture became a limiting factor. Monthly soil moisture content
varied during the 10 month experiment and was greatest in January 2008 at 11.8% and
lowest in June at 3.6%. Extremely dry conditions can limit microbial activity,
heterotrophic respiration, and fine root production (Wildung et al. 1975; Raich and
Tufekcioglu 2000), but soil CO, efflux was not apparently limited by soil moisture during
our measurements. Edwards (1975) and Keith et al. (1997) also reported no influence of
soil moisture content on soil CO; efflux in 50-year-old yellow-poplar (Liriodendron
tulipifera L.) and eucalypt snow gum forests. Gough and Seiler (2004) did not find a
relationship between soil moisture content and soil CO, efflux in loblolly pine on soils of
the upper Coastal Plain in South Carolina. Furthermore, Gough et al. (2005) did not find
a correlation between soil moisture content which ranged from 2-69% and soil CO,
efflux in loblolly pine in South Carolina. The range in soil moisture at the Escambia
Experimental Forest was within the range reported by Gough et al. (2005). Another
study reported that when soil moisture content was adequate for microbial and root
growth and maintenance, only a small correlation was observed between soil CO; efflux
and soil moisture content (Martin et al. 2007). Fang and Moncrieff (2001) also found no
relationship between soil moisture content and soil CO; efflux with three different
moisture regimes in Sitka spruce (Picea sitchensis (Bong.) Carr.) in Scotland. Soil
moisture was measured to 10 cm at the Escambia Experimental Forest and it is possible
that greater depths had higher soil water available for root uptake.

Basal area is often utilized as a forest management decision making tool and
variation in forest structure, primarily in basal area, was hypothesized to be related to soil

CO, efflux through basal area effects on forest characteristics including soil temperature,
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soil moisture content, ground cover, litter mass and depth, and above and belowground
biomass. Soil CO, efflux, ground cover, litter mass, litter depth, downed woody debris
C, soil woody debris, and cover in vines and grasses varied significantly with basal area.
Variables that were related to basal area and were significantly but weakly related to soil
CO; efflux in the March-July modeling period included litter mass, ground cover, and
downed woody debris C. Log-transformed live coarse roots and log-transformed soil
charcoal were not related to basal area but were weakly related to soil CO, efflux.
However, these variables explained only 1-2% of the variation in soil CO; efflux. In the
August-October modeling period, litter depth and ground cover were related to soil CO;
efflux. Soil moisture was not related to basal area in this period but was weakly related
to soil CO, efflux. Litter depth, ground cover, and soil moisture explained between 2-
11% of soil CO;, efflux variability in the August-October modeling period. Therefore, in
both modeling periods, only a minor portion of the variation in soil CO; efflux was
explained by variables other than soil temperature which suggests that soil CO, efflux
can be modeled by soil temperature and is not as responsive to forest characteristics.
However, variation in soil CO, efflux between stand ages may be significant based on
Reinke et al. (1981) experiment in 20-year-old longleaf pine.

Cumulative annual soil C efflux was expected to be positively related to
belowground biomass because greater root biomass may increase the contribution of
autotrophic respiration to soil CO, efflux rates. Belowground live fine root biomass
ranged from 0.76-1.27 Mg C-ha™, live coarse root biomass ranged from 1.57-4.35 Mg

C-ha™, dead fine root biomass ranged from 0.16-0.33 Mg C-ha™, and dead coarse root
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biomass ranged from 0.28-0.97 Mg C-ha™*. There was no significant relationship between
cumulative annual soil C efflux and root biomass.

Aboveground C stocks in leaf and branch plus stem biomass ranged from 28.5-
113.3 Mg C-ha™*. This range is similar to other southern pines in the Coastal Plain. For
example, Ryan et al. (1995) reported 59.5 Mg C-ha™ for aboveground branch plus stem
stocks in a 24-year-old slash pine plantation in Florida in stands with a basal area of 26.1
m?ha™. Gholz et al. (1991) and Cropper and Gholz (1991) estimated an average 53 Mg
C-ha* for aboveground C stocks in a 24-year-old slash pine in Florida with basal areas
varying from 18.6-30.4 m*ha™. Kinerson (1975) reported 57.8 Mg C-ha™* aboveground
biomass in 12 to 16-year-old loblolly pine plantations with a mean DBH of 17.2 cm and a
density of 1445 trees-ha™® in North Carolina. The comparison between the four different
site specific longleaf pine biomass equations developed by Mitchell et al. (1999), Taras
and Clark (1977), Baldwin and Saucier (1983), and Garbett (1977) in the 50-year-old
stands suggests that site specific equations may be needed for aboveground biomass
estimates and in particular for foliage estimates. In this study, longleaf pine aboveground
NPP was between 0.4-4.2 Mg C-ha™*yr* and was similar to the range including 0.6-5.2
Mg C-ha*yr* and the average of 4.1 Mg C-ha™yr™ in unfertilized 24-year-old slash pine
plantation stands varying in basal area from 18.6-30.4 m*ha™ in north Florida (Gholz et
al. 1991). Teskey et al. (1994) reported NPP between 2.0-2.9 Mg C-ha-yr? in a 23-year-
old fertilized slash pine plantation with 25.9 m?ha™ of basal area in Florida.

Soil C stocks in the top 0-15 cm of soil were between 11.4-30.3 Mg C-ha™ which
is less than other longleaf pine studies perhaps due to the regular prescribed burning in

the Escambia Experimental Forest. For example, Kalisz and Stone (1984) reported a soil
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C content of 56.6 Mg C-ha™* in the top 0-60 cm of soil and 31.9 Mg C-ha™* at 0-15 cm for
soil C in a naturally regenerated, 40 to 50-year-old longleaf pine stand in central Florida.
Similarly, Brinkley et al. (1992) found that soil C was 41 Mg C-ha™ at a 0-10 cm depth
and 20 Mg C-ha™ at a 10-20 cm depth in a 31-year-old longleaf-loblolly pine stand in a
South Carolina managed for 30 years with prescribed fire at three year intervals.
Markewitz et al. (2002) reported that soil C in Southwest Georgia was 26.7 Mg C-hatin
0-10 cm of soil in a mature, natural, untilled longleaf pine stand with tree ages as great as
200 years, which is similar to the upper range measured at the Escambia Experimental
Forest. Schlesinger and Lichter (2001) found that soil C was between 19-22 Mg C-ha™ in
the top 0-15 cm of soil in a 16-year-old loblolly pine plantation in North Carolina and
Turner et al. (1995) estimated that soil C was 17.0 Mg C -ha™ in a longleaf-slash pine
ecosystem. Soil C is the largest terrestrial C sink, but the accumulation rate of soil C is
lower than the accumulation rate of C within vegetation in the temperate zone.

Relative C stocks at the Escambia Experimental Forest were dominated by
longleaf C which made up 49-78% of the total C. Soil C and litter C were between 9-
34% and 3-9% of total C, respectively. Other components, such as live fine root C, live
coarse root C, dead coarse root C, and downed woody debris C only constituted between
1-5% of total C. Carbon sequestration was clearly dominated by longleaf pine in these

stands.
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5.1 Conclusions

The study at the Escambia Experimental Forest tested three hypotheses. The first
hypothesis tested if soil temperature would explain the majority of variation in soil CO,
efflux. Ninety-six percent of the variability in soil CO; efflux was explained by soil
temperature using a nonlinear model. In stepwise regression analyses, 64-83% of soil
CO; efflux variability was explained by soil temperature during the March-July and
August-October modeling periods. The second hypothesis tested that soil CO, efflux
would be related to soil moisture. However, soil moisture was not related to soil CO,
efflux even during a minor drought in June when soil moisture reached the minimum
monthly average of 3.6%. The third hypothesis tested by this study was that forest
structure would influence soil CO, efflux through effects on forest characteristics
including soil temperature, soil moisture, ground cover, litter, and fine root biomass.
Basal area was not related to soil temperature; however, basal area was significantly
related to soil CO, efflux, ground cover, litter mass, litter depth, downed woody debris C,
soil woody debris, and cover in vines and grasses. Nonetheless, only 1-2% of the
variation in soil CO, efflux was explained by litter mass, ground cover, log-transformed
live coarse roots, downed woody debris C, and log-transformed soil charcoal in the
March-July modeling period and 2-11% of the soil CO, efflux variability was explained
by litter depth, ground cover, and soil moisture in the August-October modeling period.

The study emphasizes the need for a better understanding of net ecosystem
productivity and subsequent C sequestration in longleaf pine ecosystems. Higher annual
soil C efflux estimates relative to NPP suggest that the 50-year-old longleaf pine stands

were a source of C rather than a sink. However, a better understanding of the C pools
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contained in snags and residual stumps, fine root production and turnover, tap root
biomass, and the contribution of heterotrophic respiration to ecosystem respiration is
needed to estimate net ecosystem productivity and determine whether stands are sinks for
C in this longleaf pine ecosystem.

In conclusion, soil CO; efflux in 50-year-old longleaf pine stands varying in basal
area was measured for 10 months in 2008, and soil temperature explained the majority of
variation in soil CO, efflux. This is in accordance with other experiments which
examined soil CO; efflux and found a strong influence of soil temperature on soil CO,
efflux in forests in the Southeast United States (Gough and Seiler 2004; Pangle and Seiler
2002; Butnor et al. 2006). The value of forest stand component separation is important in
determining C stocks and provides a better understanding of the distribution of C stocks
in 50-year-old longleaf pine stands. Variation in stand structure was only weakly related
to soil CO, efflux. The strong relationship between soil temperature and soil CO, efflux
indicates that soil CO, efflux can be modeled in longleaf pine ecosystem C models. Data
from this experiment are useful in estimating C fluxes in mature longleaf pine ecosystems
over a range of basal areas and in developing forest management plans that include C

budgeting.
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Table A.1.1. Ground cover in vines, grasses, herbaceous
plants, and poison-oak (Toxicodendron toxicarium (Salisb.)
Gillis.) for each longleaf pine measurement plot sampled in
July 2008.

Plot Basal
No. Area Vine Grass Herb Poison-oak
(] I — () —————

189 7 9 9 8 2

186 8 32 7 15 3

190 13 5 11 11 0

188 14 11 29 17 2

184 15 4 9 10 4

182 16 3 3 2 2

185 18 4 3 6 9

187 18 9 4 11 4

179 23 13 5 8 0

183 25 7 5 10 1

176 29 23 2 13 9

180 30 11 4 4 3

181 31 9 1 6 3

177 32 20 6 8 0

178 36 13 2 13 8
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Table A.1.2. Woody plant biodiversity of plants less than 2.54 cm in
diameter at 1.37 m and of plants less than 1.37 m height by longleaf
pine measurement plot measured July 2008.

Plot Basal Species Shannon-Weaver
No. Area Richness Diversity Index
(m*>ha?)  (number-plot™)

189 7 11 1.8

186 8 6 0.6

190 13 5 1.3

188 14 5 11

184 15 7 1.2

182 16 8 1.7

187 18 5 1.3

185 18 10 15

179 23 9 1.2

183 25 5 1.3

176 29 5 1.0

180 30 5 1.3

181 31 7 11

177 32 6 1.4

178 36 4 1.3
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Table A.1.3. Number of woody species less than 2.54
cm in diameter at 1.3 m height on the longleaf pine
measurement plots measured July 2008.

Latin name Number
Callicarpa americana L. 30
Cornus florida L. 27
Diospyrus virginiana L. 1
llex glabra L. 29
Ilex vomitoria Ait. 8
Licania michauxii Prance. 121
Osmanthus americanus (L.) Gray 1
Pinus palustris Mill. 28
Prunus serotina Ehrh. 5
Quercus alba L. 17
Quercus falcata Michx. 36
Quercus incana Bartr. 12
Quercus laevis Walt. 1
Quercus nigra L. 15
Quercus margaretta Ashe 113
Rhus copallina L. 15
Sassafras albidum (Nutt.) Nees 75
Vaccinium arboreum Marsh. 9
Vaccinium spp. 339

Note: Nomenclature follows Godfrey (1988).
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